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ABSTRACT
Acidic atmospheric deposition has impacted forests and waterways of the northeastern
United States. Acidic deposition is largely attributed to compounds emitted to the atmosphere
from combustion of fossil fuels for power generation. Major impacts of acid deposition on
forested watersheds are part of an acidification process. Declines in pH of soils can lead to
leaching of base cations from soils that decrease the ability of a watershed to buffer itself from
incoming acids. Declines in pH of streamwater are often accompanied by changes in stream
base cation loads and increases in dissolved inorganic aluminum concentrations, which in turn
negatively affect aquatic life. Due to the Clean Air Act Amendments of 1990 and other policies,
rates of acidic atmospheric deposition have greatly decreased in the northeastern United States in
recent decades. Questions remain, however, about whether acid-sensitive forested watersheds
will be able to recover from decades of acid deposition, and the length of time that it will take for
this recovery to occur.
This project quantified improvement in water quality in forested Pennsylvania streams in
response to decreases in acidic atmospheric deposition since the early 1990s. In addition to
analyzing long-term records of a single sampling site on each stream, I conducted synoptic
sampling of stream segments throughout three forested headwater watersheds under summer
baseflow conditions in order to characterize how water quality in the main channels changed
from headwaters to outlet. All three watersheds have been subject to heavy loadings of acid
deposition in recent decades, two of the watersheds (Roberts Run and Stone Run) were poorly
buffered and thus acid-sensitive, while one of the watersheds (Young Womans Creek) was well
buffered and thus acid-tolerant. Results show that some chemical recovery (i.e., increased pH,
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decreased aluminum concentrations) has occurred in the acid-sensitive streams. However, the
sensitive watersheds are still considered to be chronically acidified along much of their stream
length in terms of water quality parameters. The measured acid neutralizing capacity has not
shown significant increases over the period of record. The acid-sensitive streams are thus still at
high risk of episodic acidification, and biological recovery has likely not yet fully occurred.
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1. INTRODUCTION
1.1. Background
Acidic Atmospheric Deposition
Acidic atmospheric deposition has impacted air quality, forests, and waterways of the
northeastern United States; largely attributed to emissions of compounds to the atmosphere from
various anthropogenic sources. Gases and particles emitted to the atmosphere can be transported
over long distances before being transferred to the landscape and deposited to terrestrial and
aquatic ecosystems (Figure 1-1). Thus, atmospheric deposition impacts a wide range of
ecosystems, even those in remote and rural forested locations (US EPA, 2013b). Atmospheric
deposition includes both wet deposition in precipitation and dry deposition in dry fallout (Figure
1-1).

Figure 1-1. Materials emitted to the atmosphere from natural and anthropogenic sources can
travel long distances before being deposited to terrestrial or aquatic ecosystems, blanketing even
remote forested locations. Figure from US EPA (2001).
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Sources of Acidity in the Atmosphere
Acidic atmospheric deposition, commonly referred to as acid rain, is the transfer of
strong acids and acid-forming substances from the atmosphere to the earth’s surface (Driscoll et
al., 2001b). Carbon dioxide (CO2), sulfur dioxide (SO2), and nitrogen oxides (NOx) are acidproducing gases that are released in relatively small quantities to the atmosphere through natural
sources (Figure 1-1) such as emissions from volcanoes, lightning, fires, and decaying vegetation
(Jenkins et al., 2007; Likens et al., 1972). Combustion of fossil fuels (i.e., burning of coal, oil,
and natural gas) to fuel electric power generation, industrial activities, transportation, and other
anthropogenic sources (Figure 1-1) release large amounts of sulfur dioxide (SO2) and nitrogen
oxides (NOx) into the atmosphere, far in excess of those emitted from natural sources (Driscoll
et al., 2001b; Likens et al., 1979). Emissions of SO2 and NOx are considered to be the primary
sources of acid rain in the environment (US EPA, 2013b). Once in the atmosphere, SO2 and NOx
are oxidized to sulfuric acid (H2SO4) and nitric acid (HNO3). These acids dissociate into
hydrogen ions (H+), sulfate (SO42-), and nitrate (NO3-), which are returned to the landscape by
atmospheric deposition as both wet and dry deposition. Under natural background conditions
water in the atmosphere is normally mildly acidic (pH ~5.6) due to the ubiquitous presence of
CO2 which forms carbonic acid (H2CO3) when dissolved in water. In areas heavily impacted by
emissions acidifying compounds, atmospheric water becomes more acidic than normal.
Impacts of Acidic Atmospheric Deposition
Acidic atmospheric deposition can have detrimental impacts on both terrestrial and
aquatic systems within forested watersheds. Negative impacts that have been observed in
forested watersheds of the northeastern United States include: 1) acidification and nitrogen
saturation of forest soils (Aber et al., 2003); 2) interruption of physiological functions in forest
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vegetation (DeHayes et al., 1999); 3) leaching and depletion of base cations from forest soils
(Lawrence et al., 1999), 4) mobilization of inorganic monomeric aluminum which is be toxic to
aquatic life (Cronan & Schofield 1990); and 5) acidification of surface waters (Driscoll et al.,
2001a, Kahl et al. 2004). Further, acidic atmospheric deposition has been identified as partially
causing several large scale environmental issues such as climate change, coastal eutrophication,
increases in ground level ozone, and reduction of visibility in scenic areas such as national parks
(Driscoll et al., 2001b; Galloway et al., 2003).
Some forested watersheds are more sensitive to acidification than others, based on the
ability of their soils, geology, and waters to neutralize incoming acids, known as buffering
capacity. Well buffered forested streams can receive long-term inputs of acid deposition and
show little to no resultant response in stream chemistry or aquatic life (Driscoll et al., 2001b). In
contrast, poorly buffered streams can be highly sensitive to acid deposition and become acidified
(Lawrence, 2002; Likens et al., 1996). In Pennsylvania, many streams are believed to be
sensitive to acidification, especially low order streams in the unglaciated Appalachian plateau
where bedrocks are resistant to weathering and soils are low in base cation concentrations (Baker
et al., 1991; DeWalle & Swistock, 1994).
In some acid-sensitive watersheds, acidification has led to loss of diversity and
abundance in aquatic life including fish, macroinvertebrates, and zooplankton (Baker et al.,
1996; Carline et al., 1992, Cronan & Schofield, 1979; Driscoll et al., 2001b). The capacity of
headwater streams to provide critical habitat for key life history phases, especially salmonid
reproduction and survival of early life stages can be compromised by acidification, due to
lowered pH and increased aluminum concentrations (Meyer et al., 2003). These conditions
decrease survival of macroinvertebrates in headwater streams and impair their ability to break
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down coarse organic matter (Lowe & Likens, 2005). Widespread awareness of these negative
impacts of acidic atmospheric deposition on ecosystems in the United States emerged in the mid20th century, which led to efforts to understand and reduce emissions of acidifying pollutants
(Likens et al., 1996).
Policies Targeting Acidic Atmospheric Deposition
Aimed at mitigating the adverse effects of acidic atmospheric deposition on human health
and the environment, Congress established several important regulatory programs. The Acid
Rain Program (ARP) was established as Title IV of the Clean Air Act Amendments of 1990,
targeting emissions of acidifying compounds from power plants. The complimentary Clean Air
Interstate Rule (CAIR) was established in 2005, targeting pollution from power plants that drifts
from one state to another. Both programs are administered by the United States Environmental
Protection Agency (US EPA), and collectively have led to an emissions decrease of over 60%
from 1990 levels for both SO2 and NOX from power plants that are regulated by the programs
(Burns et al., 2011; US EPA, 2013).
Trends in Acidic Emissions and Deposition
Emissions of SO2 and NOx in the United States were highest in the early 1970s and early
1990s respectively (Driscoll et al., 2001a). Due primarily to the ARP and CAIR policies,
emissions of both SO2 and NOx (Figure 1-2) have declined since 1990, with major decreases
occurring in Pennsylvania and other portions of the Mid-West and Mid-Atlantic, attributed to the
density of nearby power plants affected by the regulations (US EPA, 2012, Burns et al., 2011).
As a result of decreasing emissions, rates of atmospheric deposition of nitrogen and sulfate
have, in turn, decreased over the last 25 years in Pennsylvania and the northeastern United
States (Figure 1-3; US EPA, 2013a).
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a) SO2 emissions (tons)

b) NOx emissions (tons)

Figure 1-2. State-by-state emmission levels from CAIR and ARP sources from 1990-2011. a)
SO2 emissions, and b) NOx emissions, for 1990 (red bar), 2000 (blue bar), 2005 (yellow bar), and
2011 (green bar). Figures from US EPA, 2012.
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Figure 1-3. Changes in wet atmospheric sulfate deposition (top) and wet atmospheric nitrogen
deposition (bottom) across the USA. Data reflect 3-year averages before (1989-1991) and after
(2009-2011) emissions of nitrogen and sulfur oxides were regulated. These changes in deposition
are attributed primarily to decreases in emissions of nitrous oxides and sulfur oxides to the
atmosphere since 1990, in response to regulations. Adapted from US EPA (2013a).
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Recovery of Forest Ecosystems from Acidic Atmospheric Deposition
In Pennsylvania and other regions of the northeastern United States, rates of acidic
atmospheric deposition have decreased to about half of what they were in 1990 (Figure 1-3).
Questions remain about whether acid-sensitive, forested watersheds that have been negatively
impacted will be able to recover from the legacy of this deposition, and the length of time that it
will take for recovery to occur. Numerous studies suggest that, in response to emissions and
deposition reductions, chemical recovery (e.g., stream water becoming less acidic) is likely to
occur first, followed much later by biological recovery (e.g., re-colonization of aquatic life that
once inhabited affected waterways) (Burns et al., 2011; Driscoll et al., 2001b). Reversing
acidification of forest streams that are poorly buffered is expected to take decades, as illustrated
in a conceptual model of response times for various ecosystems (Figure1-4). A substantial base
of research in forested environments has shown that, while the ARP and CAIR have had huge
success in decreasing rates of emissions of acid precursors into the atmosphere from the early
1990’s to date, full atmospheric or ecological recovery has not yet been attained (Burns et al.,
2011; Clow & Mast, 1999; Driscoll et al., 2001a, 2001b; Driscoll et al, 1995; Lawrence, 2002;
Likens et al., 1996).

