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KNOEPP, J. D., K. J. ELLIOTT, B. D. CLINTON. AND J. M. VOSE (Coweeta Hydrologic Laboratory, Southern
Research Station, USDA Forest Service, 3160 Coweeta Lab Rd, Otto, NC 28763). Effects of prescribed fire
in mixed oak forests of the southern Appalachians: forest floor, soil, and soil solution nitrogen responses. J.
Torrey Bot. Soc. 136: 000—000. 2009—We examined nutrient cycling responses to prescribed fire on three
sub-mesic, mixed-oak sites located in the Blue Ridge Physiographic province of the southern Appalachian
Mountains: Alarka Laurel Branch (AL), Robin Branch (RB), and Roach Mill Branch (RM). Each study site
was located within a sub-watershed that drained a first order stream. Our objective was to quantify the
effects of prescribed burning on forest floor mass, nitrogen and carbon pools; and soil and soil water
available nitrogen. Each site included a burned and unburned control area; both burned and control areas
were sampled before and after burning. Within each plot, we sampled forest floor mass, carbon and nitrogen,
soil and soil solution nitrate (NO3-N) and ammonium (NH4-N) concentrations before and after the
prescribed burns. All prescribed fires were conducted in the dormant season and were low to moderate
intensity. All sites lost a significant amount of forest floor mass due to burning; 82 to 91% of the Oi layer and
26 to 46% of the Oe + Oa layer. Soil NH4-N concentrations increased in surface soils (0-5 cm) only,
immediately after burning, but return to pre-burn levels by mid-summer. Burning had no measurable effect
on soil solution inorganic nitrogen concentrations. Low levels of solution NO3-N and NH4-N after burning
and no change in stream NOi-N concentrations indicated that no inorganic nitrogen was lost from these
sites.
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Fire regimes have changed across the
Appalachian Mountains over the last several
centuries (Van Lear et al. 2000, Brose et al.
2001, Guyette 2002, Abrams 2005). Native
Americans and early European settlers im-
posed a long period of frequent, low intensity
fires in the region, followed by a shorter period
of high-intensity, stand-replacing fires during
the era of heavy logging in the late 1800s
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(Brose et al. 2001). Since the early 1900s, fires
are much less frequent due to effective fire
suppression (Brose et al. 2001, Jurgelski 2008).
More recently forest managers have used
prescribed fires to reintroduce fire into forests
that have experienced decades of fire exclusion
(Dey and Hartman 2005) witli the goal of
reducing fine fuels, encouraging oak regener-
ation, and enhancing biological diversity and
rare plant populations (Elliott and Vose 2008,
this issue). However, wildland fire, including
prescribed burning, has the potential to
change hydrologic and biogeochemical cycles
(Knoepp et al. 2005, Neary 2005b), as well as,
alter plant successional rates and species
composition and diversity (Elliott et al. 2004,
Hutchinson et al. 2005).

Burning directly affects ecosystem carbon
and nitrogen pools due to the loss of
aboveground mass, forest floor, and soil
organic matter (Certini 2005). Some materials
consumed in a fire are lost through volatiliza-
tion and as ash. Some ash material moves into
the remaining forest floor and soil, and a
portion of the volatilized nitrogen may con-
dense in cool, moist soil layers, both these
processes can result in increased soil exchange-
able base cations and available nitrogen
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concentrations (Knoepp and Swank 1993).
The relative amounts of each, materials lost
and materials transported, depends on the
intensity and severity of the fire (Certini 2005,
Knoepp et al. 2005). Most process-level
studies examining forest floor carbon and
nutrient losses retention during and following
burning (Knoepp and Swank 1993, Vose and
Swank 1993, Clinton et al. 1996, Vose et al.
1999) were conducted in dry to xeric, pine-
hardwood forests that typically have low
available nutrients and nutrient cycling rates
(Knoepp et al 2008). Much less is known
about the effects of fire on sites with higher
nutrient availability and cycling rates, such as
intermediate to sub-mesic mixed hardwood
forests of the southern Appalachian region
(Knoepp et al. 2008). Some fire effects
research has been done in the central hard-
woods region of Ohio and Kentucky (Boerner
et al. 2000, Boerner et al. 2004, Boerner et al.
2005, Coates et al. 2008, Loucks et al. 2008),
but the applicability of those responses to the
southern Appalachian region where edaphic,
topographic, and climatic conditions are quite
different is unknown. Tn this paper, we
examined prescribed fire effects on nitrogen
cycling in mixed-oak forests with intermediate
to sub-mesic moisture regimes. Our objectives
were to: 1) characterize the behavior of the fire
treatments; 2) quantify changes in forest floor
mass, carbon, and nitrogen: and 3) quantify
changes in soil and soil solution plant avail-
able nitrogen in intermediate to sub-mesic,
mixed oak forests of the southern Appala-
chians.

