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Abstract Episodic acidification of surface waters has
been observed in the Great Smoky Mountains
National Park, similar to other forested watersheds
with base-poor bedrock in the eastern US receiving
acids from atmospheric deposition. Three remote,
forested, high-elevation streams were selected in the
Little Pigeon River watershed for study; two of which
brook trout have extirpated, and believed to have
resulted from severe acidity during stormflows. This
research characterized stream chemistry during epi-
sodes in order to better understand potential factors
that contribute to rapid drops in pH and acid
neutralizing capacity (ANC) during stormflows.
Autosamplers initialized by sondes, collected samples
during storm events for analysis of pH, ANC, cations,
and anions over a 15-month period. ANC and pH
depressions, and increased concentrations in sulfate,
nitrate, and organic acids were observed for all storms
at each study site. ANC contribution analysis indicat-
ed sulfate was the strongest contributor to ANC

depressions, but nitrate, cation dilution, and organic
acids were also significant in some cases. Acidic
deposition appears to be the primary source of
episodic acidification, supported also by the finding
that larger stormflows preceded by long, dry periods
resulted in significantly larger pH depressions. It
appears stream acidification episodes may be driven
by acid deposition. However, this study documents
the variability of several ion contributors to observed
stormflow ANC depressions illustrating the spatial
and temporal complexity of watershed processes that
influence this phenomenon.
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1 Introduction

Episodic acidification of surface waters, defined as
the short-term reduction of pH and acid neutralizing
capacity (ANC), occurs in forested watersheds with
base-poor bedrock throughout eastern US, Canada,
and northern Europe (Tranter et al. 1994; Wigington
et al. 1996a). A major contributor to stream acidifi-
cation in these acid sensitive regions is atmospheric
deposition of acid pollutants, primarily sulfate and
nitrate acids generated from coal-burning power
plants and vehicular traffic (Herlihy et al. 1991). Air

Water Air Soil Pollut (2009) 196:3–18
DOI 10.1007/s11270-008-9753-5

E. B. Deyton : J. S. Schwartz (*) : R. B. Robinson :
K. J. Neff
Department of Civil and Environmental Engineering,
University of Tennessee,
Knoxville, TN 37996-2010, USA
e-mail: jschwart@utk.edu

S. E. Moore :M. A. Kulp
US Department of Interior, National Park Service,
Great Smoky Mountains National Park,
Gatlinburg, TN 37738, USA



quality has improved within the past decade as sulfate
emissions have declined, however episodic acidifica-
tion in many streams persists (Driscoll et al. 2001;
Lawrence 2002; Webb et al. 2004). Improvement in
stream water quality appears possible over the long-
term as predicted from biogeochemical models, but
model uncertainties are highly dependent on input
parameters and a function of individual watershed
characteristics (Chen et al. 2004; Sullivan et al. 2004;
Wright et al. 2006). Watershed characteristics that
influence acidification response are many, including
regional climate and seasons, geology, basin area,
topography, soil, and vegetation characteristics
(O’Brien et al. 1993; Deviney et al. 2006; Sullivan
et al. 2007). Useful information is generated from
regional studies examining potential causes of epi-
sodic acidification among watersheds varying in
characteristics, supporting model improvements that
estimate critical loads of acidic deposition (Porter et
al. 2005; Sullivan et al. 2005; Evans et al. 2006).

Existing studies have shown causes of episodic
acidification are due to complex biogeochemical
processes, both natural and anthropogenic in origin
(Kahl et al. 1992; Herlihy et al. 1993; Wigington et al.
1996b). Upland, high-elevation watersheds are partic-
ularly susceptible to episodic acidification, where
deposition rates of acid anions tend to be higher than
lowland areas due to dry deposition, cloud water
deposition, and increased orographic acid rain (Lovett
and Kinsman 1990; Deviney et al. 2006). These
watersheds typically have base-poor geology and thin
soils that offer limited buffering capacity such that
base cation dilution during stormflows lower stream
pH and ANC (Hyer et al. 1995; Sullivan et al. 2007).
Prolonged acidic deposition appears to cause a net
decline in soil exchangeable base cations, and may be
responsible for base cation dilution during stormflows
(Fernandez et al. 2003). Subsurface hydrologic flow
paths vary from shallow to deep during episodes
depending on hillslope steepness, soil horizon struc-
ture, and antecedent moisture, which greatly influence
ion transport in watersheds (Potter et al. 1988; Cook
et al. 1994; Lawrence 2002).

More recently, organic acids have been found to play
a contributing role to episodic acidification (Palmer et
al. 2004; Wellington and Driscoll 2004). It appears
contributions of organic acids correlate with increased
nitrate contributions, and such occurrences are depen-
dent on season and watershed vegetation (Inamdar et

al. 2004; Wright et al. 2006). Increased episode
contribution of dissolved organics and nitrate has been
observed in defoliated watersheds from insect infesta-
tion (Eshleman et al. 1998; Barker et al. 2002). Export
of stream nitrate is complex, governed by several
biogeochemical processes including forest uptake,
nitrification and mineralization, soil saturation, and
rapid periphyton uptake once nitrate enters a stream
(Pauley et al. 1996; Worrall et al. 2003; Mulholland
2004). Vegetation and hydrologic condition can be a
watershed-scale factor to episodic acidification, in
which severity in pH and ANC responses vary
spatially and seasonally.

The impact of stream acidification on native brook
trout is a key environmental issue in the Appalachian
highlands (Carline et al. 1992; Baker et al. 1996;
Baldigo et al. 2005). This is particularly true in the
Great Smoky Mountains (GRSM) which receives high
rates of atmospheric deposition of acids typical to rates
found throughout the Appalachian region of the US
(Shubzda et al. 1995; Baumgardner et al. 2003; NADP
2006). Episodic acidification was first observed in
GRSM headwater streams in 1985 by Cook et al.
(1994), where they found that pH dropped one unit to
4.8 and ANC declined to −48 μeq/L during episodes.
In general, the GRSM is particularly susceptible to acid
storm events because of its low buffering capacity. Of
83 stream sites that were sampled several years ago,
2.4% had an ANC < 0 μeq/L, 54.2% had between 0
and 50 μeq/L, 41.0% between 50 and 200 μeq/L, and
3.6% greater than 200 μeq/L (Robinson et al. 2008).
Extirpation of brook trout populations in six GRSM
headwater streams was documented in the 1990s;
however brook trout still remain viable in many
watersheds today (unpublished data). It is believed
that episodic acidification is the major factor contri-
buting to loss of brook trout within the GRSM,
emphasizing the critical need to better understand
factors that control its response.

