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included more than 6,000 tracts in dlhis seemingly monumental task was achieved through land
acquisitions from willing landownerand also from uncooperative landowrtareugh the
implementation of eminent domain. Oldand ownersvere allowedo live out their lives irthe park
through mutually agreed upon lifime leasesEight years after authorizatiothe parkwas

established in 1934 arufficially dedicated in 180.

Park Statisticata Glance (NPS 2015

1 Great Smoky MuntainsNational Parlies in two statesl11,832ha(276,344ac in North
Carolina an®9,044ha(244,742a0 in Tennessee.

1 The parkhad 10.7million recreational visitors in 2013he highest visitation of any of the 58
national park&nd an altime record fothe park

The parkgenerates over $73dillion peryear(in 2013)for surrounding communities.
In fiscal year 2014he parkhad a base budget of $18cflion.

The parkhosed 225000 owernight campers in 2018 its ninecampgrounds. Aere are more
than 100 backcountry sites which see more than 77,000 overnighpeisytsar.

There are 11 picnic areas in the park, with a total of 1,050 sites.

Over400,000 hikers annuallyadverseover 1,280km (800 mj) of maintained trails113 km {0
mi) of the Appalachian Trail runs througjre park

1 There are842 structures maintainedtime parkincluding 78 historic structures in five historic
districts.

1 The parkwas designated an International Biosphere Reserve in 1976 and a World Heritage Site
in 1983.

2.1.2. Geographic Setting

GRSMcomprises approximately 2,000 k772 m?) of almost entirely forested land in teeuthern
AppalachiarMountains Fig. 2.1.2.). Divided almost equally between the states of North Carolina
and Tennessete parkis characterized by rugged terrain, large elevation grademdshighly

varied aspectd he parkhas an elevation range from 267 to 2,62@8B76 to 6,643t). This combired

with some of the highest precipitation levels in North America have helped create one of the most
biodiverse regions in the world. Thréennessee artd/o North Carolina counties bord#re park

and alsoa large part of the Eastern Band of Cherokelalms (EBCl)tribal lands borders the
southeastern portion tfie parkin North CarolinaThe Blue Ridge Parkwy 6 s sout hern terrt
entershe parkthrough these tribal land§he Nantahala and Pisgah National Forests bohgepark

in areas on the North Carolina sidad a small portion dhe Cherokee National Forest in Tennessee
is situated near theestern edgef the park(Fig. 2.1.2.2.) There are three major gateway
communities adjacent to GRSM with several other smaller aantias that are important to the
economies offennesseand North Carolina.
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Weather and Climate

GRSM is located within a region known for having a humid subtropical climate characterized by hot,
humid summers with frequent thunderstorms, and cool winters. However, in this mountainous terrain
the climate is dynamic and constantly changing, and vgresgly as a result of steep moisture and
temperature gradients. Precipitatios@gnewhatvenly distributed throughout the year, and is

mainly in theform of rainfall, although snowfall does occur in the area, mainly at higher elevations
(NOAA 2015, Renfo 2015).July is typically the wettest month and Octolsathe dries{Fig.

2.1.2.3) with anannual average precipitatioangeof 140 cm (55 in) in the valleys to more than 215

cm (85 in) at the higher elevations. During anomalously wet years, more thg6.6 ft) of rain can

fall along the ridges and peaks (NPS 2008). Average temperatures rang2.&om3.3 °C (27

to38 F) in January to 15 to 22.4 °C (59 to # in July NOAA 2019 (Fig. 2.1.2.9, again

dependingon elevation. Winds vary gréain both speed and direction depending on the specific
location within the overall complex mountainous terraithefpark(Renfro 2015).







and waterfall and via viewingare just a few of the reasons tourists come to the Smakieat
Smoky MountainsNational Rarkis the most visited national park in tNational Park System (NPS

2015. The high rate of witation is likely due in large patd the parld s
American population within 885 km (550 mipf its boundariesAdditionally, towns such as Pigeon

pr oxi-thirdtofyhe t o

Forge and Gatlinburg, both of which alese tothe park attract large numbers of touristseking
shopping opportunities and other attractiofise parkis an economic hub generating oveB47
million per year for surrounding commitias (NPS 201%. Visitation has increased steaddiyncethe
p a r dstaldishmentHig. 2.1.3.1). In 2015 attractedan alttime record high of over 1000,000
visitors. Average park visitation for the past two decades (since 1995) haapy@enimately
9,550,000 per yeaMonthly statisticswhichhave been recorded since 1938ow that isitation has
ranked highest during the month of July, accounting for 16% of visitors during thevidarthe
month of January sees the least numbeigitors, or less than 1%ctober is the second busiest
month due to fall foliage interest.
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Figure 2.1.3.1. Number of visitors to GRSM from 1931 1 2015. Source: NPS 2015.

2.2. Natural Resources

2.2.1. Ecological Units and Watersheds
In 1995, he Envionmental Protection Agency (EPA) collaborated with other fedgehciesstate
agencies, and groups from neighboring nations to develop a hierarchical spatial framework in which
ecoregions are defined by ecosystems that are similar in chaldwtegeneal purpose of these
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The parkies in thesouthern Appalachiaountains within the Level Il Blue Ridge e@gion Fig.

2211inset and the southern portion is characterize
the eastern U.S.,0 with its | arge elevation gra
totals Appalachian oak fosds, northern hardwoods, sprefaeforests, shrub, grass, and heath balds,
hemlock, cove hardwoods, and gaike communities are all significant vegetation communities

(EPA 2013%).

On a finer scale, four separate Level IV ecoregions are representedthétipard s b o u Riglar i es
2.2.1.. The following Level IVecoregions are listed in order of total area representée park
starting with the largest:

1 Southern MetasedimentaryMountains are characterized by steeply dissected mountains with
geologic materialglating mostly to the late Pr@mbrian periodThe mountains are densely
forested with Appalachian oak forests and, at higher elevations, northern hardwoods with a
variety d oaks and pines, as well as silverbelblesia tetraptery hemlock Tsuga enadensiy
tulip poplar Ciriodendron tulipiferg, basswoodTilia americang, yellow buckeye Aesculus
flava), yellow birch Betula alleghaniens)sandAmericanbeech Fagus gandifolia). The
region supports complex and numerous plant communities and a great diversity of plant species.

1 The High Mountains generally occur abovi 37 m (4,500 t) and have a more boreldte
climate than the lower regiond/ind, ice, and frigid soils influence the vegetation, which
includes red sprucd{cea rubensand Fraser firAbies frasel). Heath balds composed of
evergreen rhododendroRlfododendron maximyrand mountain laur¢Kalmia latifolia), and
grassy balds ahountain oat grass and other herbaceous and sheadtes are found @hopes
and ridgetopsOther forests common in this ecoregion include red oak and northern hardwood
forests

1 The Limestone Valley and Covesegion is represented in small but distiloetlands ofthe
park.This region was formed about 450 million years ago when older Blue Ridge rocks were
forced up and over younger rocks portions of the region, includiriye park the Precambrian
rocks have eroded through to Cambrian limestones)gyiise to fertile soils

1 The Cades Cove areaa historically significant settlement in the Smokles in this
subecoregion

1 The Southern Sedimentary Ridgesegion is represented in portions of the Foothills Paykwa
andgenerally occurs betwed®0and 1,500 m,500 and 4€00 t). Slopes tend to be steep and
rocks are primarily Cambriaage sedimentary. Soils are mostly friable loams and fine sandy
loams and support mostly mixed oak and-paile forests.
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Figure 2.2.1.1. GRSM lies within the Level Il Blue Ridge ecoregion and within four distinct Level IV
ecoregions. Source: EPA 2013a.