Materials and Methods. SITE DESCRIPTIONS.
The study sites were located in the Blue Ridge
Physiographic province of the southern Ap-
palachian Mountains: Alarka Laurel Branch
(AL) in the Nantahala National Forest, Swain
County, NC (35° 20' N, 84° 21' W); Robin
Branch (RB) in the Nantahala National
Forest, Macon County. NC (35° 09' N, 83'
35' W); and Roach Mill Branch (RM) in the
Chattahoochee-Oconee National Forest, Ra-
bun County, GA (34° 53' N, 83' 19' W). Each
site was a 5—10 hectare area within a sub-
watershed that drained a first order stream
and was named after this stream drainage. The
three sites had intermediate to sub-mesic
moisture regimes with mixed-oak forest types.
Acer rubnim L., Quercus monlana Willd., Q.
alba L., Q. rubra L., and Tsuga canadensis

were abundant in all of the sites, and the
burned and adjacent unburned (control) areas
had similar species composition (see compan-
ion paper Elliott and Vose 2008, this issue).
Soils were similar between the burned and
control areas within each site.

ALARKA LAUREL BRANCH. Site elevation
ranged from 1280 m to 1340 m and aspects
were between 160 to 200 degrees. At the
closest weather station (Spruce Mountain,
Swain County, NC, 35" 37' N, 83!J 12' W,
elevation 1403 m; National Climatic Data-
base: www.ncdc.noaa.gov), mean annual tem-
perature was 10 °C and average annual
precipitation was 173 cm. The site is located
on gneiss and granite bedrock on soils in the
Edneyville and Cullasaja series (Thomas
1996). The Cullasaja soil series (loamy-skele-
tel, mixed, mesic Typic Haplumbrepts) occu-
pies areas adjacent to the stream within 50 m
of the stream, the Edneyville soil series
(coarse-loamy, mixed, mesic Typic Dystro-
chrepts) occupies the side slope position.

The Wayah Ranger District, Nantahala
National Forest implemented the prescribed
burn across the study area on March 24,
2004. On the day of the prescribed fire
treatment, air temperature averaged 6 °C
and ranged from 6 to 13 'C for the duration
of the fire prescription ( l l O O h r to 1400 hr
EST). Relative humidity ranged from 41 to
31 percent, decreasing as the afternoon
progressed. Wind speed was between 5 and
9 km hr~' for the day. The fire was primar-
ily ignited by helicopter and drip torch along
access roads.

ROBIN BRANCH. Site elevation ranged from
1180 m to 1220 m and aspects were east-facing
(90 degrees) and west-facing (270 degrees).
Over a 10-year record from a nearby climate
station at Wine Spring Creek (35° 15' N, 83°
35' W; climate station installed by Coweeta
Hydrologic Laboratory), average annual pre-
cipitation and temperature were 176 cm and
10.8 °C, respectively. Average temperature in
January was 1.7 "C, and average temperature
in July was 19.7 °C. The site is located on
gneiss and granite bedrock on soils mapped in
Edneyville and Cullasaja series (Thomas 1996)
positioned in stream side and side slope
positions as described above.

The Wayah Ranger District, Nantahala
National Forest implemented the burn across
the study area on March 25, 2003. On the day
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of the prescribed fire treatment, air tempera-
ture averaged 14 °C and ranged from 8 to 18
°C for the duration of the fire prescription
(1000 hr to 1700 hr EST). Relative humidity
ranged from 42 to 25 percent, decreasing as
the afternoon progressed. Wind speed was
between 1 and 8 km hr~ ' for the day. The site
was burned in strips using drip torches. The
burning technique was to backfire along the
upper ridge and then ignite strip headfires at
about 10-15 m intervals until the entire area
had burned from the ridge to the riparian
zone.

ROACH MILL BRANCH. Site elevation ranged
from 615m to 850m and aspects were
between 90 and 180 degrees. At a nearby
weather station (Clayton, GA, National Cli-
matic Database: www.ncdc.noaa.gov), mean
annual temperature is 20 "C and average
annual precipitation is 186 cm. The site is
located on granite, gneiss, and schist bedrock
on soils mapped in the Bradson and Saluda
series (Carson and Green 1981). At Roach
Mill Branch, the Bradson soil series (clayey,
oxidic, mesic Typic Hapludults) are found on
stream terraces, and the Saluda soil series
(loamy, mixed, mesic shallow Typic Haplu-
dults) are found on upper slopes and ridges.