The objectives of this study were to: (1) character-
ize water chemistry during stormflows and compare
with baseflow chemistry; (2) identify potential causes
of episodic stream acidification; and (3) examine
stream pH response as a function of stormflow
discharge and dry period length preceding a storm
event. Three remote headwater streams were selected
in the GRSM providing a unique opportunity to study
episodic acidification, where the only anthropogenic
influence was acidic deposition. These streams were
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concurrently studied for impacts to brook trout
through implementation of in situ bioassays (Neff
2007).

2 Methods

2.1 Study Area

Three study sites were selected within the Middle
Prong of the Little Pigeon (MPLP) watershed to
conduct water quality monitoring (Fig. 1). Study
sites included: Middle Prong of the Little Pigeon
River (site M1), Ramsey Prong (site M2), and Eagle
Rocks Prong (site M3). Ramsey Prong and Eagle
Rocks Prong are tributaries of the Middle Prong of
the Little Pigeon River, a fourth-order mountain
stream. The drainage areas for M1, M2, and M3 sites
were 38.7, 10.3, and 10.5 km2, respectively; and
elevations were 823, 877, and 966 m, respectively.
All sites were at a minimum of 2.4 km from any
roads and are accessible only by hiking trails and
wading sections of river. Brook trout currently
persist near MPLP Site M1, and historically have
survived upstream of Sites M2 and Site M3 but no

longer do (Neff 2007). The primary basis for study
site selection was the extirpation of brook trout at
Sites M2 and M3, and population persistence at Site
M1, and site’s remoteness eliminating any potential
anthropogenic impacts to water quality, other than
acidic deposition.

Overall, the MPLP watershed terrain is charac-
terized by sharp crested ridges with steep sides,
with an average watershed slope of 25.4%. The
climate is perhumid mesothermal with seasonal
temperature variations and precipitation distributed
throughout the year. Average annual temperature is
approximately 13.2°C and precipitation ranges from
141 to 200 cm (Busing 2005). Vegetation is
composed of deciduous and broadleaf trees (e.g.
chestnut and white oaks, poplars, maples, yellow
birch, beeches, cherry, and buckeye), hemlock
patches at low-to-middle elevations, and evergreen
coniferous forests dominated by Fraser fir at higher
elevations above 1,500 m. The watershed geology is
mostly potassium feldspar sandstone, intermixed
with siltstone, shale, and slate; however, Eagle
Rocks Prong has approximately 11% Anakeesta
geology (King et al. 1968). Soils are thin and consist
of rocky, sandy loams.

Fig. 1 Map of the study
area in the Middle Prong
Pigeon River basin, Great
Smoky Mountains National
Park, TN, USA
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2.2 Study Design

In order to monitor stream water quality, study sites
were equipped with YSI® 6920 multi-parameter
sondes to record continuous 15-min data of pH,
depth, conductivity, turbidity, and temperature. Also,
ISCO® 6712 composite samplers were installed to
collect stream samples during storm events. Storm
sampling was triggered by an incremental depth
increase or pH decrease, as measured by the sondes.
Stream samples were collected every 45 min for the
first 6 h, then every 2 h for the next 30 h to collect
representative samples of the entire storm event
hydrograph. To determine baseflow stream chemistry,
grab samples were taken at the beginning of the
month and when conditions permitted, prior to storm
events. Baseflow samples were taken during periods
with no sudden daily changes in stage or pH change
as observed by sonde data. Comparisons of the stream
ion concentrations with respect to seasonal vegetative
demand were also performed. Seasons were separated
into dormant and transpiring, or leaf “on” and “off”,
based on the spring frost-free date of April 15th, and
plant dormancy onset of October 15th.

2.3 Chemical Analysis

All storm samples and baseflow grab samples were
collected in low-density polyethylene plastic bottles
that had been triple rinsed in the lab with de-ionized
water. Grab samples were also triple rinsed in the field
with sample water. All samples were analyzed for pH,
ANC, and conductivity using a ManTech™ autoti-
trator. ANC was conducted by gran titration. Major
cations and trace metals (Ca2+, Na+, K+, Mg2+, Aln+,
Cu, Fe, Mn, Si, Zn) were analyzed using a Thermo-
Electron™ inductively coupled plasma spectrometer.

Major anions sulfate, nitrate, and chloride (SO4
2−,

NO3
−, Cl−), and ammonia (NH4

+) were measured
using a Dionex™ ion chromatograph. All laboratory
test procedures were conducted in accordance with
standard methods (Table 1). Each test procedure
included quality assurance/quality control (QA/QC)
checks including spikes, duplicates, blanks, and
known samples, which met US Geological Survey
(USGS) standards.

2.4 ANC Ion Contribution Analysis

Baseflow and stormflow chemistry were analyzed
from March 2006 through May 2007, with a total of
15 episodes collected with ISCO® samplers. The
acid-base chemistry was evaluated prior to and
throughout each storm. Baseflow ANC and storm
event minimum ANC were used as reference points to
evaluate the maximum change in acidity associated
with a storm event. ANC in acidic waters may be
calculated based on the concentration of bicarbonate
(HCO3

−) and proton (H+) as:

ANC ¼ HCO�
3

� �� Hþ½ �
or by manipulation of the ion balance as:

ANC ¼
X

CB � SO2�
4

� �� NO�
3

� �� Cl�½ �

Similar to the modified Molot et al. (1989) version
used by Hyer et al. (1995), the change in concentra-
tion of sulfate, nitrate, chloride, and the sum of base
cations (ΣCB) was used to determine the relative
contribution of each quantity to the total ANC
change. This approach is also consistent with methods
used by Wellington and Driscoll (2004) to quantify
the contribution of ion concentration change to
overall ANC change for storms in the Hubbard Brook

Table 1 Analytical procedures performed for chemical analyses, and cited methodologies

Analysis Procedure Equipment Method

pH Potentiometric PC-Titration Plus™ USEPA method 150.1
Conductivity Potentiometric PC-Titration Plus™ USEPA method 120.1
Acid neutralizing
capacity (ANC)

Automated titration PC-Titration Plus™ Automated Gran titration for low ionic strength
waters (Hillman et al. 1986)

Anions Ion chromatography Dionex™ IC AWWA standard method 4110 (Eaton et al. 2005)
Cations, metals Inductively coupled plasma

spectrometry
Thermo-Elemental Ins
Intrepid II™ ICP

USEPA method 6010B and 6010C
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Experimental Forest. Ionic contributions were esti-
mated as follows:

ΔANC ¼ ANCb � ANCe

ΔSO2�
4

ΔANC
¼ SO2�

4e � SO2�
4b

ΔANC
ΔNO�

3

ΔANC
¼ NO�

3e � NO�
3b

ΔANC
ΔCl�

ΔANC
¼ Cl�e � Cl�b

ΔANC
Δ
P

CB

ΔANC
¼

P
CBb �

P
CBe

ΔANC

where, subscripts “b” and “e” represent baseflow and
storm event minimum concentrations, respectively.
The change in ion concentration divided by the total
ANC change yields the relative contribution of the ion
to the ANC depression. A positive ratio indicates
ANC loss, while a negative ratio suggests an ANC
increase. The sum of ratios for each quantity should
equal a value of one.