8

Figure 1-4. Conceptual model of timeframes various ecosystems to respond to changes in
atmospheric emissions, reversing effects of acidification. After decades of reductions in
emissions, one would expect to see improvement in the chronic acidification of forest streams.
Figure from US EPA 2001.
1.2. Objectives
Given its location downwind of many emissions sources, Pennsylvania has received
chronically high levels of acidic atmospheric deposition which peaked in the 1970s, yet rates of
acidic atmospheric deposition have decreased greatly since 1990 (Boyer et al. 2013) due to
emissions reductions. The decreases in emissions (and associated deposition) will hopefully lead
to recovery of forest health over time (Figure 1-4). Questions remain about whether acidsensitive streams in Pennsylvania have experienced recovery. The overall goal of this study
was to assess the contemporary acidification status of forested, headwater streams in
Pennsylvania that have received chronic yet decreasing inputs of acidic atmospheric
deposition. I addressed two associated research questions about how water quality has
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responded. First, considering contemporary conditions, is water quality in acid-sensitive
forested streams currently considered to be acid-impaired? Second, considering long-term
responses, have acid-sensitive forested streams shown recovery in their water quality? The
focal watersheds include acid-sensitive Roberts Run and Stone Run, and acid-tolerant Young
Womans Creek, all of which are forested basins located within the headwaters of the
Susquehanna River basin, and are part of long-term watershed monitoring programs.

1.3 Water Quality Indicators of Acidification
Many attributes of watersheds determine their susceptibility to acidification via
atmospheric deposition, including physical (e.g., topography, flow paths), chemical (e.g.,
bedrock and soil composition; availability of base cations), and biological (e.g., tree species
composition) factors. Five key indicators of acidification in freshwater streams were used to
consider the acid status of stream waters sampled during this study (pH, acid neutralizing
capacity, dissolved aluminum concentration; sulfate concentration; and nitrate concentration).
pH: The pH of water greatly affects the solubility and chemical form of many
compounds and affects suitability for aquatic life (Hem, 1985). The US EPA (2014) lists a pH
range of 6.5-9 to be acceptable for general aquatic life with negative effects becoming more
severe the more the pH deviates from this range. When stream pH falls below 6.5 acid sensitive
species of fishes and macroinvertebrates begin to experience mortality (Baker et al., 1991).
Schindler et al. (1985) found drastic detrimental changes to lake ecosystems, including loss of
fish diversity, deterioration of fish and macroinvertebrate condition, and cessation of spawning
activity at a pH between 5.5 and 5.0. In this study, a stream water pH value below 5.5 was
considered to be impaired, which is associated with detrimental impacts to aquatic ecosystems
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(Sullivan, 2000). A stream water sample with pH below 5.0 was considered severely impaired
(Wigington et al., 1996b).
Acid neutralizing capacity (ANC) is the capacity of water to neutralize incoming strong
acids (Driscoll et al., 2001b). Acid neutralizing capacity can be conceptualized as a balance
between strong acids and bases, and therefore their dissociation products, in a water sample
(DeWalle & Swistock, 1994; Lawrence et al., 2007). This leads to the generalized equation:
𝐴𝑁𝐶 = ∑ 𝑏𝑎𝑠𝑒 𝑐𝑎𝑡𝑖𝑜𝑛𝑠(𝜇𝑒𝑞/𝑙) − ∑ 𝑠𝑡𝑟𝑜𝑛𝑔 𝑎𝑐𝑖𝑑 𝑎𝑛𝑖𝑜𝑛𝑠 (𝜇𝑒𝑞/𝑙).
Major base cations in natural stream waters are calcium (Ca2+), magnesium (Mg2+), and
usually to a lesser extent potassium (K+) and sodium (Na+). Base cations in streams are
generated from bedrock weathering and soil exchange processes in undisturbed watersheds.
Major strong acid anions in the focal streams are generally sulfate (SO42-), nitrate (NO3-), and
chloride (Cl-). These anions can be generated from within a watershed at naturally low
concentrations or through anthropogenic activity causing elevated concentrations. Processes
within a watershed that increase the base cation side of the equation without changing the acid
anion side of the equation will increase ANC (e.g., dissolution of carbonate minerals), while
processes that increase the acid anion side of the equation without increasing the base cation side
of the equation will decrease ANC (e.g., deposition and dissociation of nitric and sulfuric acids).
Underscoring the importance of geology, watersheds underlain by easily weathered bedrock,
especially carbonate species, will tend to have higher ANC and therefore be more able to
neutralize incoming acids than those watersheds underlain by bedrock that is more resistant to
weathering such as sandstones.
Threshold categories for ANC, indicating impairment of stream waters from
acidification, are shown in Table 1-1. A stream water sample having ANC < 0 μeq/L indicates
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that the watershed is receiving or generating more acid than it can neutralize, and is considered
to be chronically acidified. Such a watershed cannot buffer further inputs of acids from
atmospheric deposition. A stream ANC > 0 indicates that there is a higher availability of bases
within a watershed than is currently needed to neutralize incoming acids. Streams with an ANC
between 0 μeq/L and 50 μeq/L tend to have a pH between 4.5 and 6.5 and are highly susceptible
to episodic acidification during precipitation or snow melt events (Baker et al, 1991; Jenkins et
al., 2007; US EPA, 2009). Streams with ANC from 50-100 μeq/L are also at risk of episodic
acidification, but are at less risk than streams with lower ANC. Streams with ANC>100 μeq/L
are at low risk of acidification at any time (Burns et al., 2011). Streams with ANC>200 μeq/L
tend to be near pH 7 and are not likely to become acidified from acid inputs due to their high
buffering capacity (Jenkins et al., 2007).

Table 1-1. Categories of concern for ANC impairments, based on the measured ANC of stream
water, and their associated expected ecological effects. Adapted from USGS report to congress
(after Burns et al., 2011).
Level of
Concern

ANC
(μeq/L)

Acute

<0

Elevated

0-50

Moderate
Low

50-100
>100

Expected Effects
Near Complete loss of fish populations. Reduced species diversity with
communities dominated by acid tolerant species.
More than half of expected fish species are absent. Brook trout populations
experience reduced fitness. During high flow episodes brook trout may
experience mortality.
Fish species diversity begins to decline (sensitive species are lost).
Fish and zooplankton species diversity is unaffected.
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Aluminum (Al) dissolved in surface and soil water is of concern in watersheds affected
by acid deposition. Inorganic monomeric (not bound to other elements) Al is toxic to aquatic
biota at relatively low concentrations.

Elevated dissolved aluminum concentrations can lead to

reproductive failure, stress, reduced growth, and mortality in fish even at a pH that is not
damaging by itself (Cronan & Schofield, 1979). Aluminum solubility increases drastically under
a pH value of about 5.5 (Hem, 1985; World Health Organization, 1998) which leads to elevated
Al concentrations in acidified waters. Aluminum is the first or second most abundant cation in
every strata of soils on a charge equivalent basis (Cronan & Schofield, 1979). Therefore, when
there are few or no exchangeable base cations left in soils (i.e. ANC < 0), Al can be leached in
their place. The US EPA (2014) considers concentrations of Al above 0.087 mg/L to be
chronically toxic and concentrations of Al above 0.75 mg/L to be acutely toxic for aquatic biota.
Baker and Schofield (1982) found Al concentrations of 0.2 mg/L and above to be toxic to all life
stages of brook trout, which are among the most acid tolerant fishes in the northeastern US
(Gagen et al., 1993) and a common inhabitant of headwater streams. Specific criteria for Al
impairment used in this study were: Al > 0.087 mg/L was considered impaired and Al > 0.2
mg/L was considered severely impaired.
Sulfate (SO42-) and nitrate (NO3-) dissolved in surface waters are also of interest in
forested watersheds, as they stem, at least in part, from atmospheric sources. Emissions of SO2
and NOx to the atmosphere from both natural and anthropogenic sources are the primary
precursors of acid rain. Once released into the atmosphere these compounds can be transported
by prevailing winds before being oxidized to sulfuric acid and nitric acid respectively. These
acids then dissolve in water, forming sulfate (SO42-), nitrate (NO3-), and hydrogen ions (H+)
before being deposited to the landscape in wet and dry deposition. Natural SO42- concentrations
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in dilute waters of the northeastern US have been estimated to be no greater than 35 μeq/L in
undisturbed watersheds and could be as low as 10-15 μeq/L (Brakke et al., 1989), and NO3concentration in forested watershed streams are generally very low (Biesecker & Leifeste, 1975)
because nitrogen is in high demand as a forest nutrient and is often assimilated by plants as soon
as it becomes available (Ross et al., 2012). The focus of this study was watersheds which were
nearly 100% forested, and locations which atmospheric deposition was the primary source of
new inputs of SO42- and NO3-. With a relatively small biotic demand for sulfur and high loading
to watersheds, excess SO42- is flushed out of forests relatively quickly and, therefore, it is the
dominant inorganic acid anion in stream water in the northeast for much of the year. SO42concentrations that are more than double the maximum estimated background concentration of
35 μeq/L were used as an indicator of acid deposition impact in this study. Further, considering
long-term trends in water quality since 1990, declines in SO42- and NO3- concentrations over time
may indicate chemical recovery from acid rain impacts.
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2. METHODS
2.1. Study Sites
Three forested streams were selected for this study; naturally acid-sensitive reference
streams Roberts Run and Stone Run; and naturally acid-tolerant reference stream Young
Womans Creek. The watersheds are located in the unglaciated Appalachian plateau
physiographic province of central Pennsylvania (Figure 2-1), and are situated in the headwaters
of the Susquehanna River watershed. The basins are rural and relatively undisturbed by human
development; there are no significant point source inputs of acidity to the watersheds, and thus
atmospheric deposition is the major source of new acid inputs to the basins (DeWalle &
Swistock, 1994; Mast & Turk, 1999).