Hydrology and Surface Water Dynamics

Great Smoky Mountains National Pgrkissesses a total drainage area of approximately 14,000 km
(5,405 mf) in eastern Tennessaad western North Carolina, and is part of the Tennessee River
basin. Contained within this area, there are ntizae4,667km (2,900 mj) of permanent streams, the
majority of which are small, first order channels thead withinthe park(Fig. 2.2.12). Five of these
streams (Abrams Creek, Little River, West Prong Little Pigeon River, Middle Prong Little Pigeon
River, and Cataloochee Creek) have been designatedtstanding Natural Resource Watdag the
TN Department of Environment and Conservataod the NC Department of Environmental Quality
whereas 12 have been listed on the 303dbjishe EPAas impaired du# acidic conditions.
Watersheds have been delated withirthe parkin different ways, depending on the purpose of the
classification Parker and Pipes (1990) subdivided the area into 45 distinct watersheds for
management purposeghere the mouth of each watershed was defined on the basis of where its
axial stream crossdtie parkboundary or where it encounggithe normal pool levelsf a

Tennessee Valley Authorityf' ¥A) reservoir to which it flowed. Many state and federal agencies
utilize theU.S. Geological SurveflySGS hierarchal hydrologic unit code (HUC) classification
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systemUsing this approach, there are $iXJC 8-digit subbasirs and 46 HUCL2-digit sub
waterdieds withinGRSM(Fig. 2.21.3).
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Figure 2.2.1.2. Combined lengths of streams of a given order within GRSM. Source: Nichols and Kulp
2015.
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Groundwater systems within the pédn&ve received very little attention to daEarly work by
McMaster and Hubbard (1970) revealed that water yield is primarily controlled by the degree to
which the bedrock is fractured and the thickness of the overlying regolith, both of which are
concentrated along valley floors. With tleceptionof Cades Cove, watgielding fractures appear
to occur above a depth of 81(300 ft). More recent studies by Mesko (1999) and Swain et al.
(2004) havattempted to characterize wagggld in the region in terms of hydrogeologic terrains
(i.e., the natre of the bedrock)\GRSMis predominantly located within the sch&stndstone geologic
terrain, which is generally characterized by a water yieBBdb 231 10 to 61gal) per minute.

2.2.2. Resource Descriptions

Geology
Geology is ghysical resource that influencesich ofthevisitor experience, from landforms

including waterways and knobs, to ecological and physical proc@$separkidentified the
following issues as significant for geologic resources management:

1 Erosion and slge processesThe wet climate and steep slopes make the Smokies susceptible to
slides and slumps

1 Abandoned mines:Waste from mines abandoned years ago pose an environmental and human
safety threat

1 Biodiversity and geology:Thep a r fen@oas biodiversitys a diret result of geology and
climate. Locating and managing spe@es! understanding relationships between geology and
biology arekey management issue filre park

1 Historical landscapes:Geologyinfluenced and shaped settlement patterns and a¢damining
activities; it also can compromise historic architecture through weathering and erosion

TheGreat Smoky Muntains are among the oldest in the worFlie interaction of mountains,

glaciers, and climate is a primary factor behimel parld s  biodieetsity The core of the Smoky
Mountains was formed at least 1 billion years ago and consists of metamorphosed sedimentary and
igneous rocksThe sedimentary rockbat were deposited over tb&ler rocks were formed
approximately 800 to 450 million years ago, as soils, silt, and gravel accumulated. Approximately
450 million years ago the rocks were metamorphosed by heat and prassiune last phase of
Appalachian rountain building occurred00 to 300 million years ago when the North American and
African plates collidedThis process plifted the entire Appalachian dintain chain from Canada to
Georgia (USGS 2013These series of geologic events have produced a highiplex lithology

Theparklies within the Blue Ridgehysiographic provinggormed largely during the Paleoza@a

by tectonic shifting and faultingghen the Blue Ridge was thrust to the northwest over the Ridge and
Valley province Fig. 2.2.2.1 inset). Althoughhe parkies within the Blue Ridgprovince, its

geology combines several aspects of tlelPiont and/alley & Ridgeprovinces which run parallel

to the north and south tfe park For this reason, it is considered a geologically distinct subdivision

as it repressts a transition between that of the crystalline Appalachian provinces (Piedmont and Blue
Ridge), and the sedimentary Appalachian VadeRidge and Cumberland Plateau (Thornberry

Ehrlich 2008)(Fig. 2.2.2.). Although no glaciation occurred in tleuthen Appalachias, glaciers
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Figure 2.2.2.1. Geology-bedrock units of GRSM. Source: Southworth et al. 2005.

The eposed and neaurface bedrock and surficial mategpabvide the foundation on which unique
habitats and ecosystems existhig park.The complex distribution of bedrock and surficial deposits,
with accompanying geochemicallliverse parent materialsre believed to strongly control some

species distributions (Langdon et al. 201he park s

b e d r e beemiasdifitddased on

their chemical and residual unihe units comprise three major lithologic groups:s€dimentary

and metasedimentar{®2) metamorphosed igneous rocks, and (3) unconsolidated surficial deposits
These bedrock units influence soil type, acid neutralization capacity of streams, and are potentially
useful for better understanding plant anihal distributions (McNab 199&outhworth 2001)The

parfkb s bedr ock

s diver se,

consi

st of

ng

met amor p|

acidic slates, and small areas of metamorphosed igneous rocks (Southworth et al. 2005).

Within the park, surficial deposits (i.¢hose deposits condist) of unconsolidated sedimentgsult
from three primary agents and processes: running water, chemical and physical weatltering, an
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gravity onslopes (Southwortht al. 2005) Severgeneralized gticial units have been mapped in the
Smokies and are classified as alluvium, terrace deposits, sinkholes, residuum, coliiedtim
flows, and debris fans.

Caves and Karst
Jennings (1985) defined karst ai@errain with distinct landforms and drainagsing fromgreater
rock solubility in natural water than is found elsewh@heherent in this definition is the fact that
karst is produced by solution processes that enlarge voids and fractures within theerebly
allowing large amounts of watey be funneled into the underground drainage system (Ritter et al.
2011). The diversion of water subsurface tends to enhance thiersplitocesses, and in doing so
develops a distinctive terrain thatithin GRSM, is characterized by depressions (e.g.,
dolines/sinkholes, uvalas, etc.). Although karst may develop in any rock type given enough time and
water,it is most often associated with carbonate rocks, particulacks that contain at least%0
carbonate minerals (mainly limestone atoda lesser dege, dolomite).

The majority ofGRSMis dominaéd by metamorphic rocks of Pesnbrian agéi.e., rocks of the

Ocoee Supergup, the Snowbird GroupMetcalf phyllite], and Great Smoky Groughdes

sandstong). However, during formation of the Appalachian Mountains, these rocks were thrust up
and over younger carbonate rocksheCambrian and Ordovicigmeriods(which are abou#50-500

million years old), includinglonesbordimestone (which actually contaissme dolomite minerals)

and Slady dolomite. Both Jonesbolimestone and Shady dolomite have been lgatbosed by

erosion of the oldr, overlying metamorphic rocks within and adjaderthe western portion ohe

parkin TennesseéSouthworth et al. @5). These exposed areas of carbonates form flat, often
grassy valleys with st eeperss @ earidisdithih theha ws r ef er r
windows (floored by limestones and dolomites) that the karstic landforms have developed. There are
five primarykarst areasvithin the park depending on how orgefines them, including Cades Cove,

Rich Mountain,Big SpringsCove, White Oak Sink andCalderwood karst areéNlolfi 2011, Soto

2013). In additionthe parkmanagsa strip of terrain knownsathe Foothills Parkway~g. 2.2.2.9
whichtraverses several aregsaracterized by karst including t&éalland,Wear Cove, Cosby, and

Pigeon River karst areas (Nolfi 201The Cades Coviearstarea, which encompasses approximately

13 knt (5 m#), isthe lagest area of karst withie park and the most popular. In total, carbonate

rocks that may be bjected to karstification coven areas of about 18.5 kiff m#), or about % of

the park(Langdon 2015)
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The predominanandforns associated with karsteas within and adjacent to the park closed,
circular, or elliptical shaped depressions called sinkh@askholes ee created by two distinct

processes (although most are formed by a combination of the two processes). Solution sinkholes are

formed by the progressivdeslution of the underlying rock along joints and fissuirethe rock A

funnetshapd sinkhole is fomed because the solution process is most rapid near the ground surface

and decreases with depth.