ΔSO2�
4

ΔANC
þ ΔNO�

3

ΔANC
� ΔCl�

ΔANC
þ Δ

P
CB

ΔANC
¼ 1:0

Note the ratios in the equation above indicate
which ions are dominating the change in ANC. For
example, if sulfuric acid were the cause of acidifi-
cation, then certainly it is the proton in the sulfuric
acid that destroys the alkalinity but it is the sulfate
that receives the focus and in some sense is
displacing bicarbonate from the right side of the

ion balance. If sulfate actually decreased from base
flow to episodic event, then it is said that sulfate
contributes to an increase in ANC. Similarly, if
calcium or other base cations are increasing, then it
would in some sense be causing a rise in bicarbonate
and ANC in order to compensate in the ion balance.
Also note that in the original development of the
equations by others, ANC is defined as the differ-
ence in base flow minus episodic event whereas the
changes in other ions are defined in the reverse
direction. This causes the interpretations of the signs
of the ratios to be opposite.

As suggested by Hyer et al. (1995), deviations
from unity in the equation above indicate either
analytical error or the presence of unmeasured ions.
QA/QC monitoring shows low analytical error, thus
deviation from unity was presumed to be from
unmeasured organic acids. The relative contribution
of organic acids (OA) can be estimated as the
difference between unity and the sum of ion concen-
tration ratios:

ΔOA

ΔANC
¼ 1:0� ΔSO2�

4

ΔANC
þ ΔNO�

3

ΔANC
þ ΔCl�

ΔANC
þ Δ

P
CB

ΔANC

However, the measurement of each constituent
contains a certain amount of analytical uncertainty.
The propagation of errors technique was applied to
determine the standard deviation associated with the
organic acid calculation (Mandel 1964). Standard
deviations for individual ions came from repeated
measurements of USGS known samples.

10/17/06 Site 1: Stage, pH ,and ANC
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Fig. 2 Typical stream acid-
ification response to storm-
flows as shown for Middle
Prong Pigeon River M1 Site
on 17 October, 2006
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2.5 Stormflow pH Response and Watershed Hydrology

Stormflow pH response as a function of stream
discharge and number of dry days prior to a
precipitation event was explored utilizing sonde flow
stage and pH data. The pH response (ΔpH) was based
on the antecedent baseflow pH and the minimum pH
value that occurred during stormflow event. Figure 2
illustrates a typical stormflow pH response for the
MPLP study site. The length of dry period since the
last storm event was determined by examining sonde
stage data to distinguish when the last rain event
increased stream water depth. It was essentially the
baseflow period between storm hydrographs. Stream
discharge was computed by stage-discharge relation-
ships developed at each site, and maximum discharge
(Qmax) refers to that discharge occurring at the peak
of a storm hydrograph.

2.6 Statistical Analysis

Average baseflow and stormflow stream parameters
were compared using a pooled t-test and analysis of
variance (ANOVA), after data was checked for
normality. Baseflow seasonal concentrations were also
compared using a pooled t-test and ANOVA. Ion
contribution ratios were compared between sites using
the non-parametric Mann Whitney U-test. The site ion
contribution data were pooled to evaluate seasonal
differences also using the Mann Whitney U-test. Non-
parametric tests were chosen for the ion contribution
analysis due to the number of storm events. Regression
models were used to estimate the significance of
predicting pH response by magnitude of stormflow
discharge and length of dry period since last storm

event. Statistical analyses were performed in JMP® 6.1
and SPSS® 10.0.

3 Results

3.1 Characteristics of Baseflow and Streamflow
Chemistry

ANC and pH decreased at each site during stormflow
when compared to baseflow measurements (Table 2).
Average ANC declines were generally larger for M2
and M3 (22 and 18 μeq/L, respectively) than for the
M1 (13 μeq/L). However, individual storm pH drops at
all sites were similar averaging 0.89, 0.92, and 0.81 pH
units for M1, M2, and M3, respectively. The storm
behavior showed that as depth increases, pH and ANC
decrease. A typical acidification response is shown for
a storm at M1 on 17 October 2006 in Fig. 2.

Concentrations of most individual ions in-
creased during stormflow with the exceptions of
sodium and chloride, which generally remained
constant for baseflow and stormflow (Table 2).
The average chloride concentration differences
between baseflow and stormflow were not statisti-
cally significant for any site (p=0.31, 0.64, 0.50 for
M1, M2, M3, respectively). Stormflow increases of
sulfate were significant at each site (all p<0.01).
Stormflow increases of nitrate were significant for
M2 and M3 (both p=0.01), but not M1 (p=0.17).
Although average changes in organic acid concen-
trations were similar among sites, differences be-
tween baseflow and stormflow were significant at
M1 and M2 (both p<0.01), but not M3 (p=0.10). A
propagation of errors analysis yields an estimated

Table 3 Baseflow and stormflow comparisons of averages for event sums of measured acid anions and base cations, for M1, M2, and
M3 study sites

Site Flow type N (# of samples) Σ Acid anions
(μeq/L)

Σ Acid anions:
% difference

Σ Cations
(μeq/L)

Σ Base cations:
% difference

M1 Baseflow 18 111.4 (11) 117.1 (10)
Stormflow 6 150.2 (16) 34.8 146.1 (14) 24.8

M2 Baseflow 19 97.9 (12) 101.4 (14)
Stormflow 4 142.3 (27) 45.4 147.2 (11) 45.2

M3 Baseflow 18 124.9 (10) 129.7 (10)
Stormflow 5 170.3 (22) 36.3 146.5 (20) 13.0

Standard deviations are shown in parentheses, expressed in microequivalents per liter.
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standard deviation in the organic acid concentration
of 20.4 μeq/L.