Figure 2-1. The three focal catchments are located in the Appalachian plateau physiographic
province (pink region above). Stone Run and Roberts Run are acid-sensitive, while Young
Womans Creek is acid-tolerant. The basins are situated in the headwaters of the West Branch of
the Susquehanna River, which eventually drains to the Chesapeake Bay. Other physiographic
provinces shown are: Purple=Central Lowlands; Blue=Ridge and Valley; Teal=New England;
Yellow=Piedmont; Green=Atlantic Coastal Plain. Black lines are county borders
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Acid-Sensitive Streams: Roberts Run and Stone Run
The Roberts Run and Stone Run watersheds are located in northern Clearfield County,
Pennsylvania (Figure 2-1). The Roberts Run watershed is 90% forested, 3% upland forested
wetland, and 7% cleared or residential land, with the forest comprised of deciduous (82%),
evergreen (14%) and mixed (4%) stands (Pennsylvania State University, 2007). Similarly, the
Stone Run watershed is 95% forested with 5% grassland; with the forest comprised of deciduous
(61%), evergreen (31%), and mixed (6%) stands (Pennsylvania State University, 2007). The
underlying bedrock in both watersheds is mostly sandstone, siltstone, and shale (Pennsylvania
Bureau of Topographic and Geographic Survey, 2001). The Pottsville formation, common to
both watersheds (Table 2-1), has been shown to yield stream flow with naturally low ANC
(DeWalle & Swistock, 1994; Sharpe et al., 1987). Since large percentages of the watersheds are
underlain by the Pottsville formation, their streams are susceptible to acidification by
atmospheric deposition. The dominant soils present in both watersheds are shallow, acidic, well
drained, and extremely rocky (Dow & DeWalle, 1997; Wigington et al., 1996a). Though the
rural basins are relatively undisturbed, there are a few residential homes and scattered hunting
cabins; and the watersheds have been subject to past defoliation by insect pests (Dow &
DeWalle, 1997). Further, the Stone Run watershed has seen unconventional natural gas-related
development since 2009. There are at least six unconventional gas development-related land
clearings in the watershed, and five of those have been cleared since 2010 (Google Inc., 2013).
The recent gas exploration activity and development could potentially lead to changes in water
quality within the watershed.
Roberts Run ranges in elevation from 733 m at its divide to 509 m at the watershed outlet
defined here as the stream gage (41.17013° N, 78.40611° W). The stream is approximately 6.1
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km long, and drains an area of 10.66 km2 (Wigington et al., 1993). Near the headwaters there is
a large, flat wetland area with a beaver pond. Stone Run ranges in elevation from 701 m at its
divide to 494 m at the watershed outlet defined here as the stream gage (41.1013° N, 78.44847°
W). The stream is approximately 6.4 km long and drains an area of 11.6 km2 (Wigington et al.,
1993). Near the headwaters there is a spring that flows in from the west that is used by a hunting
camp as a drinking water source, which is a primary source of streamflow in the upper reaches
under summer baseflow conditions. Both streams have been monitored by Penn State faculty
members Dave DeWalle, Bill Sharpe, and Beth Boyer since the late 1980’s, as part of the US
EPA Long-term Monitoring (LTM) Program (US EPA, 2011). Monthly water quality data for
Roberts Run and Stone Run were obtained since the early 1990s with the exception of a few
periods where there was no funding for the project.
Acid-Tolerant Stream: Young Woman’s Creek
The Young Womans Creek watershed is located in northern Clinton County, with
headwaters that extend into southeast Potter County and western Lycoming County (Figure 2-1).
This forested basin is minimally disturbed, having 97% forest land cover, comprised of
deciduous (74%), evergreen (20%), and mixed (6%) stands (The Pennsylvania State University,
2007). The underlying bedrock is predominantly sandstone, siltstone, and shale (Pennsylvania
Bureau of Topographic and Geographic Survey, 2001). The watershed is predominantly
underlain by the Huntley Mountain formation, Burgoon sandstone, and Catskill formation (Table
2-1), giving rise to stream water with relatively high ANC (Mast & Turk, 1999; Pennsylvania
Bureau of Topographic and Geographic Survey, 2001). A few calcareous conglomerates and
limestone lenses within the watershed may also contribute to the relatively high ANC of Young
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Womans Creek (Mast & Turk, 1999). The dominant soil series present in the watershed are
acidic, well drained, and rocky (Mast & Turk, 1999).
Young Womans Creek ranges in elevation from 644 m at its divide to 238 m at the
watershed outlet defined here as the stream gage (41.38945° N, 77.69112° W). In this study, the
eastern branch of the Creek was sampled, which is considered to be the main stem. The stream
is approximately 14.5 km long and drains an area of 120 km2. The watershed has been
monitored by Penn State faculty members Jim Lynch and Beth Boyer since the late 1980’s as
part of the USGS Hydrologic Benchmark Network (HBN) (Mast & Turk, 1999).

2.2. Field Sampling
My first research question states: Is water quality in acid-sensitive forested streams still
considered to be acid-impaired? To approach this, I sampled two acid-sensitive streams (Stone
Run and Roberts Run), and one acid-tolerant stream (Young Womans Creek) under summer
baseflow conditions in July and early August 2012. Headwater regions of forested watersheds,
with their thin soils and shallow flow paths, may be more sensitive to acidification than locations
further downstream. Thus I sampled each stream synoptically, taking one sample at each of
multiple locations along the longitudinal profile from the headwaters to the outlet, where the
outlet was defined as the streamflow monitoring gage located on each stream (Figure 2-2). All
sampling for each individual watershed was done on the same day with all watersheds sampled
as close together in time as possible. Within the Stone Run watershed, samples were collected
approximately every 250 m on the main channel, as well as major seeps and tributaries flowing
into the main channel (Figure 2-2). Much of the upper reach of Stone Run was highly braided
and often underground with an ill-defined channel, where samples were not collected. Within
the Roberts Run watershed, samples were collected approximately every 800 m, and one spring
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fed tributary was sampled (Figure 2-2). Within the Young Womans Creek watershed, samples
were collected on the main stem (eastern branch) approximately every 800 m, from the
streamflow gaging station proceeding upstream until just above the confluence with Lebo Run.
The difference in sampling frequency was due to differing size and accessibility of the
watersheds. At all sampling sites within the watersheds, in-stream water quality measurements
(pH, conductivity, dissolved oxygen, and water temperature) were taken at the time of sample
collection, using YSI 556 multi-probe meter which was calibrated in the field each morning
before use.
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Table 2-1. Major bedrock formations within the three study watersheds (Pennsylvania Bureau of
Topographic and Geographic Survey, 2001)

Watershed

Rock Unit

Location of rock
unit within basin

Pottsville Formation

Ridges, Uplands,
and Headwaters
Streambed

Percentage
of Basin area

Roberts Run

Burgoon Sandstone
(Pocono formation)
Allegheny Formation
Huntley Mountain
Formation

Peaks
Streambed

85
9
3
2

Stone Run
Burgoon Sandstone
(Pocono formation)
Pottsville Formation
Huntley Mountain
Formation

Streambed and
Uplands
Ridges and Uplands
Streambed

46
36
18

Young Womans Creek
Huntley Mountain
Formation
Burgoon Sandstone
(Pocono formation)
Catskill Formation

Pottsville Formation

Streambed
Ridges and Uplands
Streambed and
Lebo Run Subbasin
Ridges

40
37
17
6
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Figure 2-2. The three study watersheds. Outside polygons are the catchment boundaries, inner
lines are the stream tributary network, and black dots are the synoptic sampling locations.
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2.3. Laboratory Analyses
At each sampling site, water samples were collected in different bottles appropriate for
various water quality analyses, including a 1 L Nalgene high density polyethylene (HDPE) bottle
and a 250 mL Fisher Boston Round amber glass bottle. The bottles were trace cleaned in the lab
with deionized water prior to sample collection, and rinsed with stream water three times in the
field immediately before sample collection. Samples were placed in a cooler with ice as soon as
possible after collection and were stored in a refrigerator at 4oC until analyses were performed.
Stream water samples were brought to Penn State for processing, and were measured for water
quality indicators of acidification (see section 1.3) and other selected chemical composition data.
From the water quality data, both cation-anion balances and conductivity balances were
calculated based on the synoptic water quality samples from each stream, which indicated that
the chemical concentration values were all within acceptable limits (see Appendix 1).
From the HDPE bottles, unfiltered aliquots were poured into pre-cleaned test tubes for
analyses of conductivity, pH, and ANC. Conductivity and pH were measured using a VWR
Symphony® bench-top meter at Penn State in the Boyer Water Quality Lab. ANC analyses were
performed via Gran titration using a Radiometer Triburette® at the Penn State Institutes for
Energy and the Environment (PSIEE) Water Quality Lab.