Col |l apse

S i

nkhol

fails and the overlying materials drop suddenly into the opening. Both type&kioblgis (solution
and collapse) have been reported WitBRSM. As sinkholes represent distinct avenues of inflow to
the groundwater system, they represent important components of the subsurface drainage system.

In a recent study, Langdon (2015) developeditabase of sinkholes within the parging a
combination of field reconnagance and LIDAR images. Eightyur sinkholeswere identified from

ninedifferent areasand all but one was in either the Jonesboro limestone or the Shady dolomite (it is

guestimable whether the last sinkhole is of karstic origins). Sinkholes within the areallyersarge
in diameter from about 2 6.5 ft)to as much as 305 (,000 ft), and Langdon (2015) found that
about halfof the known sinkholesxhibited a maximum deptsf 2 m(6.5 ft). At least ninef the
sinkholesareseasonally flooded, creating wetlands or ponds.
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Other karst landforms included uvalas (typically formed by the coalescence of multiple sinkholes)
andpoljes (relativéy large flatfloored depressions witsteep sidesBprings are also abundant in
some areas, such as the vicinity of Cades Cove.

To date, 16 solution caves have been identified wWiBREM (including the Foothili Parkway),12

of which are in the Cades Cove ar@a subsurface features, thase technicallyhot part of karst
topography; bwever, they servas a integral part of the drainage network, are formed by solution
processes, and often lead to the formation of karst landforms. Thus, they are typically included in
discussion of karst teain.

Many of the caves in the region form along inclined bedding planes within the carbonate rock units
or along thrust faults that occur within or between the units (e.g., the Great SfaokiesGiven the

relief in the area, caves may descsigphificant distances before reaching base level (saturated
conditions) typically set by the elevation of the predominant axial river channel. As a result, some of
the deepest cavestine U.S. are found within the parkor example, the Bull Cave systdotated

near the crest of Rich Mountain at an elevation of about 579900 ft)is characterized by a 43 m

(140 ft)deep opening that leads to a 152500 ft)deep shk Its total known depth is 282 (9825

ft), making it the third deepest cave in #asternU.S. and th0" deepest cave in the U.S. (Nolfi

2011). While it is likely that most gas within and adjacent to the pdrkve been identified and

mapped, other types of physical and biological information on caves is limited, in part because cave
access is difficult ancestricted (Kulp et al. 2013).

Although karst and caves are limited within the park, they represent an important ecological
resource. Biologically, about 270 organisms are associated with caves and karstic areas in GRSM,
includingsabmanders, amphibiarsnd a variety of invertebrate cavernicolssch as the endemic
amphipodStygobromus fecunduSaves also serve as impant hibernating areas for bats, including
the federally endangered Indiana @dyotis sodali¥.

Draft cave ad karst management pishave been developed for the park979, 1989, anthe

latest by Nolfi (2011 However, none of the plans were finalized because of an insufficient
characterization and understanding of kart features and processes in the aresaatetiurrently
underway to remedy this data gappart because there is significant concern that karst resources
could be impacted by ongoing activities in the karsasirenmediately adjacent to the péakdvice
versa). Of particular concern igsificant development in the TuckaéheeCove and Wear Cove

area (Fig. 2.2.2.2) as well in the Wears Valley section of the Foothills ParkeamstructionMuch

of the development is occurring in areas lacking municipal sewer systems and doaiestic

supplies, andsaa result, numerous groundwater wells are being developed in the karststb(lame
aquifer adjacent to the park fact, TDEC reported that more than 7,000 wells were instatied

Blount and Seviecounties. It is possible that the inased number of wells in the area may lead to
lower groundwater levels and a reduction in the movement of water through the caves. The latter is
essential to cave biota andve formationgspeleothems). Moreover, groundwater wells in the Cades
Cove area sge athe water supply for the 2 million people who visit the area annually.
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Contamination of the karst aquifer(s) by the widespread use of septic systems, the future
development of oil shales, and other forms of anthrepmgpollution adjacent to thekis also of
concern. The movement of water and contaminants through fractures and enlarged openings in the
rock, including sinkholes, make these limestone aquifers particularly susceptible to widespread
contamination.

Soils

In addition to serving asraedium for plant growth, soils play a critical role in maintaining
ecological health. Natural biodiversity, plant productivity, carbon sequestratidthe ability to
buffer acids and store toxins are largely dependent on soil pesp@iPS 2011b). Seireflect how
the geologic or organic materials in whitteyformed have been modified by climate, topography,
and biological oganisms over time. Less than D¥soils in the park formed in organinaterials
scattered throughout the higher elevatiortge Temaining soils formed in geologic formations
dominated by Precambrian sandstone, but also include areas of acidic Anakeesta formations (rich in
pyrite) and a few areas of Ordovician limestones (Southworth et al. 8B in theparkvaries
greatly, and influences drainage, surface runoff, temperature, and the extent of geologic #rasion
influencing soil formation and soil type.

The climate in the park varies greatly in relation tatogpe positim and elevation, andhé
interaction of tine (@age) and temperatucentribute to the formation of variable soil profil@se
higher precipitation and colder temperatures in high elevations produce rediuned brown soils
high in organic matter in the surface layer. Lower portions of the parkwildler microclimates
produce redder soils resulting from more clay in the suldaihts and animaksre the primary
source obrganic material in the soils, andthe Smokies, soils formed under a hardwood forest
below 1,280m (4,200 ft)and under a med hardwood and coniferous forest above 1,288,800
ft). The differing natures of the forest types influence the soil with difféypes of organic matter
inputs.

The 2009 soil survey for the parleiatified 64 unique soseries in the park that were groupsetbi
15 general soils unit$-{g. 2.2.2.3 (USDA NRCS 2009). Each of these general map units and the
landscapes where they are found are discussed below.
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- 3. Frigid Soft Sandstone: Oconaluftee Soils _’ 11. Large Basins of Colluvium: Spivey-Santeelah Soils
- 4. Frigid Gneiss: Wayah Soils - 12. Mesic Interbedded Mic Schist and Mica Metasandstone: Lauada Fannin Soils
5. Mesic Anakeesta Slate: Catasks-Sylvco Soils 13. Floodplains and Terraces: Rosman-Reddies-Dellwood Soils
6. Mesic Hard Metasandstone: Ditney-Unicoi Soils 14. Cades Cove: Lonon-Cades Soils
- 7. Mesic Soft Metasandstone: Soco-Stecoah Soils - 15. Mesic copperhill Sandstone/Slate Rolling Hill Phase: Junaluska-Brasstown-Soco Soils
- 8. Mesic Gneiss: Evard-Cowee Soils

Figure 2.2.2.3. General soil types found within GRSM. Source: NPS 2009.

Frigid Anakeesta Slate: Lufte®nakeesta Soils
This general soil map unit consists of blatktes (Anakeest&jig. 2.2.2.4) inareas at elevations of
more than 1,28én (4,200 ft) in watersheds draining north to east and in areas at elevatinoseof
than 1,402m (4,600 ft) in watersheds draining south to west. It is associated with black slate which is
interbedded witlsome massive metasandstone. It also includes the chloritoid slate found on Mount
LeConte. This unit is commonly covered with sgituce and Fraser fir. Some areas are covered in
northern hardwoods, such as northern red(Qalercusrubra), yellow birch, sweet bircfBetula
lenta), Americanbeech, and suganaple(Acer saccharum Understory plants are commonly sparse
under purenorthern hardwoods. Laurel and rhododendron commonly dominate and form heath balds.
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Figure 2.2.2.4. An exposure of the Anakeesta slate formation as viewed from the Alum Cave Bluff trail in
GRSM. Source: NRCS 2009.