The Tullulah Ranger District, Chattahoo-
chee-Oconee National Forest implemented the
prescribed burn across the study area on April
3, 2004. On the day of the prescribed fire
treatment, air temperature averaged 8 "C and
ranged from 3 to 12 "C for the duration of the
fire prescription (1100 hr to 1700 hr EST).
Relative humidity ranged from 40 to 25
percent, decreasing as the afternoon pro-
gressed. Wind speed was between 2 and
8 km hr~' for the day. The fire was ignited
by helicopter and drip torch along access
roads.

EXPERIMENTAL DESIGN. We used a Before-
After/Control-Impact experimental design
(BACI) (van Mantgem et al. 2001) with three
replicates (sites). Each site included a burned
area and an adjacent unburned area (control).
Before the prescribed fire treatments, we
established permanent plots (10 x 20 m) in
the prescribed burn areas (12 plots in AL, 12
plots in RB, and 10 plots in RM) and
unburned areas (5 plots in AL, 6 plots in
RB, and 4 plots in RM), for a total of 49 plots.
On these plots, we sampled forest floor mass,
carbon, and nitrogen; soil and soil solution

nitrate (NO3-N) and ammonium (NHLpN)
concentrations before and after the prescribed
burns. All sites represent an intermediate or
sub-mesic moisture (with corresponding vege-
tation types; Elliott and Vose 2009, this issue)
regime characteristic of their near stream
location, elevation, proximity to adjacent
shadowing slopes and soil types present.

FIRE CHARACTERIZATION. Within each burn
area, rate of spread was determined by direct
observation of the fire at three sampling
points, where a stopwatch was used to time
the movement of the flaming front over a
known distance. To characterize the flame
temperature of the burn, we co-located four
ceramic tiles (10X 20 cm) with the post-burn
forest floor sampling plots (described below)
within each 10X 20 m permanent plot (n =
136 tiles) (Hubbard et al. 2004, Clinton and
Vose 2007). We applied heat-sensitive chalk
and paint (Omega Engineering, Inc., Stam-
ford, CT) to the ceramic tiles. Two days prior
to burning, tiles were suspended on metal
conduit at 30-cm aboveground. Chalk tem-
perature sensitivity ranged from 52 to 427 °C
in approximately 14 "C increments; paint heat
sensitivity included 500, 550, 732, 804, and 899
:>C. Temperature tiles were removed from the
study plots immediately following the burning
treatments. Maximum temperature for each
tile was recorded as the highest paint or chalk
sensitivity melted by the fire.

All three of the prescribed fires were low to
moderate intensity burns; i.e., they had mod-
erate flame temperatures and low flame
heights (Table 1). Maximum flame tempera-
tures ranged from 225 to 350 CC and
maximum flame heights ranged from 45 to
62 cm across sites. The RB site had lower
average maximum temperatures than the AL
and RM sites (Table 1). Rate of spread was
slightly greater at RM than at the other two
sites.

FOREST FLOOR SAMPLING. We collected pre-
treatment forest floor samples in February, 5
to 12 weeks before burning depending on site
(see burn dates above). We collected post-
treatment forest floor samples within 1 week
after burning. We established post-burn sam-
ple locations 1.0 m from the pre-burn samples
quadrat corners were marked with painted
metal conduit and were co-located with the
flame temperature tiles. Forest floor horizons
and small wood (< 7.5-cm diameter) were
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Table 1. Fire characteristics of the three sub-mesic oak, burned sites in the southern Appalachian
Mountains. Standard errors are in parentheses. Values for average maximum temperature followed by
different letters are significantly different (F2jt = 8.25, P = 0.0013) (PROC GLM, Ryan-Einot-Gabriel-
Welch multiple-range test).

Fire behavior

Site

Alarka Laurel
Robin Branch
Roach Mill

Flame height (cm)

30-45
30-50
30-62

Rate of spread
(cm s-')

3.3-5.5
3.0-5.5
5.5-6.7

Temperature O'C) at 30 cm height.

Average

174 (12)
131 (4)
184 (12)

Average
maximum

210 (9) ab
156 (12) a
250 ( IS) b

Range

125-300
100-225
125-350

sampled using four 30 X 30 cm quadrats
located within each 10 X 20 m plot (n = 196
quadrats). A wooden sampling frame was used
to define the sampling area; material within
the quadrat was separated into: small wood,
litter (Oi), and a combined fermentation and
humus component (Oe + Oa). Small wood
within the sampling frame was cut using
pruning shears, and forest floor was removed
by component (i.e., Oi, Oe + Oa) after cutting
along the inside of the sampling frame with a
knife. Forest floor materials were placed in a
paper bag and transported to the laboratory
where they were dried at 60 °C until they
reached a constant weight, then weighed for
mass determination. Lost-on-ignition (Nelson
and Sommers 1996) was used to determine the
ash-free weight of the Oe + Oa layer. This
procedure consisted of incinerating a 5 g
sample of forest floor for 12 hours in a muffle
furnace at 450 °C and then calculating by
weight difference the organic and mineral
fractions of the sample. The post-burn forest
floor quadrats were sampled using the same
procedures. All samples were ground to
< 1 mm and then analyzed for total carbon
(C) and nitrogen (N) concentrations using a
Perkin-Elmer 2400 CHN Elemental Analyzer
(Norwalk, CT, USA).