The remaining sample volumes from

the HDPE bottles were filtered through Pall GH Polypro® 0.45 μm membrane filters into smaller
pre-cleaned HDPE bottles for analyses of selected anions and cations. Dissolved anion
concentrations of chloride (Cl-), nitrate (NO3-), and sulfate (SO42-), were determined via ion
chromatography using a Dionex ICS-3000® ion chromatograph at the PSIEE Water Quality Lab.
Dissolved concentrations of aluminum (Al), calcium (Ca2+), magnesium (Mg2+), potassium (K+),
and sodium (Na+) were determined using inductively coupled plasma-atomic emission
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spectrometry following EPA Methods 200.5 or 200.7 (Martin et al., 1994; Martin, 2003) at the
Penn State Agricultural Analytical Lab.
From the glass bottles, sample volumes were filtered through Whatman GFF® or Fisher
TCLP® 0.70 μm glass fiber filters into pre-cleaned 125 mL amber glass bottles for nutrient
analyses. Concentrations of dissolved organic carbon (DOC) and dissolved inorganic carbon
(DIC) were performed using a Shimadzu TOC-V CPH® high temperature combustion
carbon/nitrogen analyzer at the Boyer Water Quality Lab.
Concentrations of bicarbonate (HCO3-) were calculated from the pH and DIC data,
following the equations of Morrison (1991). Chemical concentrations of the solutes were
converted to μeq/L when possible (that is, for the species of known charge), using conversion
factors from Morrison (1991). Ion balances were performed to assess reliability of the chemical
composition data (Appendix 1). The reported detection limits for the analyses in this study are
listed in Table 2-2:
Table 2-2. Reported laboratory detection limits (DL) for measured constituents.

Constituent
Al
Ca2+
ClK+
Mg2+
Na+
NO3SO42DIC
DOC

DL (mg/L)
0.01 mg/L
0.5 mg/L
0.021 mg/L
0.1 mg/L
0.05 mg/L
0.15 mg/L
0.009 mg/L
0.033 mg/L
0.050 mg/L
0.050 mg/L

DL (µeq/L)
-25 µeq/L
0.59 µeq/L
2.6 µeq/L
4.1 µeq/L
6.6 µeq/L
0.142 µeq/L
0.69 µeq/L
---
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2.4. Data Analyses
Normalization of Stream Data. To facilitate comparisons of water quality data among
streams and to aid in presenting longitudinal trends, sample distance downstream was
normalized to total stream length. This was done by dividing the true distance downstream from
the stream origin by the total length of the stream, from origin to outlet. Thus, a normalized
distance of zero signifies the stream origin and a normalized distance of one signifies the outlet.
To visualize major differences in the chemical composition of the 3 forested streams, the percent
contribution of various anions and cations to their respective sums was calculated for Roberts
Run, Stone Run, and Young Womans Creek
Long-term Data Acquisition. My second research question considers: Have forested
streams shown chemical recovery in their water quality? To evaluate whether recovery, in
response to decreasing deposition, was observed, I compared the acidification status in the two
acid-sensitive streams based on sampling of contemporary conditions to long-term monitoring
data. Wet deposition and precipitation data for each watershed from 1990-2012 were acquired
from a topographically enhanced model based on observations in Pennsylvania (Jeff Grimm,
personal communication; manuscript in preparation after Grimm & Lynch, 2004, Boyer 2013).
Long-term monthly stream chemistry data for Roberts Run and Stone Run from 1992-2011 were
obtained from Dave DeWalle and Beth Boyer, who have led the long-term sampling at this site
as part of the US Environmental Protection Agency’s Long-term Monitoring of watersheds
project (US EPA, 2011).
Statistical Analyses. To analyze the contemporary data from synoptic sampling,
nonparametric statistics were used due to non-normality of the data (Helsel, 1990; Hirsch et al.,
1982). Since the stream water quality data were not normally distributed, the median and
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interquartile range (IQR) were used to show central tendency and spread of the data instead of
mean and standard deviation (Helsel, 1990). The IQR is a measure of data dispersion, calculated
as the difference between the upper quartile (75th percentile) and lower quartile (25th percentile).
If the 25th percentile was below the detection limit no IQR was reported. If the median was
below the detection limit, only the maximum value was reported.
Using the long-term data (1992-present) to identify significant changes in water quality
over the years since the passage of ARP and CAIR legislation, both atmospheric deposition and
streamflow chemical concentration data were graphed and linear regressions (α=0.05) were
performed as a first approximation to consider overall trends in the data. For all of these
regressions year was used as the predictor variable. Histograms of the regression residuals were
graphically examined, and the data generally met the assumption of normality (Kleinbaum et al.,
1988). All statistical tests were performed using JMP® statistical software (SAS Institute Inc.,
2007) and summary statistics were calculated in Microsoft Excel 2010 (Microsoft, 2010).
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3. RESULTS
3.1. Primary Indicators of Acidification Status in Streamwater
Since acid deposition affects sensitive waters by decreasing pH, depressing already low
acid neutralizing capacity (ANC), and increasing dissolved Al, these constituents were
considered to be primary indicators of the acid status of the study streams. Descriptive statistics
of these indicators are presented in Table 3-1.

Table 3-1. Descriptive statistics of acid status indicators from synoptic sampling in Roberts Run,
Stone Run, and Young Womans Creek. Key: nd (non-detect) = concentrations below detection
limits.
Roberts Run

Min

25th

Median

75th

Max

IQR

pH

4.53

5.01

5.05

5.08

5.74

0.070

ANC (μeq/L)

-18.10

-15.30

-11.85

-10.73

40.40

4.58

Al (mg/L)

0.019

0.049

0.051

0.062

0.074

0.013

Stone Run

Min

25th

Median

75th

Max

IQR

pH

4.3

4.89

5.30

5.46

5.89

0.57

ANC (μeq/L)

-51.0

-14.13

1.89

4.61

17.10

18.73

Al (mg/L)

nd

0.021

0.027

0.072

0.817

0.05

Young Womans C.

Min

25th

Median

75th

Max

IQR

pH

6.58

6.81

6.85

6.91

7.14

0.10

ANC (μeq/L)

142.00

143.25

147.50

149.00

240.00

5.75

Al (mg/L)

nd

nd

nd

nd

nd

nd
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The median water quality values of pH, ANC, and Al observed along the upland
longitudinal profiles in each catchment were compared to the values observed at the catchment’s
outlet, the site on each stream where water quality and streamflow are routinely monitored
(Table 3-2). Median values that placed streams in a different impairment category than the outlet
values are indicative of catchment-wide differences in acidification status (i.e. pH and ANC on
Roberts Run).
Table 3-2. Median values and outlet values from synoptic sampling for water quality indicators
of acidification (pH, ANC, and Al) at Roberts Run, Stone Run, and Young Womans Creek.
Roberts Run
Constituent

Median n=6

Outlet

pH

5.05

5.74

ANC (μeq/L)

-11.85

40.40

Al (mg/L)

0.051

0.019

Constituent

Median n=19

Outlet

pH

5.30

5.59

ANC (μeq/L)

1.89

7.30

Al (mg/L)

0.027

0.015

Stone Run

Young Womans Creek
Constituent

Median n=18

Outlet

pH

6.85

6.84

ANC (μeq/L)

152.17

155.00

Al (mg/L)