Soils in this general soil map unit arery low in plant macrautrients. This landscape has very low
vigor and productivity. Upland soils, landslides, andthéalds comprise more than 98¥ihe
landscape, antthe colluvial soils less than 1%or the most partipland soils range from deé&p
moderately deep. The risk of exposing yto the environment is highhe risk ofstream
acidification is high, andhe risk of landslides is high.

Frigid Hard Sandstone: Breakne¢kullbackSoils
This general soil map unit consists of hard metasandstone (Thunderhead) witarebevations of
morethan 1,280 m (4,200 ft) in watersheds draining north to east and in areas at elevations of more
than 1,402 n{4,600 ft)in watersheds draining southw@st. It is associated with massive
metasandstone which is interbedded with some black slate. There is some pyrite in the
metasandstone, but most is associated thétblack slate. This unit is most commonly covered with
red spruce and Fraser @n theridges and side slopes, ame tunderstory is often sparse.
Incorporatedn this unit are heath balds, argtcolluvial part of this landscape is covered with
northern hardwoods, such as northern red oak, yellow birch, sweet birch, beech, and sugar maple.

Soils in this general soil map unit are very low in plant mawriients. Plant vigor and productivity
are moderate or low. Upland soils, rock outcrops, aathhgalds comprise more than 98%he
landscape anthe colluvial soils less than 5% plandsoils range from moderately deep to shallow
for the most partThe risk of exposing pyrit@tthe environment is moderatketrisk of steam
acidification is moderate, anld risk of landslides is moderate.

23






the colluvial soils less thar®2 Upland soils range from moderately dee shallow for the most
part. The risk of exposing pyrite tthi¢ enwwonment is high,he risk ofstream acidification is high,
and he risk of landslides is high.

Mesic HardMetasandstoneDitney-Unicoi Soils
This general soil map unit consists of hard metasandstone (Thunderhead) in areas at elevations of
less than 1,286 (4,200 ft)in watersheds draining north to east. It is associated with hard massive
metasandstone which is interbedded with black slate. This landscape is most commonly covered with
oak-hickory-yellow pine on the ridges and side slopes. The main exoeptan the est- to north
facing, very steegideal slopesvhere a cover of northern hardwoods and hemigicite pine
rhododendron dominates. Various other species may occur or dominate at any given spot on the
uplands, such as white pine, laurel, blamulst, red maple, and sourwood. The colluvial part of this
landscape is most often covereduhp poplar Various other species may occur or dominate at any
given spot in the colluvium, such as northern red oak, sweet birch, black tteentpck, black
locust, Faser magnoligMagnolia fraser), beech, white pine, and silverbell.

Soils in this general soil map unit are very low in plant marients. Plant vigor and productivity
are moderate or low. Upland soils and rock outcrops comprise mor8@¥eof the landscape, and
the colluvial and shaddtkad slopes soils less than 209fland soilgangefrom moderately deep to
shallow for themost partThe risk of exposing pyritetthe environment is moderatbetrisk of
stream acidificaon ismoderate, anche risk of landslides is moderate.

MesicSoftMetasandstone: SoestecoahSoils
This general soil map unit consists of soft metasandstone (Copperhill, Roaring Fork, Elkmont,
Wading Branch, Longarm, and Wehutigreas at elevations of lesaithl,280m (4,200 ft)in
watersheds draining north to east and in areas at elevations of less than 44800 ft)in
watersheds draining south to west. It is associated with soft metasandstone with varying amounts of
black slate. This landscape is mostmmonly covered with oakickory-yellow pine on the hot
ridges and side slopes. The main exception is on gteteanorthfacing, very steegidel slopes
where a cover of northern hardwoods and hemlulcite pinerhododendron dominates. Various
other gecies may occur or dominate at any given spot on the hot uplands, such as white pine, laurel,
black locust, red maple, and sourwodtie colluvial and shaded hesldpe areas are most often
covered irtulip poplar Various other species may occur or dcgitegnat any given spot in the
colluvium and on shaded head slopes, such as northern red oak, sweet birch, black cherry, hemlock,
basswood, black locudtraser magnolia, beech, white pine, white @3faxinus americang
silverbell, and black walnfiuglars nigrg). Heath balds are common and are generally confined to
windswept ridgetops.

Soils in this general soil map unit are very low in plant marients. This landscape has high
vigor and productivityWarmer upland soils, heath balds, and rogtcrgos comprise more than
75%of the landscape, and the colluvial and skduead slope soils less than 239pland soils are
deep and mastrately deep for the most partie risk of exposing pite to the environment is low,
the risk of strem acidification ismoderate, andhe risk of landslides is low.
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Mesic Gneiss: EvarCoweeSoils
This general soil map unit consists of gneiss (biotite granitic gneiss) in areas at elevations of less than
1,280m (4,200 ft)in watersheds draining south to west. It is associattrdbiotite granitegneiss
andis interlayered with biotite gneiss, amphibolite, and-séicate granofels. This landscape is
most commonly covered with oddckory-yellow pine on the ridges and sigdlopes. The main
exception is on the sa to northfacing, very steegided slopesvhere a cover of northern
hadwoods and hemloewhite pinerhododendron dominates. Various other species may occur or
dominate at any given spot on the warm uplands, asathite pine, laurel, black locust, red maple,
and sourwood. The colluvial and shaded side slope areas are most often cowdig@aplar This
is arare/unique habitat in the park whedant vigor and productivitgre high Various othe species
may occur or dominate at any given spattbe colluvium and shaded sislepes, such as northern
red oak, sweet birch, black cherry, hemlock, basswood, black I6caser magnolia, beech, white
pine, silverbell, and black walnut. Rhododendron and white pi hemlock cover is found in some
hanging coves.

Soils in this general soil map unit have a moderate amount of plant-maciknts. The majority of
this landscape has moderatant vigor and productivity; howeveshaded side slopes and colluvium
hawe some of the highest plant vigor and productivity measured in the park. ldot igalils

comprise more than 70%§ this landscape, and the shaded side slopg€alluvial soils less than
30% Hot upland soils range from very deep to matldly deep fortte most partThere is no risk of
exposng pyrite to the environment, anlgetre is no risk of stream acidification. The risk of landslides
is low.

Mesic Wehutty Schist: CatasigylcoSoils
This general soil map unit consists of black schist (Wehutty) in areas at elevations of less than 1,402
m (4,600 ft)in North Carolina. It is mostly associated with black graphitic, sulfidic schist. This
landscape is most commonly covered with-baikory-yellow pine on the ridges and side slopes.
Various other species may occur or dominate at any given spot on the uplands, such as white pine,
laurel, black laust, red maple, and sourwoodderstory plants are often sparse. Laurel and
rhododendron magtominate and form heath balds, ahé tolluvial part of this landscape is most
often covered inulip poplar Various other species may occur or dominate at any given spot in the
colluvium, such as northern red oak, sweet birch, black cherry, and white pine

Soils in this general soil map unit are very low in plant maartsients. Plant vigoand productivity

are very low; aly the colluvial part of landscape has good vigor and productivity. Upland, residual
soils dominge this landscape, amdnge from modetaly deepto shallow for the most parthe risk

of exposing pyrite to the environmeninm®derate, e risk of steam acidification is moderate, and
the risk of landslides is moderate.