SOIL AND SOIL SOLUTION NITROGEN CONCEN-
TRATION. Soil samples were collected before the
burn treatment and within 2 weeks (spring)
and the first summer (summer) following the
burn. For Alarka Laurel, pre-burn samples
were collected in August 2003, post-burn
collections were April and July 2004. Robin
Branch, pre-burn sample date was February
2003 and the post-burn collections were April
and July 2003. Roach Mill, pre-burn sample
date was July 2003 and the post-burn sample
dates were April and July 2004. One soil
sample, a composite of 16 to 24 individual
samples, was collected from each permanent

plot using a 2-cm soil probe. Soils were
collected by depth, from 0 to 5 and 5 to
15 cm. Within 1 hour after collection, soils
were mixed thoroughly and a subsample
(approximately 10 g) of soil was added to a
pre-weighed 125 ml polyethylene bottles con-
taining 50 ml 2M KC1. The bottles plus soil
were kept cool until returned to the labora-
tory and then allowed to settle overnight in a
refrigerator at 4 C. Bottles plus soil were
weighed to determine the weight of soil
extracted and 15 ml of the clear KC1 was
removed by pipette for NH44- and NO3~-N
analyses. The supernatant was analyzed for
NH4-N and NO3~-N on an Alpkem Perstorp
autoanalyzer (Alpkem Corp., Wilsonville,
OR) using alkaline phenol (USEPA 1983a)
and cadmium reduction (USEPA 1983b)
techniques, respectively. Remaining soil sam-
ples were moist sieved to < 6 mm and a
subsample ( — 20 g) was dried at 105 "C for >
12 hours to obtain oven-dry weight. All soil
N data are reported on an oven dry weight
basis.

Soil solution samples were collected using
falling tension porous cup lysimeters installed
at 0-30 and 0—60 cm soil depths at each of the
three sites. Lysimeters were installed approx-
imately 20 m from the stream along the base
of the slope within the burned and reference
unburned areas. At AL and RM, 10 sets of
lysimeters (1 lysimeter for each soil depth)
were placed in the burned areas and 5 sets
were placed in the unburned areas. At RB, 10
sets were installed in the burned area; no
lysimeters were installed in the unburned area.
Lysimeters were allowed to stabilize for
approximately three months before water
samples were collected for chemical analyses.
During the stabilization period, lysimeters
were pumped weekly to flush through the
system; test samples were analyzed for NO3-N
to insure a consistent pre-treatment concen-
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tration following installation before sample
collection began. We collected soil solution
samples weekly for 5 months before and 8
months following the burn treatments. Weekly
samples were composited monthly for analysis
during the pre-treatment period, biweekly the
first 3 months after the burn, and monthly for
the remaining 5 months of sample collection.
Solutions were analyzed for NH4-N and NO3-
N as described above.

DATA ANALYSES. We used analysis of
variance (PROC GLM, SAS 2002-2003) to
identify significant differences in flame tem-
perature at 30 cm height for sites AL, RB, and
RM. When significant differences were found,
the Ryan-Einot-Gabriel-Welsch multiple
range test was used to identify differences
among sites and to control for Type I
experiment-wise error (Table 1). For forest
floor mass, carbon, and nitrogen, we used
repeated measures to evaluate the main effects
of site (AL, RB, and RM) and time (pre-burn
and post-burn), and site X time interactions
(PROC MIXED, SAS 2002-2003). We used
the unstructured covariance option in the
repeated statement because it produced the
largest value for the Akaike's Information
Criterion (AIC) and Schwarz' Bayesian Crite-
rion (SBC) (Little et al. 1996).

To analyze the data for the BACI experi-
mental design, we used a mixed linear model
with repeated measures (PROC MIXED, SAS
2002-2003) to identify significant treatment-
to-treatment differences in soil and soil solu-
tion nitrogen. We chose the unstructured
covariance option in the repeated statement
for the same reason stated above. The three
study sites were treated as random block
effects and fire treatment was a fixed effect.
Pre-treatment data were used as the covariate
to test for post-treatment effects of fire. We
evaluated the main effects of site, treatment,
and time, and site X time X treatment
interactions. If overall ,F-tests were significant
(p s 0.05) then least squares means (LS-
means, Tukey-Kramer adjusted /-statistic)
tests were used to evaluate significance among
sites (AL, RB, and RM), treatment (burned
and unburned), and time (1" and 2"d sample
dates post-burn) interactions. The LSMEANS
statement within PROC MIXED allows for
examination of interactions. When site was
significant, we assessed the effect of fire
treatment for each site separately.