On average, sums of acid anion concentrations and
base cation concentrations (SBC) increased during
stormflow events from baseflow (Table 3). The sum
of baseflow and stormflow acid anions was variable
between sites, with M3 having the highest concen-
trations. Stormflow increases in the sum of anions
were 34.8%, 45.4%, and 36.3% for M1, M2, and M3,
respectively. Baseflow sum of cations was variable
for each site, but stormflow sums were nearly
identical. The stormflow increases in SBC concen-
trations were 24.8%, 45.2%, and 13.0% for M1, M2,
and M3, respectively. The observed increases in SBC
were significant in indicating that cation dilution does
not contribute to ANC depression, on average.

Seasonal trends were observed with the streamflow
data, where lower pH and ANC values for baseflow
stream chemistry were observed during leaf-off than
leaf-on seasons (Table 4). Nitrate concentrations
increased 14.4, 14.8, and 8.8 μeq/L (39.7%, 52.6%,
13.0%), and calcium concentrations increased by 6.9,
6.1, and 5.8 μeq/L (13.6%, 14.9%, 15.9%) for sites
M1, M2, and M3, respectively, during the leaf-off
season from the leaf-on season. Other constituent
concentrations remained generally consistent during
leaf-off (winter, dormant) and leaf-on (transpiring)
seasons.

3.2 Stormflow: Ionic Contributions to ANC Loss

The dominant mechanisms for episodic acidification
varied at each site within the watershed as observed
by relative ionic contribution influencing ANC
depressions during stormflows (Fig. 3). Table 5
provides the ΔANC, ΔpH, and ion contributions for
individual episodes. The MPLP (M1) Site showed no
discernable pattern for a common mechanism of
acidification. Sulfate, nitrate, organic acids, and cation
dilution were alternately responsible for the observed
ANC depressions. Sulfate and nitrate contributions
were responsible for three episodes, organic acids
dominated two episodes, and one episode was
dominated by cation dilution on 15 November 2006.

ANC changes at Ramsey Prong (M2) Site were
predominantly governed by nitrate and sulfate con-
tributions (Fig. 3). Although sulfate may not have
been dominant, its contribution to ANC depressions
was consistent seasonally. Nitrate contribution was

the dominant mechanism for two storms occurring
during the leaf-off (winter) season (Table 5). Howev-
er, two events collected during the leaf-on season
were strongly influenced by increased organic acid
concentrations. SBC negative ratios were generally
high during most stormflow events, likely contribut-
ing to limit ANC decreases.

Fig. 3 Box plots of relative ion contribution ratios during
stormflows for sites a M1 Middle Prong Pigeon River, b M2
Ramsey Prong, and c M3 Eagle Rocks Prong. Horizontal line
indicates whether constituent contributes to ANC declines
(above line) or inclines ANC (below line). Sum of base cations
(SBC) is same as ∑CB

Water Air Soil Pollut (2009) 196:3–18 11



ANC depressions during stormflows at Eagle
Rocks Prong (M3) site were dominated by increased
sulfur concentrations (Fig. 3). ANC depression due to
organic acids were insignificant with the exception of
a storm on 17 October 2006 (Table 5). Nitrate
contributions were generally insignificant in overall
changes to ANC. M3 was the only site that regularly
influenced by cation dilution as observed by four
positive ratios out of five total stormflow events,
although one storm event on 17 October 2006 base
cations appeared to strongly contribute to ANC as
observed by a high negative ratio.

The ion contribution data were analyzed for
statistically differences between sites, and only nitrate
contribution between M2 vs. M3 was different (p=
0.014; Table 6). Ion contribution data were pooled
and also analyzed for seasonal differences in ion

contribution (Table 7). The contribution ratios were
not statistically different for the pooled seasonal data.

3.3 Effect of Watershed Hydrology on Stormflow pH
Response

Stormflow pH response was dependent on peak
discharge during the storm hydrograph and the number
of dry days since the last stormflow event (Fig. 4).
Stormflow pH drops increased significantly with
increased magnitude of stormflow discharge and the
length of the dry period prior to storm event for Sites
M1 and M2 (both p<0.001; R2=0.72, 0.52 respective-
ly), but not for site M3 (p=0.184; R2=0.22). For site
M3, stormflow pH drops were better correlated with
magnitude of stormflow discharge only, excluding the
dry period variable (p=0.06; R2=0.22).

Table 6 Mann–Whitney U-test p-values for site differences in ANC contribution

Comparison ΔCl/ΔANC ΔNO3/ΔANC ΔSO4/ΔANC Δ∑CB/ΔANC ΔOA/ΔANC

M1 vs M2 0.454 0.088 0.670 1.000 0.394
M1 vs M3 0.068 0.584 0.273 0.361 0.068
M2 vs M3 0.086 0.014* 0.221 0.142 0.624

*p<0.05, the test is significant at this level

Table 5 pH and ANC drops, and ion contribution ratios for sampled storm by site and date

Site ID Date ΔpH ΔANC ΔCl/ΔANC ΔNO3/ΔANC ΔSO4/ΔANC ΔΣCB/ΔANC ΔOA/ΔANC

M1 26 June, 2006 0.77 12.3 −0.47 0.70 0.70 0.06 −0.03
17 October, 2006 0.97 9.2 0.76 0.48 2.17 −3.05 0.64
27 October, 2006 1.00 14.0 −0.012 0.41 −1.05 −1.44 3.19
15 November, 2006 1.27 13.6 −0.06 −0.64 −0.31 1.57 0.44
07 January, 2007 0.65 16.6 −0.05 −0.74 0.59 −0.86 2.06
15 March, 2007 0.85 14.0 −0.04 1.64 1.17 −2.04 0.27

M2 26 June, 2006 0.97 18.2 −0.22 0.57 0.61 −1.13 1.17
21 July, 2006 1.08 25.0 −0.12 0.83 0.85 −1.72 1.16
01 March, 2007 1.22 25.0 −0.14 1.06 0.66 0.07 −0.65
16 March, 2007 1.00 21.2 0.01 2.01 0.93 −1.90 −0.06

M3 21 April, 2006 1.20 13.7 0.02 −0.19 0.87 0.27 0.00
17 October, 2006 1.27 14.5 0.70 0.14 4.40 −5.64 1.40
07 January, 2007 0.74 12.6 −0.03 0.25 1.22 0.39 −0.83
01 March, 2007 1.05 26.3 0.01 0.03 0.51 0.53 −0.09
16 March, 2007 0.83 23.7 −0.03 0.50 1.01 0.55 −0.62