MesicSiltstoneand Phyllite:JunaluskaTsali Soils
This general soil map unit consists of siltstone and phyllite (Pigksione and Metcalphyllite) in
areas at elevations of less than 1,88@,200 ft)in Tennessee. It is most commonly associated with
siltstone and phyllite but could be applied ty #mnly bedded rock with little or no pyrite, such as
argillites and slate. This landscape is most commonly covered wihidedry-yellow pine on the
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ridges and side slopes. The mainapton is on the easto northfacing, very steegided slopes,

where a cover of northern hardwoods and hemishke pine rhododendron dominates. Various
other species may occur or dominate at any given spot on the uplands, such as white pine, laurel,
black locust, red maple, and sourwood. The colluvial and shadedlopadareas are most often
covered irtulip poplar Various other species may occur or dominate at any given spot on the
colluvium and shaded head slopes, such as northern red oak, sweet birch, black chiercl, he
basswood, black locustr&ser magnaodi, beech, white pine, silverbell, and black walnut. Laurel and
rhododendron dominate and form heath balds.

Soils in this general soil map unit are low in plant mawtrients. This landscapa$ low vigor and
productivity; anly the shaded head slopes @otluvial areas of the landscape have good vigor and
productivity. Hot upand soils comprise more than 9@¥the landscape, and the shaded head slope
and colluvial soils less than 1Q%lot upland soils raye from deep to shallow amomprise more

than 85%of the upland, anthe shallow soils less than 15%he risk of exposing pite to the
environment is low,He risk d stream acidification is low, antie risk of landslides is moderate.

Large Basins of ColluviunBpiveySanteetlatBoils
This general sbimap unit consists of large basins of colluvium in areas at elevations of less than
1,280m (4,200 ft)in Tennessee. It is associated largely with colluvium from hethsandstone
(Thunderhead) but has varying amounts of colluvium from any of the following formations: Roaring
Fork, Elkmont, Wading Branch, Longarm, Pigesdtstone, and Metcalphyllite. This landscape is
most commonly covered tmlip poplar Various other species magaur or dominate at any given
spot, such as northern red oak, white oak, hickBaryaspp.) sweet birch, black cherry, méock,
basswood, black locustr&emmagnolia, beech, white pine, silverbell, and black walnut.
Rhododendron can form small thicket

This landscape has old farmstead sites and has very high vigor and productivity. Spivey and
Sante#lah soils are mapped in a complex and are the dominant soils in this general soil map unit. On
slopes of less than ¥ Nowhere soilsomprise ufo 15%of the unit and are added to the Spivey
Santedah complex. Water tables range from a depth afrBq12 ir) to more than 152m (60in).

There is no risk of exposy pyrite to the environment, angetre is no risk of stream acidification.

The risk of landides is noe.

Mesic Interbedded Mica Schist aklita Metasandstond-auadaFannin Soils
This general soil map unit consists of interbedded schist and micaceous metasandstone in areas at an
elevation of less than 1,402 (4,600 ft)in North Carolina. It is most commonly associated with
interbedded schist and micaceous metasandstone. This unit is adjacent to the biotite granitic gneiss
unit. This landscape is most commonly covered withitakory-yellow pine on the ridges and side
slopes. Various other species may occur or dominate agimaegspot on the uplands, such as white
pine, laurel, black locust, red maple, and sourwood. The colluvial part of this landscape is most often
covered irtulip poplar Various other species mayooe or dominate at any given spot on the
colluvium, such as northern red oak, sweet birch, black cherry, hemlock, basswood, black locust,
Fraser magnolia, beech, white pine, silverbell, and black walnuteLand rhododendron may
dominae and form heatlvalds.
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Soils in this general soil map unit are low in plant mawtrients. This landscape has low vigor and
productivity; anly the colluvial part of the landscape has good vigor and productivity. Waemdipl
soils comprise more than 908bthe landscapend the shaded head slopel @olluvial soils less

than 10% Hot upland soils range fnmovery deep to moderately dedjhe risk of exposing pite to

the environment is lowhe risk ofstream acidification is low, antie risk of landslides is moderate.

Floodplainsand TerracesRosmarReddies Dellwood Soils
This general soil map unit consists of floodplains and terraces in areas at elevations ranging from
about 366 to 978 (1,200 to 3,000 ftfFig. 2.2.2.5) Some of the floodplains and stream terrases
in tall fescue that is used as forage for wildlifehay for livestock, ohave been revegetated with
trees. Stream terraces have many alchfead sites, whiccommonly had apple, peach, cherry,
plum, and pear trees. Woodakas are most commonlgwered in tulip poplarand \arious other
species may occur or dominate at any given spot, such as northern red oak, white oak, hickory, sweet
birch, black cherry, hemlock, basswood, black lodastser magnolia, beech, shortleaf p{Raus
echinatg, white pine, silverbell, sweetguthiquidambar styraciflug and black walnut.
Rhododendron can form small thickets. Some areas thatAmagacansycamorgPlatanus
occidentali$ and river birchBetula nigrg occur along streams.
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Figure 2.2.2.5. A floodplain and stream terrace landscape near the Oconaluftee Visitor Center in GRSM.
Source: NRCS 2009.

The floodplain areas have different soils depending on the depth of treafilnernaterial over the
gravel/cobble beds and the drainage class. Therarae goils mapped where the fiearth material

is less than 5&m (20 in) over the gravel/cobble beds: Dellwood, Smokemont, and Wesser. There are
three soils mapped where fhearth material is 51 to 1@n (20 to 40 inJover the gravel/cobble

beds: Cullevhee, Ela, and Reddies. There are two soils mapped where Heafthenaterial is more
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than 102m (40 in) over the gravel/cobble beds: Biltmore and Rosman. Statler soils are mapped on
the low strem terraceswhich are elevated areas along presgsy floodplains and are directly
associated with modesay stream systems. Plant vigord productivity is very highilhere is no

risk of expofng pyrite to the environmerthere is naisk of stream acidification, antdére is no risk

of landslides.

Cades ©ve: LonorCadesSoils
This general soil map unitcludesCades Cove and Whiteoak Sink asdh areas at elevations of
518 to 610m (1,700 to 2,000 ft)n Tennessee. The vegetatioas been totally manipulatetet
majority of the cove is in tall fesculkat wasused as pasture for livestock, althougms areas are
being managed for warseason grasses. This landschaaeg old farmstead sites whicommonly
had apple, peach, cherry, plum, and pear trees. Wooded areas areatbbyrakhickory-yellow
pine, and ame areas of sycamore amtlp poplaroccur along the drainageways.

In this general soil map unit, the highest level above the floodplain is dominated by Lonon soils and
is mainly an example of remnantsam old stream terrace systente nexiower level is a colluvial

fan deposit that is dominated by Cades soils. The level just above the flopdplizim does not

flood, is a series of stream terrace deposits that occur along the current drainageways, and the
dominant soils are Allegheny an@t@co.The floodplain is discontinuous in placesth Dellwood,
Smokemont, Rosman, and Toxaway sbémgfound here. This area does flood for very brief

duration in winter and during episodes of very intense rainfall. Plant aigbproductivity are vg

high. There is norisk of exposing pyte to the environmenthére is norisk of stream acidification,

and there is no risk of landslides

Mesic Copperhill Sandstone/Slate Rolling Rilase:JunaluskaBrasstowrSocoSoils Sandstone Portion
of theUnit

This general soil map unit consists of soft sandstone (Copperhill) in areas at elevations of less than
793m (2,600 ft)in North Carolina. It is associated with soft metasandstone with varying amounts of
black slate. This landscape is most commoniyeced with oakhickory-yellow pine on the ridges

and side slopes. The main exception is in the &asiorthfacing gorges, where a cover of hemlock
white pinerhododendron dominates. Various other species may occur or dominate at any given spot
on the upands, such as white pine, laurel, black locust, red maple, and sourwood. The colluvial part
of this landscape is most often covevéth tulip poplar and \arious other species may occur or
dominate atiny given spgtsuch as northern red oak, sweet hitdhck cherry, hmlock, basswood,

black locust, Faser magnolia, beech, white pine, silverbell, and black walnut.