<0.01

<0.01

27

Stream Profile Variations in pH. Values of pH were considered along the longitudinal
profiles of Roberts Run, Stone Run, and Young Womans Creek (Figure 3-1). Roberts Run was
impaired for pH at every sampling site except the outlet site where the pH increased by 1.2 pH
units from the previous site to a pH of 5.74. Roberts Run’s pH was close to the cutoff between
impaired and severely impaired, but remained above or at the cutoff of pH 5 and did not change
much until the two most downstream sampling sites. The two extreme pH values came at the
outlet (5.75) and the first site upstream of the outlet (4.53). Stone Run’s pH was more variable
than the other streams, but tended to increase consistently from upstream to downstream. The
headwaters of Stone Run were very acidic with a minimum pH of 4.47. Stone Run remained
severely impaired for pH (with the exception of one site) for over half of the sampled reach.
Stone Run was either impaired or severely impaired for pH at all but five sites. Young Womans
Creek’s pH was never below 6.5 for the sampled reach. The pH did not show much change over
the sampled reach and the streamwater was never considered to be impaired for pH.
Stream Profile Variations in Acid Neutralizing Capacity. Variability of ANC was
considered along the longitudinal profiles of Roberts Run, Stone Run, and Young Womans
Creek (Figure 3-2). The lowest observed values of ANC (-51 μeq/L) and pH (4.34) values
occurred on Stone Run, while the highest single ANC (240 μeq/L) and pH (7.14) values occurred
on Young Womans Creek (see Table 3.1). ANC on Roberts Run was under 0 µeq/L, and thus
categorized as of acute concern and chronically acidified, for a majority of the sampled reach. It
changed little from the upper most sampling site and was generally slowly decreasing. The only
time ANC values increased above 0 µeq/L was at the outlet sampling point when it increased
almost 60 µeq/L from the previous site to place this site into the category of elevated concern.
ANC on Stone Run was extremely low in the headwaters and over half of the sampled reach was
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under 0 µeq/L (category of acute concern and chronically acidified). ANC on Stone Run
exhibited a steadier rate of change than the other streams and increased relatively consistently
along the sampled reach. For the downstream third of the sample reach Stone Run was in the
category of elevated concern with an ANC ranging from 0.04 to 17 µeq/L. ANC on Young
Womans Creek was never below the threshold of 100 µeq/L, placing it in the category of least
concern along its entire sampled reach. ANC changes very little along the sampled reach of
Young Womans Creek with the exception a large decrease after its confluence with Lebo Run.
Stream Profile Variations in Aluminum. Concentrations and variability of Al were
considered along the longitudinal profiles of the study streams (Figure 3-3). Aluminum
concentrations were elevated and/or impaired in various stream reaches of both acid-sensitive
streams, Stone Run and Roberts Run. In contrast, in the more alkaline Young Woman’s Creek,
dissolved Al in streamwater was not detected. The highest observed Al (0.817 mg/L)
concentration occurred on Stone Run (see Table 3.1). Roberts Run approached the impairment
threshold for Al with a maximum Al concentration of 0.074 mg/L, but never crossed into the
category of impaired along its entire sampled length. Al concentrations on Roberts Run changed
relatively little, but exhibited an overall decrease from upstream to downstream sites. Stone Run
had high Al concentrations in the three headwaters sites that are considered to be severely
impaired for Al. Approximately 40% of the sampled reach is considered impaired or severely
impaired for Al. Concentrations of Al on Stone Run decreased from upstream to downstream.
This decrease was most extreme in the upper half of the sampled reach. In contrast to Stone Run
and Roberts Run, every sample on Young Womans Creek was under the detection limit for Al,
and at no point was this stream considered to be impaired for Al.
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Figure 3-1. Variation in pH along the longitudinal profiles of Roberts Run, Stone Run, and
Young Womans Creek during synoptic sampling in July and August 2012. a) absolute pH
values ; b) change in pH between sites; and c) cumulative longitudinal pH changes.
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Figure 3-2. Variation in ANC along the longitudinal profiles of Roberts Run, Stone Run, and
Young Womans Creek during synoptic sampling in July and August 2012. a) absolute ANC
values; b) change in ANC between sites; and c) cumulative longitudinal ANC changes.
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3.2. Variations of Strong Acid Anions in Streamwater
Primary acid anions affecting acid neutralizing capacity in forested streams include SO42-,
NO3-, and Cl-; descriptive statistics of anions are presented in Table 3-3. The highest observed
NO3- concentration (14.64 μeq/L) occurred on Young Womans Creek and the highest observed
SO42- (197.6 μeq/L) and Cl- (592.3 μeq/L) concentrations occurred on Stone Run. Stone Run
also had the most variable concentrations of SO42-, and Cl- as evident by the large IQR values.
Roberts Run, however, had the most variable NO3- concentrations.

Table 3-3. Descriptive statistics of strong acid anions observed during synoptic sampling in
Roberts Run, Stone Run, and Young Womans Creek. Key: nd (non-detect) = concentrations
below detection limits.
Roberts Run

Min

25th

Median

75th

Max

IQR

NO3- (μeq/L)

0.43

0.98

1.79

3.50

5.07

2.52

SO42- (μeq/L)

135.33

137.59

138.14

139.39

140.54

1.80

Cl- (μeq/L)

24.17

25.48

26.63

27.68

30.46

2.20

Stone Run

Min

25th

Median

75th

Max

IQR

NO3- (μeq/L)

nd

1.02

1.64

2.14

2.57

1.12

SO42- (μeq/L)

106.81

111.96

115.55

118.55

197.58

6.59

Cl- (μeq/L)

20.56

171.07

183.06

260.76

592.33

89.70

Young Womans

Min

25th

Median

75th

Max

IQR

NO3- (μeq/L)

10.21

12.05

13.53

14.14

14.64

2.09

SO42- (μeq/L)

116.30

117.49

119.52

120.29

131.37

2.80

Cl- (μeq/L)

17.80

26.68

27.01

27.40

28.35

0.71
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The percent contributions of various anions to their respective sums in the study streams are
shown in Figure 3-4. The data reflect mean values of each chemical constituent observed along
the sampled stream reach (see Figure 2-2) during synoptic sampling in July 2012.

Figure 3-4. Mean individual anion contributions to mean total anions for Roberts Run, Stone
Run, and Young Womans Creek, sampled under baseflow conditions in July 2012.
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Further considering variability in the strong acid anions, the median water quality values
observed along the upland longitudinal profiles were compared to the values observed at the
stream outlet, the site on each stream where water quality and streamflow are routinely
monitored (Table 3-4). Differences of more than a few μeq/L between median values and those
values at the outlet may suggest catchment-wide differences in acidification status.

Table 3-4. Median values versus outlet values from synoptic sampling for selected anions (nitrate
and sulfate) in Roberts Run, Stone Run, and Young Womans Creek.
Roberts Run
Constituent

Median n=6

Outlet

NO3- (μeq/L)

1.79

5.07

SO42- (μeq/L)

138.14

135.33

Constituent

Median n=19

Outlet

NO3- (μeq/L)

1.64

2.57

SO42- (μeq/L)

115.55

118.67

Stone Run

Young Womans Creek
Constituent

Median n=18

Outlet

NO3- (μeq/L)

13.00

14.57

SO42- (μeq/L)

119.55

120.36
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Stream Profile Variations in Anions. Concentrations and variability of NO3- (Figure 35), SO42- (Figure 3-6), and Cl- (Figure 3-7) were considered along the longitudinal profiles of
Roberts Run, Stone Run, and Young Womans Creek.
Roberts Run NO3- concentrations were low and increased, almost linearly, from the upper
most sampling site to the outlet. The total longitudinal increase in NO3- on Roberts Run was the
largest change in NO3- that was observed in this study (3.4 µeq/L). Stone Run had low and
variable NO3-concentrations along its sampled reach, generally increasing from headwaters to
outlet amidst fluctuations. Young Womans Creek NO3- concentrations were higher than the other
two streams and more variable, and also increased from the upper end of the sampled reach to
the outlet.
Roberts Run SO42- concentrations were fairly stable and decreased by 4.3 µeq/L over the
sampled reach. Stone Run SO42- concentrations were more variable than on Roberts Run,
especially in the upstream half of the sample reach, and increased (by 9.8 µeq/L) from
headwaters to the outlet. The highest observed value of SO42- on Stone Run, and in this study,
came just downstream of the spring confluence in the headwaters. Young Womans Creek SO42concentrations were fairly stable and decreased by 11 µeq/L over the sampled reach.
Concentrations of Cl- on Roberts Run were low with a cumulative change of -5 µeq/L
from the upstream most sampling point to the outlet. Stone Run had higher and more variable
Cl- concentrations, which decreased by 35 µeq/L from the headwaters to the outlet. Young
Womans Creek, like Roberts Run, had low and fairly stable Cl- concentrations along its sampled
reach, and was the only stream where an increase in Cl- was observed from the top of the
sampled reach to the outlet, reflecting the increase at the confluence with Lebo Run.
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Figure 3-5. Variation in NO3- along the longitudinal profiles of Roberts Run, Stone Run, and
Young Womans Creek during synoptic sampling in July and August 2012. a) absolute
concentration values; b) change in concentration between sites; and c) cumulative changes.
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Figure 3-6. Variation in SO42- along the longitudinal profiles of Roberts Run, Stone Run, and
Young Womans Creek during synoptic sampling in July and August 2012. a) absolute
concentration values; b) changes in concentration between sites; and c) cumulative changes.
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Figure 3-7. Variation in Cl- along the longitudinal profiles of Roberts Run, Stone Run, and
Young Womans Creek during synoptic sampling in July and August 2012. a) absolute
concentration values ; b) changes in concentration between sites; and c) cumulative changes.
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3.3. Variations of Strong Base Cations in Streamwater
Primary base cations affecting acid neutralizing capacity in forested streams include Ca2+,
Mg2+, Na+, and K+; descriptive statistics of cations are presented in Table 3-5. Median
concentrations of all base cations tended to be highest on Stone Run or Young Womans Creek
and lowest on Roberts Run, with the exception of K+. The highest observed Ca2+ concentration
(245.9 μeq/L) occurred on Young Womans Creek. The highest observed Mg2+ (153.3 μeq/L),
and Na+ (306.9 μeq/L) occurred on Stone Run. Stone Run had the most variable concentrations
of Ca2+ and Na+ as evident by the large IQR values. Roberts Run had the most variable Mg2+
and K+ concentrations. Variability in base cation concentrations was the lowest for every
constituent on Young Womans Creek.
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Table 3-5. Descriptive statistics of base cations observed in Roberts Run, Stone Run, and Young
Womans Creek. Key: nd (non-detect) = concentrations below detection limits.
Roberts Run