Note that a positive number represents a pH or ANC decrease or an ANC loss due to the change in the ion. Ion contribution ratios
greater than +0.6 are bolded.
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4 Discussion

Episodic acidification was observed at each study site in
the MPLP watershed. Sulfate and nitrate were found to

be significant contributors to acidification across the
MPLP sites, supporting the hypothesis that acid
deposition is the dominant mechanism for stream
acidification in these watersheds. Other regional studies
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Fig. 4 pH response during
stormflow events versus
maximum flows (centime-
ter) and number of prior dry
days for sites a M1 Middle
Prong Pigeon River, b M2
Ramsey Prong, and c M3
Eagle Rocks Prong

Table 7 Mann–Whitney U-test p-values for seasonal differences in ANC contribution for leak-off (dormant) and leak-on (transpiring)

Season ΔCl/ΔANC ΔNO3/ΔANC ΔSO4/ΔANC Δ∑CB/ΔANC ΔOA/ΔANC

Dormant vs. transpiring 0.860 0.906 0.239 0.126 0.195
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also identify that acidic deposition is a controlling
acidification mechanism in low alkalinity waters of the
Appalachian mountains (Herlihy et al. 1991; Deviney et
al. 2006; Sullivan et al. 2007). Site M3 was observed
to have both the lowest measured baseflow and
stormflow ANC, which is consistent with a prior
regional study (Hyer et al. 1995). In general, this study
found concentrations of most ions increased during
stormflows, especially acidic anions sulfate and nitrate,
which contributed to ANC depression.

Differences between baseflow and stormflow
chemistry appear attributable to storm water flushing
the vegetative canopy and shallow soils of sulfate,
nitrate, OA, and exchangeable base cations. The most
pronounced pH episode drops at all sites were
associated with larger stormflow events. In addition,
pronounced pH episode drops associated with long
dry periods were observed at all sites, although the
relationship was not statistically significant at Site
M3. Long dry periods allow for greater amounts of
dry deposition to accumulate, and large hydrologic
events flush out acids amassed on the canopy and in
the soil. In a regional northeastern US study,
Lawrence (2002) also indicated the potential for
buildup of sulfate and nitrate, and the potential for
greater acid anion production via such processes as
nitrification of mineralized organic nitrogen in
soils.

SBC concentration was observed to increase
during stormflow from baseflow, although site M3

differs from the other two sites with an increase of
13%, noticeably less than the other two sites. SBC ion
contribution ratios for ANC were mostly negative for
sites M1 and M2, which indicated increased SBC
likely increased ANC during stormflows. Whereas,
ratios tended to be slightly positive for Site M3 except
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for one storm on 17 October 2006 in which a high
negative ratio was observed. Interestingly, sulfate was
greater at Site M3 than Sites M1 and M2. One
possibly explanation for this observation is that Site
M3 is overlaid by 11% watershed area of Anakeesta
geology, a rock formation containing pyrite found at
elevations greater than 2,500 m. Sites M1 and M2
contain less than 3% by area Anakeesta geology.
Exposed Anakeesta rock can cause severe stream
acidification from sulfuric acid; however, it is
believed that undisturbed Anakeesta does not signif-
icantly contribute to stream acidification (Bacon and
Maas 1979). However, the presence of Anakeesta in
the Eagle Rocks Prong (M3) watershed would explain
the observed high sulfate concentrations for both
baseflow and stormflow, assuming all sites generally
received equal sulfate deposition.

Seasonal trends were observed for nitrate concen-
trations, where greater baseflow nitrate concentrations
occurred during the winter. Cook et al. (1994)
observed similar nitrate seasonality and attributed
the increased winter export to lower vegetation
uptake, greater deposition, and rates of organic
decomposition and nitrification exceeding plant
requirements. The increased nitrate concentrations
during the dormant season have potential to contrib-
ute to stream acidification, as observed at Site M2
during two winter storms. Other seasonal baseflow
trends were observed, but were not as important in
affecting baseflow ANC.

Contribution of OA to episodic events is notewor-
thy as effects have been less documented in the
southern Appalachian region. Although variable
among storm events sampled, organic acids appeared
to dominantly contribute to ANC depressions in five
of the 15 episodes sampled, based on an ion
contribution ratio greater than one. Other studies
outside the southern Appalachian region found OA
to significantly contribute to acidification episodes
using dissolved organic carbon (DOC) measurements
as a surrogate for OA (Hyer et al. 1995; Wellington
and Driscoll 2004). Cook et al. (1994) found
increased DOC during stormflows in the GRSM,
and suggested OA flushed from the riparian zone
could be responsible for pH depressions during
certain episodes. Several baseflow and stormflow
samples were analyzed for DOC concentration and
found to be between 1.5 and 4.5 mg/L with higher
concentrations occurring for the stormflow samples

compared to the baseflow samples (Fig. 5). Similarly,
organic acid concentrations were low during baseflow
approximately 11 μeq/L, and concentrations increased
above 22 μeq/L during stormflows.

In this study, aluminum was not included in the
ANC ion contribution analysis because Wellington
and Driscoll (2004) concluded that contributions from
free aluminum were small due to complexation with
increased DOC. Discussion of this topic is important
because aluminum was the only additional species
that potentially could significantly influence acidifi-
cation response because of the high concentration
increases observed during stormflows. All other
species (e.g. iron, manganese, copper, zinc, and silicon)
were very low in concentrations (<0.005 ppm) and
frequently below detection limit, with the exception of
silicon which would be unionized at these low pH
levels. However, measured aluminum concentrations
indicate that the total filterable aluminum increases on
the order of 100 μg/L or about 11 μeq/L during
stormflows. The conversion of Al in microgram per
liter to microequivalent per liter requires an estimate of
the average Al charge. Based on running a geochemical
equilibria model, an average charge of the aluminum
species was estimated as 2.6 for storm events (worst
case pH at site M3) and an average aluminum charge of
2.1 for base flow (best case pH at site M1). The
aluminum change (microequivalent per liter) thus is of
the same order of magnitude as the estimated OA
concentration. Of course since the aluminum is a cation
and OA is an anion, the inclusion of aluminum in the ion
balances used to estimate OAwould cause the estimate
of organic acids to increase. Hyer et al. (1995) ignored
the contribution by aluminum and whose streams
would have included many with water quality similar
to those in the Great Smoky Mountains National Park.
Wellington and Driscoll (2004) did include aluminum
and concluded that the increase in aluminum during
storm events was largely associated with complexation
of aluminum by the increased DOC, i.e., the concen-
tration of free aluminum is small. Aluminum is not
really a driver of acidification but is a result. Although
modeling complexation between aluminum and DOC
is very difficult, an initial modeling with Visual Minteq
and default settings for DOC characteristics shows that
a minimum 69% of the aluminum would be com-
plexed at the lowest pH of 4.6 and DOC of 3.4 mg/L,
and about 56% at the higher pH of 5.4 and DOC of
2.2 mg/L. However, these numbers should only be

Water Air Soil Pollut (2009) 196:3–18 15



taken as order of magnitude numbers but are consistent
with the contention of Wellington and Driscoll (2004)
that aluminum increases in storm flows is due to DOC.