Soils in this general soil map unit are very low in plant marients. This landscapas low vigor
and productivity; aly the colluvialpart of landscape has good vigor gandductivity. Uplandsoils
comprisemore than 90%f the landscape, and the enfial soils less than 10%Jpland sds range
from deep to shallowl he risk of exposing pite to the environment is lowhé risk of steam
acidification is moderate, anld risk of landslides is low.

29



Mesic Copperhill Sandstone/Slate Rolling Hill Phase: JunakiBkeesstowrSoco Soils; Slate Portion of

the Unit
This general soil map unit consists of black slate (Copperhill) in areavati@hs of less than 793
m (2,600 ft)in North Carolina. It is mostly associated with black graphitic, sulfidic slate. This
landscape is most commonly covered with-bakory-yellow pine on the ridges and side slopes.
The main exception is in the eatsi north-facing gorges, where a cover of hemlackite pine
rhododendron dominates. Various other species may occur or dominate at any given spot on the
uplands, such as white pine, laurel, blactukt, red maple, and sourwoodgderstory plants are
often garse. The colluvial part of this landscape is most often covetatigmpoplar and \arious
other species may occur or dominatarat given spgtsuch as northern red oak, sweet birch, black
cherry, and white pine.

Soils in this general soil map umite very low in plant macroutrients. Plant vigor and productivity
are very low; aly the colluvial part of the landscape has good vigor and productivity. Upland soils
comprise moréhan 95%of the landscape, anble colluvial soils less than 5%pland sils range

from moderately deep to shalldor the most parfThe risk of exposing pyritetthe environment is
moderate,He risk of steam acidification is moderate, aretrisk of landslides is moderate.

Flora and Fauna

Great Smoky MuntainsNational Rirkis known for its diversity, especially in the more charismatic
groupssuch asascular plants, salamanders, aivds Efforts are currently underway to inventory
everyspecies from every taxa grothat exists irthe park This project, referred to anAll Taxa
Biodiversity Inventoy (ATBI), began in 1998 and has resulted in nearly doubling the number of

known species in the park. To date, there are 19,308 species known from park, of which 979 are new
to science, and 9,135 are new records. PridigATBI, the park knew of 9,194 spec{@s Bl

2016). Scientists estimatihat there ar&0,000 to 80,008pecies of living organisms the park

While most of he species ailikely invertebrates, fungi, and unicellular organisthey nonetheless
providea broader insight into ecological i nteractio
(White andLangdon2006) Additionally, the Smokies contain several federally engaed and

threatened speciesdlble 2.2.2.1L

The Smokies contai®8 mammakpecies, 249irds, 72 native fish, and more than 8pecieof

reptiles and amphibians (NPS 20)38hepark s most recogni zable and ico
American black beatJrsus americanyscan be found in wooded areas and dense brushlands at all
elevatons. There arapproximately 1,500lack beardiving insidepark boundaries, all of whicire

black-colored and can readh8 m (6 f) in length and-1 m (3 f) in heightat the shouldeDuring

summer months, male beaypically weigh approximately 11& (2501bs) while femalesveigh

slightly over45 kg (L00Ibs), although bears weighing over0 kg 6001bs) have been documented

in the parkLife expectancy ranges between 12 angrE®r more During the colder months, bears

in the Smokies den in Holved out trees and may leave the den for short periods of time if disturbed

or during periods of warmer temperatures (NPS BD13
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Chapter 4. Natural Resource Conditions

4.1. Air Quality

Air pollution cansignificantly affect park resources, visitor enjoyment, and public health. Air quality
is federally protected from degradation by the Clean Air Act (CAA) through a series of National
Ambient Air Quality Standards (NAAQS), which are thresholds for ceridiom@e pollutants.

Although there are six airborne pollutants for which NAAQS exist, the particularly important ones
that are monitored at GRSM include ozone and particulate matter. In addition to the air pollutants
covered by the NAAQS, there are othercuality related factors important to GRSM, including
0zone exposures that cause damage to vegetation, atmospheric deposition of sulfur, nitrogen and
mercury, and visibility impairment from regional hapamarily from particulate matter.

Air pollutantscan affect various ecological processes withapark from individual species to the
ecosystem level. Specifically, air pollution can adversely impact water quality and soil pH, reduce
tree productivity, growth, and species distribution, deteriordtaralifeatures, and impair visibility
and humarhealth (NPS 2011). Great Smoky Mountains National Park experiences some of the
highest measured air pollution of any national park in the U.S. (NPS 2013). This is likely lhbeause
parkis located downwin@f many sources of air pollutidhsome of these sources are nearby, while
others arenore distant€.g., indstrial cities of the Southeast and Midwest [NPS 2013
Consequently, there are federal mandates for clean air in national parks ashEa@MA of 1970

The 1977 amendments to the CAA designated all national parks as either Class | oraCl@éads$

| areas were determined to werthy of the highest aiguality protection under thettand were
mandated to protect all air qualiselatedvalues, including natal and cultural resources (NPS

2013). As such, the NR8gulates air quality by usirthe NAAQS asthemaximum allowable levels

of air pollution (EPA2012a). In ordera comply with CAA mandates for protection of park
resources, thBIPS established an air monitoring program that measuregsdamgair quality trads

in parks (NPS 2009). Theqggram has threprimary components: visibility, ozone, and atmospheric
deposition, eacbf which can impact park resources, visitor enjoymemd, gublic health (NPS
2009).GRSM isdesignated as a Class | airshednitoring sites are shown fig. 4.1.1.

Air pollutants of concern to managers at GRSM inclingefollowing:

1 Deposition of nitrogen (N) from nitra{®Os) and ammoniunfNH4"), andsulfur (S) from
sulfate(SQ?)

Deposition of mercury (Hg)

Concentrations of groudevel ozone (G)

Concentrations of particulate matter (P

Visibility (measured irterms of Haze Index, ateciviews)(EPA 2012b)

= =4 =4 =
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Figure 4.1.1. Climate, air quality, and stream flow monitoring sites in and near Great Smoky Mountains
National Park. Source: J. Renfro, NPS.

4.1.1. Acid Deposition
Relevance

During the 1970ghe scientific community saw a rapid increase in literature on acid deposition and
concern about its potential effects on the environment. Likens and Bormann (1974) first brought

major attention to this issue when they reported an increase in the atidiiyfall over the eastern

United States. Their findings indicated measureable effects on ecosystem structure and function, and

suggestedhatconsiderations be made in proposals for new energy sourcasthedievelopment of

air pollution emission stalards. The following 20 years saw an abundance of research to measure

atmospheric deposition amalstudy its effects on the environment through the Natiot@lo&pheric
Deposition PrograiNational Trends Network (NADP 234 and other acid rain studies.

Anthropogenic sources of sulfur dioxide typically include power plants, diesel vehicle emissions, and
other industrial sources, while natural sources may include volcanoes, organism emissions, and

decaying organic material. The CAA was amended in 198@&kode further controls on

atmospheric emissions of sulfur dioxide to reduce sulfate deposition. In addition to sulfur dioxide,

nitrogen oxides also react in the atmosphere to produce other pollutants. Nitric acig),(foNO
example, is a contributingdsor to acid rain while particulate nitrate (BOcan depason the
landscape. Agricultural activitiesan produce ammonia (N}{which can be deposited directly or
convert to particulate ammonium and be deposited as a major source of nitrogen. Hevielsmf
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sulfur dioxide and nitrogen oxides from power plants associated with acid deposition have dropped
over 90% across much of the eastdr8.as a result of regulatory and emission reduction pragr
imposed by the CAAEPA 2013).