Results. FIRE BEHAVIOR. All three of the
prescribed fires were low to moderate intensity
burns; i.e., they had moderate flame temper-
atures and low flame heights (Table 1). Flame
height ranged from 30 to 62 cm and rate of
spread was between 3.0 and 6.7 cm s~'; neither
variable varied significantly among sites (Ta-
ble 1). The temperature at 30 cm height
ranged from 100 to 350 "C; maximum average
temperature reached 250 °C on RM which was
significantly greater than the maximum on
RB, 156 C.

FOREST FLOOR. Overall, burning resulted in
a large loss of forest floor mass (Table 2); 79
to 89% of the Oi layer and 16 to 43% of the Oe
+ Oa layer (Table 2); there was no significant
loss of small wood mass. Oi mass was
significantly reduced on all three sites (AL, t
= 5.36, P < 0.0001; RB, t = 8.21, P < 0.0001;
and RM, t = 11.42, P < 0.0001); however, the
amount of mass loss did not differ among sites
(F = 1.70, P = 0.2002). Oi nitrogen concen-
tration increased significantly after burning
for AL (/ = -3.84, P = 0.0068) and RB (/ =
-5.09. P = 0.0002), but there was no
significant change for RM (t = —2.45, P =
0.1707). Oi layer C:N ratio decreased signifi-
cantly on all sites. Pre-burn C:N ranged from
42 on AL to 64 on RM and decreased
following burning to 32 on AL and 51 on
RM. Mass was significantly reduced on AL
and RM (AL, t = 3.84, P = 0.0172; RM, t =
4.26, P = 0.0022), but not on RB (RB, t =
2.31, P = 0.2198) (Table 2). Oe + Oa mass loss
differed significantly (F = 7.48, P = 0.0022)
among sites. There was no significant change
in %N following burning on any site, however,
Oe + Oa C:N on RB was significantly reduced
from 33 to 29. Small wood mass increased on
AL and RB, whereas the RM site lost small
wood (Table 2). Wood C concentration was
significantly greater after the prescribed burn
for RB (/ = -3.57, P = 0.0137) and RM (/ =
-6.07, P < 0.0001), but there was no
significant change for AL (t = 1.65, P =
0.5702). The reduction in total forest floor (Oi
+ Oe + Oa combined) nitrogen and carbon
pools ranged from 26% N loss and 40% C loss
on RB, the coolest burn, to 48% N loss on
both AL and RM, and 50% and 53% C loss
for AL and RM, respectively.

SOIL AND SOIL SOLUTION NITROGEN. Across
all sites, treatment had a significant effect (F =
4.32, P = 0.0540) for soil NO3-N concentra-

Journal of the Torrey Botanical Society tbot-136-03-11.3d 7/8/0912:31:16 384 Gust # 08-RA-052R



2009] KNOEPP ET AL.: EFFECTS OF PRESCRIBED FTRE IN THF. APPALACHIANS 385

Table 2. Changes in forest floor mass, and carbon and nitrogen concentrations on three sub-mesic oak
sites in the southern Appalachians. Data are from burned plots only. Standard errors are in parentheses.

Pre-burn

C2

/"*•<C1

Alarka Laurel (n =
Wood (< 75 mm
diameter)
Oi (litter) layer

Oe + Oa layer
(fermentation +
humus)

Mass
(kg

ha"')

12)
2,540
(484)
1,622
(135)

14,006
(1178)

Carbon
(%)

48.15
(0.232)
48.12
(0.189)
38.92
(0.643)

N i trogen
(%)

0.618
(0.033)
1.145

(0.038)
1.472

(0.044)

C:N

80.4
(4.3)
42.5
(1.4)
26.60
(0.6)

Mass
(kg

ha")

2,953
(480)

220
(64)

7,688
(840)

Carbon
(%)

47.58
(0.300)
48.31
(0.376)
39.08
(0.778)

Post-burn

Nitrogen
(%)

0.610
(0.045)
* 1.504
(0.046)
1.567

(0.061)

C:N

86.1
(10.8)
*32.4

(0.9)
25.2
(0.7)

Mass
gain (+)
or loss

( — )
(kg ha^')

+413
(779)

-1,401
(136)

-6,318
(628)

% Mass
gain (+)

or
loss (-)

+16.3

-86.4

-45.1

Robin Branch (« = 12)
Wood (< 75 mm
diameter)
Oi (litter) layer

Oe + Oa layer
(fermentation +
humus)