Min

25th

Median

75th

Max

IQR

Ca2+ (μeq/L)

64.97

65.62

66.46

67.29

104.69

1.66

Mg2+ (μeq/L)

65.62

67.43

67.61

68.80

72.58

1.37

Na+ (μeq/L)

65.99

21.51

22.11

22.27

26.40

0.76

K+ (μeq/L)

72.58

14.67

14.88

15.13

15.96

0.46

Stone Run

Min

25th

Median

75th

Max

IQR

Ca2+ (μeq/L)

56.64

128.16

133.28

152.10

230.99

23.94

Mg2+ (μeq/L)

52.91

76.26

77.93

84.45

153.31

8.19

Na+ (μeq/L)

22.05

96.40

102.07

139.31

306.94

42.91

K+ (μeq/L)

6.14

10.17

11.04

11.68

20.57

1.52

Young Womans

Min

25th

Median

75th

Max

IQR

Ca2+ (μeq/L)

181.99

183.67

184.70

190.49

245.86

6.82

Mg2+ (μeq/L)

72.25

74.00

75.13

76.45

88.79

2.45

Na+ (μeq/L)

37.28

38.51

38.85

39.31

43.11

0.80

K+ (μeq/L)

14.81

15.07

15.25

15.31

17.91

0.24
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The percent contributions of various cations to their respective sums the study streams
during synoptic sampling are shown in Figure 3-8. The data reflect mean percent contribution of
each base cation observed to total base cations along the sampled stream reach (see Figure 2-2)
during synoptic sampling in July 2012.

Figure 3-8. Mean individual cation contributions to mean total cations for Roberts Run, Stone
Run, and Young Womans Creek, sampled under baseflow conditions in July 2012.
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The median water quality values observed along the upland longitudinal profiles in each
stream were compared to the values observed at the stream outlet, the site on each stream where
water quality and streamflow are routinely monitored (Table 3-6). Differences of more than a
few μeq/L between median values and those values at the outlet may suggest catchment-wide
differences in acidification status.
Table 3-6. Median values and outlet values for selected anions (nitrate and sulfate) in Roberts
Run, Stone Run, and Young Womans Creek.
Roberts Run
Constituent

Median n=6

Outlet

Ca2+ (μeq/L)

66.46

104.69

Mg2+ (μeq/L)

67.61

72.58

K+ (μeq/L)

14.88

15.14

Na+ (μeq/L)

22.11

26.40

Constituent

Median n=19

Outlet

Ca2+ (μeq/L)

133.28

129.19

Mg2+ (μeq/L)

77.93

76.53

K+ (μeq/L)

11.04

11.79

Na+ (μeq/L)

102.07

87.87

Stone Run

Young Womans Creek
Constituent

Median n=18

Outlet

Ca2+ (μeq/L)

184.70

194.46

Mg2+ (μeq/L)

75.13

79.33

K+ (μeq/L)

15.25

16.01

Na+ (μeq/L)

38.85

43.11
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Stream Profile Variations in Cations. Concentrations and variability of Ca2+ (Figure 39), Mg2+ (Figure 3-10), and Na+ (Figure 3-11) were considered along the longitudinal profiles of
Roberts Run, Stone Run, and Young Womans Creek.
Roberts Run Ca2+ concentrations were the lowest of the 3 streams and were stable until
the outlet site where concentration increased by 38 μeq/L from the previous site. Stone Run had
the highest variability in Ca2+ concentrations, especially in the upper half, with overall
concentrations increasing from the headwaters to the outlet by 74.5 μeq/L. Young Womans
Creek had the highest concentrations of Ca2+ observed, and decreased by 51.4 μeq/L at the
confluence with Lebo Run.
Concentrations of Mg2+ were very stable on Roberts Run and increased slightly (5 μeq/L)
from upstream to downstream along the sampled reach. Mg2+ concentrations on Stone Run
showed more variability than on the other two streams with the highest observed value (153.3
μeq/L) coming just downstream of the spring confluence near the headwaters. Stone run had the
largest increase of Mg2+ concentrations along the sampled reach (21.6 μeq/L). Young Womans
Creek Mg2+ concentrations were stable along the sampled reach, and decreased by 12.8 μeq/L at
the confluence with Lebo Run.
Concentrations of Na+ on Roberts Run were low and stable, increasing overall by 4.1
μeq/L from headwaters to outlet. Concentrations of Na+ on Stone Run were relatively high and
were more variable than on the other streams, especially in the headwaters and upper half of the
sampled reach. The highest observed value for Na+ (307 μeq/L) on Stone Run came just
downstream of the spring confluence. Concentrations of Na+ on Young Womans Creek were
low and stable along the sampled reach. There was an increase of 5.8 μeq/L in Na+ concentration
from upstream to downstream on along the sampled reach of Young Womans Creek.
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Figure 3-9. Variation in Ca2+ along the longitudinal profiles of Roberts Run, Stone Run, and
Young Womans Creek during synoptic sampling in July and August 2012. a) absolute
concentration values; b) changes in concentration between sites; and c) cumulative changes.
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Figure 3-10. Variation in Mg2+ along the longitudinal profiles of Roberts Run, Stone Run, and
Young Womans Creek during synoptic sampling in July and August 2012. a) absolute
concentration values; b) changes in concentration between sites; and c) cumulative changes.
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Figure 3-11. Variation in Na+ along the longitudinal profiles of Roberts Run, Stone Run, and
Young Womans Creek during synoptic sampling in July and August 2012. a) absolute
concentration values; b) changes in concentration between sites; and c) cumulative changes.
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3.4. Long-term Patterns of Acid Anions in Deposition and Streamflow
Wet atmospheric SO42- and NO3- deposition generally declined from 1992-2012 (Figure
3-12). All trends in wet atmospheric deposition were significant (p<0.05) with decreasing slopes
(Table 3-7). This highlights the effectiveness of emissions reductions policies at affecting wet
atmospheric deposition at these locations in Pennsylvania. Regression slopes suggest that SO42deposition has decreased at almost twice the rate of NO3- deposition (Table 3-7).
Temporal variations in annual values of precipitation, annual wet atmospheric SO42deposition, and annual median stream concentrations of SO42- are shown in Figure 3-13, each
normalized to percentage of their 1992 values (from Table 3-8) to allow plotting on a single axis.
The trend lines in Figure 3-13 are all statistically significant (p<0.05), with regression slopes
provided in Table 3-9. Since 1990, wet atmospheric deposition of SO42- has decreased much
more rapidly than stream concentration of SO42-. Both SO42- deposition and in stream
concentration significantly decreased over the period of record while there was no trend in
precipitation amount on both Roberts Run and Stone Run.
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Figure 3-12. Temporal variation of atmospheric SO42- and NO3- deposition, in eq/ha, for Roberts
Run, Stone Run, and Young Womans Creek, PA. Wet deposition of both constituents are
significantly decreasing on all three streams over the period. Lines connecting yearly values
serve as a guide to more easily follw the series, they are not fitted values of any kind.

Table 3-7. Slope and root mean squared error from regression of deposition data. Slopes with
asterisks were significant (p<0.05)
SO42- Deposition

Slope (eq/ha/yr)

RMSE

Roberts Run

-13.56*

80.42

Stone Run

-13.86*

83.48

Young Womans Creek

-12.6*

76.14

Roberts Run

-7.7*

35.66

Stone Run

-8.16*

36.66

Young Womans Creek

-5.77*

37.18

NO3- Deposition
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Table 3-8. Conditions in 1992 for Roberts Run and Stone Run
Roberts Run
1992 values

Stone Run
1992 values

111.1

113.9

605

623

median concentration
(μeq/L) in stream

184.2

200.5

NO3- Wet Deposition (eq/ha)

293.3

303.5

4.3

1.1

Precipitation (cm)
SO42- wet Deposition (eq/ha)
SO42-

NO3- median concentration(μeq/L)

Table 3-9. Slope and root mean squared error for trend lines from Figure 3-13 %1992 is percent of
1992 value (%1992=[Yi/Y1992]*100) for that particular constituent. Asterisks indicate statistical
significance (p<0.05) and ns indicates that regression lines were not statistically significant.
Slope (%1992/yr)

RMSE

Roberts Run wet SO42- deposition

-2.2*

13.3

Stone Run wet SO42- deposition

-2.2*

13.4

Roberts Run SO42- concentration

-0.7*

3.47

Stone Run SO42- concentration

-0.9*

5.08

Roberts Run precipitation

ns

Stone Run precipitation

ns
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Figure 3-13. Annual median stream SO42- concentration, annual wet atmospheric SO42deposition, and annual precipitation amount in a) Roberts Run and b) Stone Run expressed as %
of 1992 values (%1992=[Yi/Y1992]*100).
Both atmospheric deposition and streamflow
concentrations show significant decreasing trends, while precipitation amount shows no
significant trend over the time series.
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Several constituents from monthly samples at the outlets of Stone Run and Roberts Run
exhibit significant decreasing trends over the long-term record (1992-2010) when year was used
as the predictor variable of change in concentration, using simple linear regression (Table 3-10).
The only variable that did not exhibit a significant trend on either stream by year was ANC.