Research hashown that atmospheric deposition of nitrogen and sulfur can directly impact both
aguatic and terrestrial systems by lowering pH of streams and soils, affecting forestheéalth
aqguatic wildlfe populations (Driscoll et a2001). Atmospheric depositiaf nitrogen and sulfur can
acidify sensitive aquatic and terrestrial resources, both chronically and episodically (Smoot et al.
2000). Research at GRSM has shown that someédigyfation soils irthe parkare receiving so

much airborne nitrogen that it ee@ds the assimilation capacity of ecosystems, a condition
commonly known as nitrogemtiration (Flum and Nodvin 1995This limits availability of forest
nutrients (mainly calcium) to plants and causes mobilization of toxic ions such as aluminum that can
harm vegetation and aquatic bicaad impact forest growth and composition (Eagar and Adams
1992). Ecological concerns include the leaching of nitrogen and depletion of calcium from
ecosystems, which affects productivity, soil chemistry, water qualityresistance/tolerance of

biota to other stresses (Eaget al. 1995

Sensitive mountain streams and forest soils are being acidified to the point that the hialth of

parkb s -elévatibn ecosystems are in jeopardy (Flum and Nodvin 1995, SAMI 2282k high

elevation park streams have the highest nitrate levels of any systems in the U.S. that drain
undisturbed watersheds (Stoddard 1994). Acidification of streams causes declines in aquatic diversity
and native brook trout range and survival (Herkl. 1996, SAMI 2002). In addition, naturally

occurring organic acids are thought to play a key role and maywuh&iream acidificatio(Cook

et al. 1994).

Acid deposition affects various ecosystems in GRSM differently, depending primarily upon their
buffering capacity. The higher elevation systems and those areas underlainlinyastone geology

are the most vulnerable to change (Smoot et al. 2000). Nitrate and sulfate concentrations increase
with elevation, and pH and acid neutralizing capacity (AMecrease with elevation (Smoot et al.
2000); therefore, elevation, forest typad buffering capacities are important factors in risk
assessment.

The parkis also part of the mmonia Monitoring NetworfAMoN). Ammonia is a gas readily
released into #air from a variety of biological sources, as well as from industrial and combustion
processes. While ammonia has many beneficial uses, it can detrimentally affect the quality of the
envirommentthrough the acidification and eutrophication of naturalueses, the associated loss of
biodiversity, andheformation of secondary particles in the atmosphere. The dominant source of
ammonia emissions in the U.S. is agriculture (85%), largely from animal waste and commercial
fertilizer applicatios. AMoN providescritical datato land managers, air quality modeder

ecologists, and policymakers, allowitigem to assess lostgrm trendsn ambent ammonia
concentrations andeposiion, validate atmospheric models, better estimate total nitrogen inputs to
ecosystms, assess changes in atmospheric chemistry due@@for dioxide)and NQ (nitrogen
oxide) reductions, and assess compliance withh Pdtandards. There are currently 66 AMoN
locationsacross the U.SNADP 2013b.
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Data and Methods

The NADP is anational monitoring network of 258anitoring stations that measuaeid anions and
major caions. The NADP data used in this assessoensisted ofulfate(SQs?), nitrate(NOs),

and ammoniunfNH4") wet deposition for the years 192013. These data were recorded at an
NADP monitoring statior§Site TN11) located withithe parkat Elkmont and provided by, Renfro,
NPS These data represent a sufficiently long record to examine annual values asitt@sdsover
the past three decaddstp://nadp.sws.uiuc.edu/sites/siteinfo.asp?net=NTNandid=J.N'h& most
recent 16year trend analys of annual sulfate, nitrate, and ammaniwet deposition are compared
with monitoring data from other parks to provide a national and regional contététs reported
at GRSM (NP2013a).

Dry deposition data from the Clean Air Status and Trends Net@ABTNET) is also reported in
thisassessment. The CASTNET program is a national air quality monitoring network supported by
theEPA and NPSand isdesigned to provide data to assess trends in air quality, atmospheric
deposition, and ecological effects due to changes in air pollutargienisCASTNET provides
long-term monitoring of air quality in rural areas to determine trends in regional atmospheric
nitrogen, sulfur, and ozone concentraticarsd deposition fluxes of sulfur and nitrogen pollutgints
order to evaluate the effectivesseof national and regional air pollution control progréBiRA

201%). CASTNET operates more than 85 regional sites throughout the contiguous United States,
Alaska, and Canada. bk Rock is the locationdheparb s CASTNET moni toring st
(GRS420) with began operation in 1998. Status and trends of the data from 1999 to 2013 are
reported below.

Annual throughfall and wet N and S deposition monitoring data are available since 1992 for
coniferous vegetation #te Noland Dividewaterstedthrough a routine monitoring progrded by
the University of Tennesse€his is a higkelevation watershed (740 m [5,700ft]) in the sprucdir
ecosystem of the parKhroughfall deposition is the hydrologic flux of N and S from the forest
canopy to thdorest floor. It includes wet, drynd cloud deposition ansl a good technique to
measure totadepositin. Total depositiofis much greater ¢& times) tharwet deposition inputs.
Deposition fromboth wetprecipitation and throughfatiasdeclined sigificantly overthe past 20
years Fig.4.1.1.).
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Figure 4.1.1.1. Trends in sulfate and nitrate deposition from throughfall and wet precipitation at Noland
Divide, GRSM, 1992-2013. Source: J. Renfro, NPS.

Reference Conditions

Determining the referena®ondition for total sulfate and nitrate wet deposition is necessary to
identify ecosystems and resources in national parks at risk for acidification and excess nitrogen
enrichment. Natural background for both total sulfur and total nitrogen deposittoenéagtern U.S.
is 0.5 kg/hal/ywhich equates to a wet depositioinapproximately 0.25 kg/ha/yPorter and Morris
2007, NPS 2013b). NPS Air Resources DivisiNPS ARD)has established sulfate and nitrate wet
deposiion guidelines as: >3 kg/ha/yrdicatessignificant concern, -B kg/ha/yrindicatesmoderate
concern; and <1 kg/hal/yr regentsgood condition (NP2013b). For this assessment, the good
condition category of <1 kg/ha/ywas used as the ecological threshold and thus, reference conditio
for both sulfate and nitrate wet deposition. If park ecosystems are ranked high in sensitivity to
acidification effect§rom atmospheric depositiaelative to all inventory and monitoring parks, is
GRSM,the condition category is adjusted to the neattse condition category (NPZD13Db).

Conditions and Trends

For 2013, total sulfate wet deposition in GRSMNaland Divide) was 9.26 kg/kend nitrate wet
deposition was 3.65 kg/l{&ig. 4.1.1.1). The aerage ambient ammonia concentration measured at
Loo k Rock wal$Fig.et.1.52hanctgial wet nitrogen (ammonium and nitrate) at Elkmont
was 3.92 kg/h@Fig. 4.1.1.3). The sulfur and nitrogen deposition values are well above the ecological
threshold of <1 kg/ha/yr, and indicate significant concern for acid deposition in theNg8k
2013b).These conditions are consistent with data from other parks across thEigs$t.(1.1.4,

4.1.1.5) (NPS 2013a).
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Figure 4.1.1.2. Average ambient ammonia concentrations in the U.S. in 2013 as measured by AMoN.
Source: NADP/AMoN, J. Renfro, NPS.
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Figure 4.1.1.3. Annual sulfate, nitrate, and ammonium wet deposition at Elkmont, TN, 1981-2013.
Source: NADP - Site TN11, J. Renfro, NPS.
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Figure 4.1.1.4. Sulfur deposition conditions in U.S. national parks, 2008-2012. Source: NPS ARD, J.
Renfro, NPS.