4,001
(1155)
2,600
(135)

16,081
(2503)

48.13
(0.139)
49.22
(0.100)
42.04
(1.585)

0.526
(0.055)
0.888

(0.029)
1.267

(0.056)

106.3
(13.6)
56.1
(1.8)
33.9
(2.2)

4,372
(740)

454
(101)

11,883
(1053)

49.36
(0.232)
50.06
(0.207)
38.74
(1.720)

0.681
(0.071)
'1.362
(0.139)
1.355

(0.041)

83.1
(10.1)
*40.4

(3.3)
*28.5

(0.8)

+371
(1507)

-2,146
(278)

-4,128
(1597)

Total mass loss = 40%

9.3

-82.5

-25.7

Total mass loss = 26.0%
Roach Mill (n = 10)

Wood (< 75 mm
diameter)
Oi (litter) layer

Oe + Oa layer
(fermentation +
humus)

2,628
(465)
3,589
(369)

18,263
(3476)

47.98
(0.272)
48.70
(0.253)
39.18
(1.157)

0.393
(0.036)
0.760

(0.033)
1 .059

(0.046)

132.0
(12.6)
65.4
(3.3)
37.0

2,211
(398)

320
(133)
9,787

(1370)

50.26
(0.293)
51.35
(0.
41.
(1.

182)
.34
202)

0.470
(0.040)
1.004

(0.055)
1.140

(0.037)

115.7
(11.8)
*52.8

(3.5)
36.5
(1.3)

-416
(657)

-3,269
(377)

-8,475
(3058)

Total mass loss

-15.8

-91.1

-46.4

= 50.0%

tion in the repeated measures ANCOVA
model for the 0—5 cm soil depth (Fig. la).
Immediately after the burn (spring post-burn),
the burned treatments showed a trend towards
higher soil NO,-N concentration compared to
unburned treatments; however, none of the
differences were significant. Soil NO3-N con-
centrations were low for all sites (< 0.05 mg
kg"1) for the 5-15 cm soil depth and no
significant differences in soil NO3-N after
treatment were detected (Fig.lb).

Across all sites, the time x treatment
interaction was significant (F = 8.13, P =
0.0065) for soil NH4-N concentrations in the
0-5 cm soil (Fig. 2a); there was no significant
NH4-N response to burning in deeper soils
(Fig. 2b). Burned plots had greater (t = 3.22,
P = 0.0123) soil NH4-N concentrations than
unburned plots on the spring post-burn date,
collected within 1 week of burning (Fig. 2a).
Post-burn soil NH4-N concentrations were
greater in the spring (t = 6.61, P < 0.0001)
compared to the summer post-burn sample

date. Individual sites responded similarly, on
AL, soil NH4-N was greater (/ = 3.82, P =
0.0090) on the burned than the unburned plots
in April (Fig. 2a), immediately after the burn;
however, at the July sampling, differences
were not significant (/ = 1.81, P = 0.3073).
The RB site also showed a trend towards
greater NH4-N on burned versus unburned
plots (Fig. 2a) (t = 2.74, P = 0.0646).

Soil solution NO3-N concentrations, at the
30-cm soil depth, were low (< 0.015 mg L ')
at all sites during this study (Fig. 3). Site was
marginally significant (F = 3.97, P = 0.0589)
and site X time interaction was significant (F
= 14.27, P = 0.0001). However, no significant
differences were detected between burned and
unburned treatments (F = 2.25, P = 0.1477).
Soil solution NH4-N concentrations, at 30-cm
soil depth, were also low (< 0.04 mg L~') at
all sites and sample dates (Fig. 4). Site (F =
10.05, P = 0.0044) and time (F = 54.52, P <
0.0001) were significantly different, but no
significant differences were detected between
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FIG. 1. Mean soil NO3-N concentrations for the burn and control treatments at the three sites (AL,
Alarka Laurel; RB, Robin Branch; and RM, Roach Mill) and the average of all sites. Samples were collected
before the burn (1" sample date) and two sample dates after the burn, a) 0—5 cm soil depth and b) 5—15 cm
soil depth.

burned and unburned treatments (F = 0.78, P
= 0.3868). At the 60-cm soil depth, soil
solution NOj-N and NH4-N concentrations
were low for all sample dates with no
differences between burned and unburned
treatments (data not shown). Stream NO3-N
and NH4-N concentrations were low; there
were no differences between burned and
unburned treatments (data not shown).