Our estimate of the OA is essentially an estimate
minus a minor proportion from complexed aluminum.
Although the method used to estimate OA has been
established in the literature and used by well recognized
research groups, researchers do need to recognize the
uncertainty in its estimates which appears to have been
ignored previously. The propagation of errors analysis
referred to above and based on the variability of
analytical measurements yields an estimated standard
deviation in the organic acid concentration of 20.4μeq/L,
which is of the same order as the estimates.

In summary, this study documents episodic acidi-
fication in three GRSM streams characterizing the
spatial and temporal variability associated with
possible causes. Increases in sulfate during storm-
flows, and the fact that it was the strongest contributor
to ANC depressions during episodes provides evi-
dence that these streams are impacted by acidic
deposition. However depending on various environ-
mental factors, other ion contributions were also
found to be important, such as nitrate and OA. Others
have reported the potential of increased contribution
of nitrate and OA to acidic episodes by insect
defoliated forests (Eshleman et al. 1998, Barker et
al. 2002). The GRSM has experienced die-off of
Hemlock forests from the balsam woolly adelgid, and
die-off patches are located in the Ramsey Prong (M2)
watershed (personal communication, K. Johnson,
GRSM, 2007). Contribution of sulfate from pyrite
geology is another possible factor to the observed
acidic episodes, particularly in the Eagle Rocks Prong
(M3) watershed. Size of the drainage area may
influence our potential to interpret ion contribution
causes to acidification, observing that the largest
drainage area (M1) study site showed the less distinct
contribution ratios, however this observation at best is
an interesting hypothesis. Overall, this study docu-
ments the variability in potential causes for episodic
acidification among three closely located watersheds
and seasons, illustrating the complexity of watershed
process that influence ANC and pH depressions.

Acknowledgements Research for this project was funded by
the US Environmental Protection Agency through the Univer-
sity of Tennessee Natural Research Policy Center, USEPA
Grant No. EM-83298901-1, and the US Department of Interior,

National Park Service Cooperative Agreement Grant No. 1443-
CA-5460-98-006 (Amendment 10). We appreciate laboratory
assistance from Meijun Cai, and fieldwork assistance from Tom
Zimmerman and many other students.

References

Bacon, J. R., & Maas, R. P. (1979). Contamination of great
smoky mountains trout streams by exposed Anakeesta
formations. Journal of Environmental Quality, 8, 538–543.

Baldigo, B. P., Murdoch, P. S., & Burns, D. A. (2005). Stream
acidification and mortality of brook trout (Salvelinus
fontinalis) in response to timber harvest in Catskill
Mountain watersheds, New York, USA. Canadian Journal
of Fisheries and Aquatic Sciences, 62, 1168–1183.
doi:10.1139/f05-022.

Baker, J. P., Van Sickle, J., Gagen, C. J., DeWalle, D. R.,
Sharpe, W. E., Carline, R. F., et al. (1996). Episodic
acidification of small streams in the northeastern United
States: Effects on fish populations. Ecological Applica-
tions, 6(2), 422–437. doi:10.2307/2269380.

Barker, M., Van Miegroet, H., Nicholas, N. S., & Creed, I. F.
(2002). Variation in overstory nitrogen uptake in a small,
high-elevation southern Appalachian spruce–fir watershed.
Canadian Journal of Forest Research, 32, 1741–1752.
doi:10.1139/x02-098.

Baumgardner, R. E., Isil, S. S., Lavery, T. F., Rogers, C. M., &
Mohnen, V. A. (2003). Estimates of cloud water deposi-
tion at mountain acid deposition program sites in the
Appalachian Mountains. Journal of the Air & Waste
Management Association, 53, 291–308.

Busing, R. T. (2005). NPP temperate forest: Great Smoky
Mountains, Tennessee, U.S.A., 1978–1992. Oak Ridge
National Laboratory Distributed Active Archive Center. In
dataset, http://www.daac.ornl.gov.

Carline, R. F., DeWalle, D. R., Sharpe, W. E., Dempsey, B. A.,
Gagen, C. J., & Swistock, B. (1992). Water chemistry and
fish community responses to episodic stream acidification
in Pennsylvania, USA. Environmental Pollution, 78, 45–
48. doi:10.1016/0269-7491(92)90008-X.

Chen, L., Driscoll, C. T., Gbondo-Tugbawa, S., Mitchell, M. J.,
& Murdoch, P. S. (2004). The application of an integrated
biogeochemical model (PnET-BGC) to five forested
watersheds in the Adirondack and Catskill regions of
New York. Hydrological Processes, 18, 2631–2650.
doi:10.1002/hyp.5571.

Cook, R. B., Elwood, J. W., Turner, R. R., Bogle, M. A.,
Mulholland, P. J., & Palumbo, A. V. (1994). Acid-base
chemistry of high-elevation streams in the Great Smoky
Mountains. Water, Air, and Soil Pollution, 72, 331–356.
doi:10.1007/BF01257133.

Deviney, F. A., Rice, K. C., & Hornberger, G. M. (2006). Time
series and recurrence interval models to predict the
vulnerability of streams to episodic acidification in
Shenandoah National Park, Virginia. Water Resources
Research, 42, W09405. doi:10.1029/2005WR004740.

Driscoll, C. T., Lawrence, G. B., Bulger, A. J., Butler, T. J.,
Cronan, C. S., Eagar, C., et al. (2001). Acidic deposition
in the northeastern United States: Sources and inputs,

16 Water Air Soil Pollut (2009) 196:3–18

http://dx.doi.org/10.1139/f05-022
http://dx.doi.org/10.2307/2269380
http://dx.doi.org/10.1139/x02-098
http://www.daac.ornl.gov
http://10.1016/0269-7491(92)90008-X
http://dx.doi.org/10.1002/hyp.5571
http://dx.doi.org/10.1007/BF01257133
http://dx.doi.org/10.1029/2005WR004740


ecosystem effects, and management strategies. Bioscience,
51(3), 180–198. doi:10.1641/0006-3568(2001)051[0180:
ADITNU]2.0.CO;2.