Table 3-10. Linear regression results for various constituents predicted by year on Roberts Run
(n=205) and Stone Run (n=206). Slope values with asterisks were statistically significant
(p<0.05). Slopes are in units of μeq/L/yr unless otherwise noted.

Stream
Roberts
Run

Response
Variable
ANC

Slope Estimation

RMSE

-0.12

39.85

NO3-

-0.23*

4.84

SO42-

-1.32*

25.83

Ca2+

-1.17*

29.03

Mg
Al

-0.83*
-0.004* mg/L/yr

12.39
0.07

ANC

0.09

12.52

NO3SO422+

-0.03
-1.58*
-0.71*
-0.75*
-0.01* mg/L/yr

2.60
23.45
15.86
6.87
0.10

2+

Stone Run

Ca
Mg2+
Al
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4. DISCUSSION
4.1. Contemporary Assessment of Streamwater Acidification
Acid-sensitive streams Stone Run and Roberts Run are currently impaired for
acidification throughout much of their watersheds based on metrics of pH, ANC, and Al. In
contrast, acid-tolerant Young Womans Creek is not impaired for acidification in any portion of
the sampled reach.
Most of sampling sites along Stone Run and Roberts Run were classified as acidified
based on their pH values. The one site on Roberts Run that was not impaired (the outlet site) was
likely due to gains in alkalinity from a seep just upstream of the outlet as evidenced by a large
change in ANC, Ca2+, and bicarbonate concentrations between the two most downstream sites.
The pH in the main channel of Stone Run was rarely above the impairment criteria, but there is a
fairly consistent increase in pH from severely impaired in the headwaters to just outside of the
impairment threshold at the outlet. This increase in pH is attributed to water entering the main
channel from more alkaline groundwater seeps that are present along much of the stream channel
(Figure A2-1). In contrast to the pH values observed along Stone Run and Roberts Run, Young
Womans Creek had nearly neutral pH values throughout the sampled reach and is not considered
to be acid-impaired on the basis of pH.
Most of the sampling sites along Stone Run and Roberts Run are also classified as
acidified based on their ANC values. However, the current acidification status of Stone Run and
Roberts Run varies within their catchments. Based upon the median ANC value measured
throughout the main stem of Roberts Run and the ANC value of most sampling sites in the upper
reaches of Stone Run, these streams would be considered chronically acidified and in the
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category of acute concern. However, ANC measured at the outlet on Roberts Run and the
overall median ANC for Stone Run these streams would be classified as streams of elevated
concern. On Roberts Run, the change in acidification status is likely due to an alkaline addition
to the channel somewhere between the outlet and the next upstream sampling site, as evidenced
by increases in ANC, Ca2+, and bicarbonate between the first upstream site and the outlet. On
Stone Run there is a slow increase in ANC over the entire length of the stream reach, which
likely arises from the cumulative effect of inputs from numerous groundwater seeps that are
relatively high in ANC (Figure A2-2).
Young Womans Creek was much different from Stone Run and Roberts Run in terms of
acidification status as identified by ANC. The entire sampled reach of Young Womans Creek is
considered difficult to acidify and in the category of low concern (Burns et al., 2011; Jenkins et
al., 2007). This relatively high ANC is consistent with other data available for Young Womans
Creek (Clow & Mast, 1999), and appears to be the result of buffering from calcite or other
carbonate minerals. There are known lenses of calcareous rock within some headwater subwatersheds of Young Womans Creek (Mast & Turk, 1999).
It was clear in this study that as stream water becomes more acidic, as evidenced by pH
<5 and/or ANC <0, increases in dissolved Al occurred. Stone Run is considered to be severely
impaired with regard to Al in the upper reaches of the stream yet Stone Run was not impaired for
Al in the lower reaches. This change in Al concentration on Stone Run was likely due to dilution
from many relatively alkaline groundwater seeps with low Al concentrations (Figure A2-3).
Concentrations of Al in Roberts Run did not exceed the impairment criteria at any of the sampled
locations, but were close to the threshold for impairment, with detectable but low Al
concentrations. In contrast, Al was not detected in any samples collected along Young Womans
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Creek, as would be expected given the stream’s high ANC and near-neutral pH values, and no Al
impairments were identified.
The high SO42- concentrations on Roberts Run and Stone Run implicate acid deposition
as the cause of their acid status and suggest that they are not this acidic naturally. Similar basin
geologies among all three streams, with exception of the calcareous rock, would lead to similar
expected low SO42- concentrations in Young Womans Creek (Brakke et al., 1989; Mast & Turk,
1999; Pennsylvania Bureau of Topographic and Geographic Survey, 2001). The fact that these
watersheds share similar elevated SO42- concentrations suggests that Young Womans Creek is
receiving similar atmospheric loadings as Roberts Run and Stone Run. However, Young
Womans Creek is more resistant to the effects of acid deposition than the other two streams.
This is likely due to increased buffering capacity from dissolution of carbonate minerals within
the watershed. Young Womans Creek and Stone Run have similar concentrations of cations and
anions, but instead of the high Cl- concentrations that are found on Stone Run, the dominant or
co-dominant anion on Young Womans Creek is bicarbonate.

4.2. Long-term Responses of Streamwater Quality
Atmospheric deposition of acidic compounds has decreased significantly within all three
of the watersheds studied. These trends match those observed elsewhere in the northeastern US
(Burns et al., 2011). Since rainfall amounts show no trend over the period of record, this
lowered deposition can be attributed to lowered concentration of these pollutants in rainfall and
the atmosphere, due to the CAAA.
Water quality in these streams has shown a response to the decreasing acidic atmospheric
deposition. The slower rate of response of stream water concentrations of SO42- to reduced
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emissions could be attributed to either organic or inorganic sulfur storage mechanisms within the
basins (Jenkins et al., 2007). Sulfate does not appear to have reached its natural background
concentrations or to have reached the lowest concentrations that are attainable under current
conditions, as the decrease in stream concentration has not yet leveled off and approached a more
stable state. Nitrate concentrations in Roberts Run have decreased significantly by year, but on
Stone Run NO3- concentrations show no significant trend. This is not surprising due to the low
concentrations that do not show signs of being impacted by the deposition (i.e. no nitrogen
saturation).
In addition to seeing chemical recovery in terms of SO42- (and, to a certain extent NO3-)
trends in streamflow, concentrations of Al in stream water decreased significantly in Stone Run
and Roberts Run. In a study by Jones, (2010) these decreases in Al and SO42- on Roberts Run
and Stone Run since the early 1990s were also observed during stormflow events. In 1990, Al
concentrations in both streams regularly exceeded the severe impairment threshold of and had
yearly median concentrations above the impairment threshold. In the 22 years since the record
began, annual median aluminum concentrations have fallen and have been below the threshold
for impairment in recent years. The decline in stream Al concentration suggests some potential
for biological recovery of aquatic life in these streams.
Importantly, despite observing decreasing atmospheric SO42- deposition and decreasing
concentrations of SO42- in stream water, ANC showed no significant trend on either stream, and
both streams have remained impaired by acidification in terms of the ANC metric. The lack of
improvement in ANC in response to decreasing acidic deposition is attributed to the fact that
concentrations of strong acid anions and concentrations of major base cations have decreased in
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Stone Run and Roberts Run at roughly the same rate. The change in base cations is also
attributed to reduced acidification of the landscape, which reduces leaching (Burns et al., 2011).