Discussion. FOREST FLOOR RESPONSE. The
prescribed fires in this study were low to
moderate intensity, low severity burns. Fire
severity is a function of fire intensity (upward
heat pulse produced by the fire) and duration
(length of time burning occurs at a particular
point) (Ryan and Noste 1985), describes the

magnitude of the disturbance and highly
influences the response of ecosystem processes
to burning (Neary et al. 2005b). In our study,
surface fuels were burned (i.e., > 80% of the
Oi mass was consumed), and 16-43% of the
Oe + Oa mass was consumed. Previous
research on dry to xeric sites in the southern
Appalachians showed that the impact of
prescribed fire on forest floor consumption
depends on fire severity (Vose and Swank
1993, Clinton et al. 1998, Vose et al. 1999,
Elliott et al. 2004, Hubbard et al. 2005).
Debano et al. (1998) described light severity
burns as those that consume only surface fuels,
leave the soil covered with partially charred
organic material, and consume little to no duff
(fermentation (Oe) + humus (Oa) layers.
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FIG. 2. Mean soil NH4-N concentrations for the burned and unburned treatments at the three sites (AL,
Alarka Laurel; RB, Robin Branch; and RM, Roach Mill) and the average of all sites. Samples were collected
before the burn (I" sample date) and two sample dates after the burn, a) 0-5 cm soil depth and b) 5-15 cm
soil depth.

Maintaining an intact forest floor and pro-
moting rapid vegetation recovery is critical for
minimizing the magnitude and duration of
sediment transport (surface erosion), sediment
delivery (delivery of suspended solids), and
subsequent water quality responses (Elliott
and Vose 2005, Elliott and Vose 2006).

Consumption of the Oi component of the
forest floor (> 80%) on these intermediate to
sub-mesic sites was similar to that observed
following prescribed fires on drier sites in the
southern Appalachians. For example. Hub-
bard et al. (2004) estimated 70% Oi consump-
tion by moderate intensity fire in oak-pine
forests; Vose et al. (1999) estimated 65% Oi
consumption by high-intensity fire in pine-

hardwoods; and Vose and Swank (1993)
reported 90% Oi consumption for high-inten-
sity, fell-and-burn treatments on xeric, pine-
hardwood sites. The total Oi mass on these dry
to xeric sites was 1.5 to 4 times more than Oi
mass on our sub-mesic study sites before
prescribed burning. The similarity in percent-
age of Oi layer mass loss across these studies
suggests that Oi consumption is largely
dictated by weather-related burn prescriptions
that result in similar pre-burn Oi moisture. In
our study, a small proportion of the Oi mass
loss may be attributed to decomposition
occurring during the 5-12 week period be-
tween pre-burn forest floor sampling and the
prescribed burn dates. For example, in a
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FIG. 3. Mean soil water NO3-N concentrations
5 months before and 8 months after the prescribed
burn for Alarka Laurel (AL) and Roach Mill (RM)
burned and unburncd areas; burned areas only for
RB. Burn date was 3/24/2004 for AL, 3/25/2003 for
RB, and 4/03/2004 for Roach Mill. All March data
are pre-burn and April data are for post-burn period.

central Appalachian hardwood forest in Ken-
tucky, estimated litter loss averaged 88%
where burn treatments were applied, 28% of
this loss was attributed to decomposition
determined by repeated sampling in an area
where fire was excluded over a similar time
period (i.e., February to April) (Loucks et al.
2008). In our study, we did not measure Oi
mass on unburned plots after the prescribed
fire. If we assume that up to 28% of the litter
reduction in our sites was due to decomposi-
tion (Loucks et al. 2008), then Oi loss due to
fire alone would still be greater than the
estimates of Oi loss by Vose et al. (1999) and
Hubbard et al. (2004) on drier sites with
greater fire severity.

Oe + Oa consumption in this study (16-
43%) was greater than studies where fire
treatments were applied on drier sites. Vose
and Swank (1993), Vose et al. (1999) and,
Hubbard et al. (2004) measured Oe + Oa layer
losses ranging from 0% on a mesic site with a
low intensity burn to 14% on a xeric site under
high intensity burn conditions. In our study,
the slow rate of fire spread may explain the
greater Oe + Oa loss compared to other studies
(Vose and Swank 1993, Vose et al. 1999,
Hubbard et al. 2004). A slow rate of spread
translates to a longer flame residence time and
greater consumption of the Oe + Oa layer. For
example, rate of spread for our study ranged
from 3.0 to 6.7 cm s~' compared to 17 cm s"1

(calculated using data from Swift et al. 1993)
for a fell-and-burn in dry, pine-hardwoods.

FIG. 4. Mean soil water NH4-N concentrations
5 months before and 8 months after the prescribed
burn for Alarka Laurel (AL) and Roach Mill (RM)
burned and unburned areas; burned areas only for
RB. Burn date was 3/24/2004 for AL, 3/25/2003 for
RB, and 4/03/2004 for Roach Mill. All March data
are pre-burn and April data are for post-burn period.