Eaton, A. D., Clesceri, L. S., Rice, E. W., & Greenburg, A. E.
(2005). Standard methods for the examination of water
and wastewater (pp. 5, 32, 35, 33). Washington, D.C.:
AWWA, WEF, American Public Health Association.

Eshleman, K. N., Morgan II, R. P., Webb, J. R., Deviney, F. A.,
& Galloway, J. N. (1998). Temporal patterns of nitrogen
leakage from mid-Appalachian forested watersheds: Role
of insect defoliation. Water Resources Research, 34(8),
2005–2116. doi:10.1029/98WR01198.

Evans, C. D., Cooper, D. M., Juggins, S., Jenkins, A., & Norris,
D. (2006). A linked spatial and temporal model of the
chemical and biological status of large, acid-sensitive river
network. The Science of the Total Environment, 365, 167–
185, Medline. doi:10.1016/j.scitotenv.2006.02.037.

Fernandez, I. J., Rustad, L. E., Norton, S. A., Kahl, J. S., & Cosby,
B. J. (2003). Experimental acidification causes soil base-
cation depletion at the Bear Brook Watershed in Maine. Soil
Science Society of America Journal, 67, 1909–1919.

Herlihy, A. T., Kaufmann, P. R., Church, M. R., Wigington, P.
J., Webb, J. R., & Sale, M. J. (1993). The effects of acidic
deposition on streams in the Appalachian Mountain and
Piedmont region of the Mid-Atlantic United-States. Water
Resources Research, 29, 2687–2703. doi:10.1029/
93WR01072.

Herlihy, A. T., Kaufmann, P. R., & Mitch, M. E. (1991). Stream
chemistry in the Eastern United-States. 2. Current sources
of acidity in acidic and low acid-neutralizing capacity
streams. Water Resources Research, 27, 629–642.
doi:10.1029/90WR02768.

Hillman, D. C. J., Potter, J. F., & Simon, S. J. (1986). National
Surface Water Survey, Eastern Lake Survey—Phase I,
analytical methods manual, EPA-600/4-86-009 (p. 170).
Las Vegas: US Environmental Protection Agency.

Hyer, K. E., Webb, J. R., & Eshleman, K. N. (1995). Episodic
acidification of three streams in Shenandoah National
Park, Virginia, USA. Water, Air, and Soil Pollution, 85,
523–528. doi:10.1007/BF00476882.

Inamdar, S. P., Christopher, S. F., & Mitchell, M. J. (2004).
Export mechanisms for dissolved organic carbon and
nitrate during summer storm events in a glaciated forested
catchment in New York, USA. Hydrological Processes,
18, 2651–2661. doi:10.1002/hyp.5572.

Kahl, J. S., Norton, S. A., Haines, T. A., Rochette, E. A., Heath,
R. H., & Nodvin, S. C. (1992). Mechanisms of episodic
acidification in low-order streams in Maine, USA. Envi-
ronmental Pollution, 78, 37–44, Medline. doi:10.1016/
0269-7491(92)90007-W.

King, P., Newman, R. B., & Hadley, J. B. (1968). Geology of
the Great Smoky Mountains National Park, Tennessee and
North Carolina. USGS professional paper 587. Reston:
United States Geologic Survey.

Lawrence, G. B. (2002). Persistent episodic acidification of
streams linked to acid rain effects on soil. Atmospheric
Environment, 36, 1589–1598. doi:10.1016/S1352-2310
(02)00081-X.

Lovett, G. M., & Kinsman, J. D. (1990). Atmospheric pollutant
deposition to high-elevation ecosystems. Atmospheric
Environment Part a-General Topics, 24, 2767–2786.

Mandel, J. (1964). The statistical analysis of experimental data.
New York: Dover.

Molot, L. A., Dillon, P. J., & LaZerte, B. D. (1989). Factors
affecting alkalinity concentrations of stream water during
snowmelt in Central Ontario. Canadian Journal of
Fisheries and Aquatic Sciences, 46, 1658–1666.
doi:10.1139/f89-211.

Mulholland, P. J. (2004). The importance of in-stream uptake
for regulating stream concentrations and outputs of N and
P from a forested watershed: evidence from long-term
chemistry records for Walker Branch Watershed. Biogeo-
chemistry, 70, 403–426. doi:10.1007/s10533-004-0364-y.

National Atmospheric Deposition Program (NADP) (2006).
NADP data report 2006-01. Champaign: Illinois State
Water Survey.

Neff, K. J. (2007). Physiological stress in native southern brook
trout (Salvelinus fontinalis) during episodic acidification
of streams in the Great Smoky Mountains National Park.
MS Thesis. University of Tennessee, Knoxville.

O’Brien, A. K., Rice, K. C., Kennedy, M. M., & Bricker, O. P.
(1993). Comparison of episodic acidification of mid-
Atlantic upland and coastal-plain streams. Water Resour-
ces Research, 29, 3029–3039. doi:10.1029/93WR01408.

Palmer, S. M., Driscoll, C. T., & Johnson, C. E. (2004). Long-
term trends in soil solution and stream water chemistry at
Hubbard Brook Experimental Forest: Relationships with
landscape position. Biogeochemistry, 68, 51–70.
doi:10.1023/B:BIOG.0000025741.88474.0d.

Pauley, E. F., Nodvin, S. C., Nicholas, N. S., Rose, A. K., &
Coffey, T. B. (1996). Vegetation, biomass, and nitrogen
pools in a spruce-fir forest of the Great Smoky Mountains
National Park. Bulletin of the Torrey Botanical Club, 123
(4), 318–329. doi:10.2307/2996781.

Porter, E., Blett, T., Potter, D. U., & Huber, C. (2005).
Protecting resources on federal lands: implications of
critical loads for atmospheric deposition of nitrogen and
sulfur. Bioscience, 55(7), 603–612. doi:10.1641/0006-
3568(2005)055[0603:PROFLI]2.0.CO;2.

Potter, F. I., Lynch, J. A., & Corbett, E. S. (1988). Source areas
contributing to the episodic acidification of a forested
headwater stream. Journal of Contaminant Hydrology, 3,
293–305. doi:10.1016/0169-7722(88)90037-X.