5. CONCLUSIONS
The long-term data analyses indicate that changes in acidic atmospheric deposition
stemming from the Acid Rain Program (ARP) and other emissions reductions programs are
having a positive effect on watersheds that share similar geologies to the sensitive streams
sampled in this study. The ARP and other emissions reduction policies have made great strides
in reducing acid deposition, which has been shown to cause improvements in precipitation
chemistry and stream/lake water quality in affected areas of the United States (Eshleman et al.,
2008; Lawrence et al., 2011; Waller et al., 2012). Although this study and others have shown the
positive impacts of these policies, these reductions may not be enough for sensitive watersheds
to fully recover from decades of chronically high deposition. This is evidenced by the fact that
Roberts Run and Stone Run are both still chronically acidified or very much at risk of episodic
acidification along their sampled reaches on the basis of ANC, pH and Al. Burns et al. (2011),
among others, conclude that sensitive streams like the two used in this study cannot achieve
recovery to pre-acidification acid status under current depositional loads. ‘Critical loads’ of
SO42- (250 eq/ha/yr) and N (130 eq/ha/yr as NO3-) (Burns et al., 2011) or as low as 200 eq/ha/yr
for SO42- and N combined (McNulty et al., 2007) have been identified as values below which
improvements in water quality can occur in all but the most sensitive systems. As can be seen
from the results these critical loads were being exceeded by wet deposition alone at the sites used
in this study and across many sensitive areas of the northeastern United States (NADP, 2012).
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Bedrock geology similar to Roberts Run and Stone Run underlays 16% of Pennsylvania
and 25% of the Appalachian plateau physiographic province of Pennsylvania (Pennsylvania
Bureau of Topographic and Geographic Survey, 2001). This geology yields acidic soils and,
therefore, streamwater with naturally low ANC (Williard et al. 2005), which means that there are
many streams in Pennsylvania that are sensitive to acid deposition and would benefit from
further reductions in emissions of acidifying compounds. However, it is a hopeful sign that even
these small streams can have improving water quality if they, like Stone Run, flow downstream
into areas underlain by bedrock formations that provide increased buffering capacity.
Stream concentrations of SO42- have also decreased in acid-sensitive Stone Run and
Roberts Run since 1990, at a slow rate compared to the changes in deposition. Sulfate deposition
and in-stream SO42- concentrations in Roberts Run and Stone Run have been trending downward
since the early 1990s while NO3- concentrations have only been trending downward on Roberts
Run during the same period. Even though the SO42- acid anion is declining, there has been no
trend in ANC on these sensitive streams due to concomitant declines in major base cations.
Even though there is no temporal trend in ANC there is a declining trend in aluminum
concentrations in both Roberts Run and Stone Run. This is a promising result and points to the
fact that even though all conditions are not improving, the one that is arguably most important
for these forested headwater streams (Al) is improving and is, on average, much better than it
was two decades ago.
The contemporary summer baseflow conditions sampled for this assessment of
acidification are likely the best case scenarios for water quality in these streams. Higher flows
from precipitation and melt events have been linked to decreased pH, decreased ANC, and
increased dissolved Al in these streams, sometimes leading to lethal conditions for aquatic biota
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(Carline et al., 1992; Driscoll et al., 2001b; Gagen et al., 1993; Wigington et al., 1993). These
streams will likely have more sites that are impaired during precipitation and other higher flow
events during other times of the year.
Watersheds that are naturally more resistant to effects of acid deposition, like Young
Womans Creek, are able to support acid sensitive species and good water quality even though
they are subjected to similar depositional loads as more sensitive watersheds. The well buffered
watershed sampled in this study is at little risk of becoming acidified at any point throughout the
year. Young Womans Creek supports a relatively diverse community of fishes with acid
sensitive species present (Matthew Shank, personal communication, October 24, 2013).
Even though Stone Run and Roberts Run are currently acidified or on the verge of
chronic acidification, our observations suggest that these streams do support some fish
populations during these times of low flow and that one of these streams, Stone Run, appears to
support brook trout reproduction. There were two groundwater seeps in the downstream reaches
of Stone Run that were sampled (see Appendix 2) that had pH values above 6. In one of these
refugia we observed several young of the year brook trout. Only one of the three tributaries on
Stone Run had a pH above 5.5 (see Appendix 2), and in this single tributary we observed dozens
of young of the year brook trout. Carline et al. (1992) reported that fish were absent in the upper
reaches of both Stone Run and Roberts Run, so this may indicate some improvement in acid
conditions in Stone Run since 1992. The health and abundance of these populations needs to be
further assessed and monitored to see if the biological community improves as water quality
improves from reduced emissions and deposition. Ongoing monitoring efforts along with their
long-term data will be invaluable in assessing how these watersheds continue to respond to
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change, not only in emissions but also in land use and other anthropogenically driven events, in
the future.
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APPENDICES

Appendix A: Data Quality Assessment
Percent Ion Differences were calculated per the equation below, with all values
expressed in μeq/L: [(∑𝑎𝑛𝑖𝑜𝑛𝑠 − ∑𝑐𝑎𝑡𝑖𝑜𝑛𝑠)/(∑𝑎𝑛𝑖𝑜𝑛𝑠 + ∑𝑐𝑎𝑡𝑖𝑜𝑛𝑠)] ∗ 100. Since
cations and anions are in balance in natural waters this balance is done to ensure that all
major cations and anions were measured and that there were no major discrepancies
between the two. Reanalysis is recommended for samples that have an ion difference
greater than 15% (Morrison, 1991). Ion balances were off by a maximum absolute value
of 10.09% and 30 out of 43 samples were under 5% absolute difference. These results
affirm that the water quality analyses for the various constituents are reliable.
Percent Conductivity Differences were calculated per the equation below, with
all values expressed in μS/cm @ 25oC.
[(𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 − 𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦)/𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦] ∗
100. Conversion factors used to calculate the specific conductivity from each individual
chemical species were obtained from Morrison (1991). Reanalysis is recommended for
samples that have an absolute difference of>20% when measured conductivity >30 and
an absolute difference >30% when measured conductivity >5 and <30 (Morrison, 1991).
Calculated conductivity differed from measured conductivity by a maximum absolute
value of 22.55%, at a stream that had a measured conductivity of 26 μS/cm, and the rest
were well under the limit for their respective conductivity. 37 of the 43 main channel
samples had an absolute difference under 10% and 15 of those samples were under 5%
absolute difference. These results further affirm that the water quality analyses for the
various constituents are reliable, and none of the samples needed to be reanalyzed.
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Appendix B: Stone Run constituent profiles with tributaries and seeps
In addition to samples collected along Stone Run’s main stem (see Figure 2-2),
samples were also collected from tributaries and seeps that were observable under
baseflow conditions during July 2012. Graphs below show variations in solute
concentrations throughout the catchment in pH, ANC, Cl-, Na+, and Br-.
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Figure B-1. Stone Run longitudinal pH profile including seeps and tributaries.
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Figure B-2. Stone Run longitudinal ANC profile including seeps and tributaries.
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Figure B-3. Stone Run longitudinal Al profile including seeps and tributaries.
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Stone Na+ profile with seeps and tributaries
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Figure B-5. Stone Run longitudinal Na+ profile including seeps and tributaries.
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Appendix C: Potential Impacts of Shale Gas Exploration on Water Quality in
Stone Run
While most constituents sampled at the outlet of the Stone Run catchment under
baseflow conditions in July 2012 fit well within the long-term (1992-2011) July baseflow
measurements at the same site, there were several constituents that exhibited elevated
concentrations during the contemporary sampling compared to the long-term record. At
the outlets, concentrations of Cl- and Na+ were elevated (Figures A3-1 and A3-2) which
yields an observable increase in conductivity (Figure A3-3). Both Cl- and Na+ increased
by orders of magnitude in concentration between July 2011 and July 2012. Examining
the long-term monthly sampling that occurs at Stone Run (Boyer and DeWalle, personal
communication), it appears that Na and Cl have both increased beginning in early 2012.
Chloride concentration at the outlet of Stone Run (159.8 μeq/L) was higher than it had
ever been recorded in July (Figure), and was higher than any sample ever recorded at the
Stone Run outlet. The same was true of Na+ at the outlet of on Stone Run (87.9 μeq/L).
Not only were these values higher than ever before, but were much higher. Chloride
concentration was more than five times higher than it had ever been recorded in July and
more than twice as high as it has ever been recorded in any month. Sodium concentration
was more than three times higher than it has ever been in July and more than twice as
high as it has ever been recorded in any month.
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Figure C-1. Long-term July record for Cl- on Roberts and Stone Run with contemporary
sample included.
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Figure C-2. Long-term July record for Na+ at the outlets of Roberts Run and Stone Run
with contemporary synoptic sample (July 2012) included.
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Figure C-3. Long-term July record for conductivity at the outlets of Roberts and Stone
Run with contemporary synopitic sample (July 2012) included.

My sampling did not identify the cause of the elevated Na, Cl, or Br concentrations on
Stone Run, and the concentrations were not over any health criteria thresholds (PADEP,
2003; US EPA, 2014). In this study, synoptic samples were collected under baseflow
conditions in July 2012 throughout the watershed along the stream’s mainstem,
tributaries, and seeps (see Appendix 2). The streamwater concentrations of Cl, Na, and
Br were much higher in the headwaters than at the outlets (see Figures A2-3, A2-4, and
A2-5), further suggesting that stream water quality is currently affected by activities
occurring in the uplands of the watershed. The highest concentration of both of these
constituents was found just downstream of a spring fed tributary in the headwaters of
Stone Run (Appendix C). This is the same spring that had the lowest pH, highest Al
concentration, highest Br- concentration, and lowest ANC in this whole study (Appendix
C). This could possibly be attributed to land use changes over the source area of the
spring. Anecdotal evidence from talking to members of the hunting camp located in the
headwaters of Stone Run and others familiar with the area, as well as inspection of aerial
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imagery (Google Inc., 2013) show an increase in construction activity, road
improvements, and traffic, all associated with Marcellus gas development, in the area
around the spring. The higher chloride and sodium concentrations in spring are diluted
fairly quickly in the main channel, but elevated levels persist all along the sampled reach.
All seeps except for one had lower Cl- concentrations than the main channel and, other
than the headwater spring, one tributary had higher Cl- concentrations than the main
channel (Appendix C). The same is true for Na+ and the seep and tributary that have
higher concentrations than the main channel are the same ones that had higher Clconcentrations (Appendix C).
Numerous well pads have been constructed in recent years in and adjacent to the
Stone Run watershed for shale gas exploration. This activity in the watershed is a
probable source of the salt pollution, as flowback waters from wells are heavily brineladen. Both synopticcontemporary and long-term
data from the site suggest
potential effects of this activity
on water quality in Stone Run,
which warrants further
investigation.
Figure C-4. Stone Run
Watershed in 2013, with well
pads visible in the region.