SOIL AND SOIL SOLUTION NITROGEN RE-
SPONSE. Some studies have reported no re-
sponse or a transient increase in inorganic
nitrogen concentrations following prescribed
fire in mixed-hardwood forests in Appalachian
forests (Vose et al. 1999, Boerner et al. 2000,
Boerner et al. 2004, Hubbard et al. 2004,
Coates et al. 2008). Others have reported
significant increases in inorganic nitrogen or
nitrogen transformations following burning
(Knoepp et al. 2004, Boerner and Brinkman
2005). Even a transient increase in available
nitrogen could have a positive effect on plant
growth (Certini 2005), particularly if that
nutrient pulse comes early in the spring, a
time when root systems are beginning to
actively acquire nutrients (Gilliam 1988). In
our study, soil NH4-N concentrations in-
creased at the shallow soil depth (0-5 cm)
immediately after burning, but return to
unburned levels by mid-summer. Similarly, in
the central Appalachians, Boerner et al. (2004)
observed small increases in N-mineralization
on areas that received periodic-burn treat-
ments, and these increases lasted for less than
a year. In the southern Appalachians, concen-
trations of NH4-N in the soil of xeric pine-
hardwoods forest averaged 0.55 mg kg"1 be-
fore an intense fell-and-burn treatment was
applied and 4.5 mg kg~' immediately follow-
ing site burning; NH4-N remained elevated for
3 years (Knoepp et al. 2004). An extended
response to prescribed burning was also
observed in Arizona ponderosa pine forest,
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where soil NH4-N concentrations remained
elevated for 3 to 4 years (Covington and
Sackett 1992). The increase in soil NH4-N
following fire we observed was more transient
than these examples, lasting only a few
months. Differences in inorganic N responses
after burning vary greatly among studies
(Certini 2005); this is largely attributed to
differences in fire severity (Knoepp et al.
2005), which, in turn, is controlled by several
environmental factors such as mass, species
and moisture content of live and dead fuel, air
temperature and humidity, wind speed, and
site topography.

We did not detect any differences between
soil solution inorganic nitrogen concentrations
in burned areas and those in unburned areas,
and the low levels of soil solution NO3-N and
NH4-N after burning indicated inorganic
nitrogen was not lost from these sites by
leaching. Most studies in the southern Appa-
lachians have reported no stream nitrogen
response to prescribed burning (Vose et al.
1999, Clinton et al. 2003, Vose et al. 2005,
Elliott and Vose 2005b, Elliott and Vose
2006). Knoepp and Swank (1993), who
reported effects of a fell-and-burn treatment
in pine-oak communities, measured a small
increase in soil solution NOa-N that also led to
a small response observed in stream water.
Concentrations of NO,-N in stream water
increased from pre-treatment levels < 0.01
mg L~' to post-treatment levels as high as
0.075 mg L~' and remained elevated until
plant uptake began in the spring, (eight
months post-treatment (Knoepp and Swank
1993). In our study, stream NO3-N concen-
trations were £ 0.06 mg L""1 before the fire
treatments and did not increase through the
measurement period, eight months after the
fire (Knoepp, unpublished data).

Conclusions. While many have speculated
about the importance of fire in shaping the
structure and function of hardwood ecosys-
tems in the eastern U.S., studies evaluating
southern Appalachian intermediate or sub-
mesic oak ecosystem responses to the re-
introduction of fire are rare. Our results show
that low severity prescribed fire removes the
upper forest floor Oi layer, but retains a large
proportion of the Oe + Oa layer. This layer
protects surface soils from potential erosion
and represents a large reservoir of plant
nutrients, which is particularly important

during the post-burn recovery period for
woody and herbaceous seedlings re-establish-
ment. In our study, available soil nitrogen
increased, but inorganic nitrogen was not lost
from the ecosystem through leaching. Initial
forest conditions (e.g., community composi-
tion, site moisture regime, and fuel loads)
influence responses of forest ecosystems to
burning. These conditions also determine fire
intensity and severity and therefore must be
considered before application of prescribed
fire in the Eastern U.S. forests. For example,
large, severe wildfires can result in the direct
loss of site nutrients and may alter soil
nitrogen availability, resulting in nutrient
leaching (Knoepp et al. 2005), and may
accelerate erosion (Neary and Ffolliot 2005,
Neary et al. 2005a), and consequently have
long term impacts on forest successional rates
and pathways, and species composition and
diversity. However, the low intensity, low
severity prescribed fires applied to intermedi-
ate and sub-mesic sites in the southern
Appalachians resulted in a slight, transitory
release of plant essential nutrients along with
fuel reductions desired by land managers.
These impacts may be beneficial to maintain-
ing the highly diverse forest community
characteristic of these nutrient rich sites.
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