Robinson, R.B., Barnett, T.W., Harwell, G. R., Moore, S. E.,
Kulp, M. A., & Schwartz, J. S. (2008). pH and acid anion
time trends in different elevation ranges in the Great
Smoky Mountains National Park. Journal of Environmen-
tal Engineering, 134, in press.

Shubzda, J., Lindberg, S. E., Garten, C. T., & Nodvin, S. C.
(1995). Elevations trends in the fluxes of sulfur and
nitrogen in throughfall in the southern Appalachian
mountains: Some surprising results. Water, Air, and Soil
Pollution, 85, 2265–2270. doi:10.1007/BF01186171.

Sullivan, T. J., Cosby, B. J., Herlihy, A. T., Webb, J. R., Bulger,
A. J., Synder, K. U., et al. (2004). Regional model
projections of future effects of sulfur and nitrogen
deposition on streams in the southern Appalachian
Mountains. Water Resources Research, 40, W02101.
doi:10.1029/2003WR001998.

Sullivan, T. J., Cosby, B. J., Tonnessen, K. A., & Clow, D. W.
(2005). Surface water acidification responses and critical
loads of sulfur and nitrogen deposition in Loch Vale

Water Air Soil Pollut (2009) 196:3–18 17

http://dx.doi.org/10.1641/0006-3568(2001)051[0180:ADITNU]2.0.CO;2
http://dx.doi.org/10.1641/0006-3568(2001)051[0180:ADITNU]2.0.CO;2
http://dx.doi.org/10.1029/98WR01198
http://dx.doi.org/10.1016/j.scitotenv.2006.02.037
http://dx.doi.org/10.1029/93WR01072
http://dx.doi.org/10.1029/93WR01072
http://dx.doi.org/10.1029/90WR02768
http://dx.doi.org/10.1007/BF00476882
http://dx.doi.org/10.1002/hyp.5572
http://dx.doi.org/10.1016/0269-7491(92)90007-W
http://dx.doi.org/10.1016/0269-7491(92)90007-W
http://dx.doi.org/10.1016/S1352-2310(02)00081-X
http://dx.doi.org/10.1016/S1352-2310(02)00081-X
http://dx.doi.org/10.1139/f89-211
http://dx.doi.org/10.1007/s10533-004-0364-y
http://dx.doi.org/10.1029/93WR01408
http://dx.doi.org/10.1023/B:BIOG.0000025741.88474.0d
http://dx.doi.org/10.2307/2996781
http://dx.doi.org/10.1641/0006-3568(2005)055[0603:PROFLI]2.0.CO;2
http://dx.doi.org/10.1641/0006-3568(2005)055[0603:PROFLI]2.0.CO;2
http://dx.doi.org/10.1016/0169-7722(88)90037-X
http://dx.doi.org/10.1007/BF01186171
http://dx.doi.org/10.1029/2003WR001998


watershed, Colorado. Water Resources Research, 41,
W01021. doi:10.1029/2004WR003414.

Sullivan, T. J., Webb, J. R., Synder, K. U., Herlihy, A. T., &
Cosby, B. J. (2007). Spatial distribution of acid-sensitive
and acid-impacted streams in relation to watershed
features in the southern Appalachian Mountains. Water,
Air, and Soil Pollution, 182, 57–71. doi:10.1007/s11270-
006-9320-x.

Tranter, M., Davies, T. D., Wigington, P. J., & Eshleman, K. N.
(1994). Episodic acidification of fresh-water systems
in Canada—Physical and geochemical processes. Water,
Air, and Soil Pollution, 72, 19–39. doi:10.1007/
BF01257115.

Webb, J. R., Cosby, B. J., Deviney, F. A., Galloway, J. N., Maben,
S. W., & Bulger, A. J. (2004). Are brook trout streams in
western Virginia and Shenandoah National Park recovering
from acidification? Environmental Science & Technology,
38, 4091–4096, Medline. doi:10.1021/es049958a.

Wellington, B. I., & Driscoll, C. T. (2004). The episodic
acidification of a stream with elevated concentrations of
dissolved organic carbon. Hydrological Processes, 18,
2663–2680. doi:10.1002/hyp.5574.

Wigington, P. J., Baker, J. P., DeWalle, D. R., Kretser, W. A.,
Murdoch, P. S., Simonin, H. A., et al. (1996a). Episodic
acidification of small streams in the northeastern United
States: Episodic Response Project. Ecological Applica-
tions, 6, 374–388. doi:10.1002/hyp.5574.

Wigington, P. J., DeWalle, D. R., Murdoch, P. S., Kretser, W.
A., Simonin, H. A., VanSickle, J., et al. (1996b). Episodic
acidification of small streams in the northeastern United
States: ionic controls of episodes. Ecological Applications,
6, 389–407. doi:10.2307/2269378.

Worrall, F., Swank, W. T., & Burt, T. P. (2003). Changes in
stream nitrate concentrations due to land management
practices, ecological succession, and climatic: Developing
a systems approach to integrated catchment response.
Water Resources Research, 39(7), 1177–1191. doi:
10.1029/2000WR000130.

Wright, R. F., Aherne, J., Bishop, K., Camarero, L., Cosby, B.
J., Erlandsson, M., et al. (2006). Modeling the effect of
climate change on recovery of acidified freshwaters:
Relative sensitivity of individual processes in the MAGIC
model. The Science of the Total Environment, 365, 154–
166. doi:10.1016/j.scitotenv.2006.02.042.

18 Water Air Soil Pollut (2009) 196:3–18

http://dx.doi.org/10.1029/2004WR003414
http://dx.doi.org/10.1007/s11270-006-9320-x
http://dx.doi.org/10.1007/s11270-006-9320-x
http://dx.doi.org/10.1007/BF01257115
http://dx.doi.org/10.1007/BF01257115
http://dx.doi.org/10.1021/es049958a
http://dx.doi.org/10.1002/hyp.5574
http://dx.doi.org/10.2307/2269377
http://dx.doi.org/10.2307/2269378
http://dx.doi.org/10.1029/2000WR000130
http://dx.doi.org/10.1016/j.scitotenv.2006.02.042

	Characterizing Episodic Stream Acidity During Stormflows in the Great Smoky Mountains National Park
	Abstract
	Introduction
	Methods
	Study Area
	Study Design
	Chemical Analysis
	ANC Ion Contribution Analysis
	Stormflow pH Response and Watershed Hydrology
	Statistical Analysis

	Results
	Characteristics of Baseflow and Streamflow Chemistry
	Stormflow: Ionic Contributions to ANC Loss
	Effect of Watershed Hydrology on Stormflow pH Response

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