Sulfate wet depositiowithin GRSM(at Elkmon) has been reduced substantially since 1981, with
values decreasingj from10.7 kg/ha/yin 1981 t03.0 kg/ha/yiin 2013 (Fig. 4.1.1.3. GRSM is
considered a park unit witvery high ecosystem sensitivity ranking for nutrient enrichment impacts
from sulfur deposition (NPS 2013b), and although these data indicate possible improving trends, they
also illustrate that major reductions are still needed to lessen adverse impacts on park resources and
ecosystems. Nitrate wet deposition within GR&WEIkmon} has shown an overall downward trend
(-23%)over the pasBOyears. However, a close examination & tfata by year revesd slight

increasing trend between 1981 and 109 kg/ha/yand4.06kg/halyr, respectively), when nitrate

wet deposition levels peaked, followed by a decreasing trend between 1997 2 Ei@0L1.1.3.
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Figure 4.1.1.5. Nitrogen deposition conditions in U.S. national parks, 2008-2012. Source: NPS ARD, J.
Renfro, NPS.

Ammonium wet deposition in GRSMt Elkmon}, on the other hand, increased by 8% during this

time period, from 1.64 kg/hal/yr in 1981 to 118fha/yrin 2013(Fig. 4.1.1.3).Thus, theatal wet

nitrogen depositiorrénd is unchanged between 2004 263 Nitrate values have declined since

1981 but ammoniumnalueshaveincreasedandthesé evel s st i |l |l exceed the
concer no | eyrwédtdepokitiorTBesekesultsiefiedt nationatrendsin sulfate, nitrate,
andammonium emissions, especially since 1997 (Driscoll et al. 2001), and are consistent with trends
in most parks across the U.§igs 4.1.1.6- 4.1.1.8) (NPS 2013a).

Dry deposition of sulfur and nitrogen measured within GRSM at the Look Rock station as part of the
CAST network has also shown a dramatic reduction. Sulfur dry deposition from sulfur dioxide and
sulfate has been reduced 84% since 1999 from a peak valuekgit®gazn 1999 to 0.52 kg/ha in

2013 Fig. 4.1.1.9). Nitrogen deposition of nitric acid, nitrate, and ammonium has been reduced 72%
since 1999 from a peak value of 4.82 kg/ha in 1999 to 1.34 kg/ha in Rig13.(.1.10).
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Sulfate in Precipitation
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Figure 4.1.1.6. Ten-year trends of sulfate in precipitation, 2003-2012. Source: NADP, NPS ARD, J.
Renfro, NPS.
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Nitrate in Precipitation
NPS 2003-2012 Trends
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Figure 4.1.1.7. Ten-year trends of nitrate in precipitation, 2003-2012. Source: NADP, NPS ARD, J.
Renfro, NPS.
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Figure 4.1.1.8. Ten-year trends of ammonium in precipitation, 2003-2012.

Source: NADP, NPS ARD, J.

Renfro, NPS.
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Figure 4.1.1.9. Trends in dry sulfur deposition at Look Rock, GRSM, 1999-2013. Source: CASTNET

GRS420, J. Renfro, NPS.
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Tenryear trends in annual mercury concentration in precipitation are compared with monitoring data
from 18 other parks to provide context fevels reported at GRSM (NFSRD 2013).

ReferenceConditions

Defining the reference conditions for mercury deposition is necessary to protect human health and
ecosystems at righf injury from mercury deposition. The United Nations Environment Programme

(UNEP) has determingtiatthe annual average atmbspic concentration of gaseous elemental

mercury in the troposphere over Europe and North America at background sites (i.e., unaffected by

local sources) is between 115. 7 S{AMARAINEP 2013. The U.S. Agency for Toxic

Substances and Disease Registy$DR) has established background fatura) levels of mercury

in urban outdood)nmirbdnOooandc@iNeamygy M 6ue fhme wa
ofwaer ) , and s o iofsoilf (RTGDR 1899)6 Xyomercuyy/ dgposition measments

are very limited; therefore, wet mercury deposition measurements (i.e., concentration in

precipitation) are used to establish ecological thresholds ancttdraza mercury trends (NPSRD

2013). Condition thresholds for mercury deposition havéeenh established by NPS ARD (2013);
however, a YisausadypadktcieftistssagGRB&isthe natural levelor local wet

deposition(J. Renfrg pers. comm)Meili et al. (2003) suggestédatpre-industrial global mercury
concentrationsipr eci pi t atgi. omusvereotOR of tahneds eO2v anlguels) (wWse
used as reference conditions for this assessment.

Conditions and Trends

For 2013, tot al mer cury we i whitteipwelsabdvéhenatural n GRS M
backgrs n d | e v e 1(Figo4i1.2.B and the highest leveince monitoring began in 2002. The

average total mercury concentration in precipitation for 2013 was 10.(Frgg#4.1.2.2), which is

above the ecological h r e s h o | dThese value@dicateyat Iéast some concern for mercury

depogion in the park(Meili et al.2003 NPS2013).

The rate of mercury wet deposition within GR®#sk remained relatively unchanged betw2@o2

and 2013; however, the decadal high of 20d 7 that occurredri 2013 results in a trend line that
shows a slight increase over the entireygar time periodFig. 4.1.2.9. Regardless of what the
trendshows these datallustrate that major reductions are still needed to lessen potential adverse
impacts on park esystems. Annual mercury concentrations in precipitation within GRSM have also
shown little change since 2BQFig. 4.1.2.9. The highest annual concentrations occurre2Dit?

(10.5¢ g)/and2013 (10.1¢ g)/ahd the lowest levels occurredn 2 0 O 9). Both of these ¢

trends likely relate to annual variation in summer temperatures (and hence, power plant production
levels) when mercury deposition and concentratae at their highest in theeutheastern U.S.

(NADP 2011b). National trends indicgtessible improvement at most monitoring siteig (4.1.2.3)
(NPSARD 2013). With the new federal standards now in place, we are hapaftuture levels will
improve.
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Figure 4.1.2.1. Annual total wet mercury deposition at Elkmont, TN, 2002-2013. Source: MDN, J. Renfro,
NPS.
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Figure 4.1.2.2. Annual mercury concentrations in precipitation at Elkmont, TN, 2002-2013. Source: MDN,
J. Renfro, NPS.
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4.1.3. Ozone

Relevance

Tropospheric ozone @Phas been recognized as the most widespread phytotoxic air pollutant in
eastern North Americ&fPA 1996). Once thought to be prevalent only in urban areas where
emissions of nitrogen oxides are high, ozone and its precursors are known to be transported to rural
and natural areas downwind (Aneja et al. 1990). Low levels of ozone have been showntto impac
human healthcausing skin and eye irritation, shortness of breath, and decreased lung finction
sensitive individualshowever high levels of ozone can cause symptoms in anyotiee general
population EPA 1999). Research has also establisheddbane is equally detrimental to the health
of vegetation. Trees that have been adversely affected by ozone commonly exhibit reduced
photosynthesis rates (Grulke 2003), reduced height and/or diameter growth (Somers et al. 1998),
biomass loss (Shafer and @ 1989) and/or foliar injury (Neufeld et al. 1992). If damage is great
enoughan entire forest ecosystem can be significantly altered (McLaughlin and Downing 1995
Chappelka and Samuelson 1998). It has been suggested that the ecological threkbiyltbisdir

than the current primag-hour standard of 75 parts per billion (ppb) (Heck and Cowling 1997).

Data and Methods

Data used in thiassessment consisted of 0zone concentrations for the year@ABAOThese data
were recorded at five monitoig stations located withithe parkat Look Rock, Cove Mountain,
Clingmans Dome, and Cades Cove in, aNd Purchase Knob in N@ndwereprovided byJ.

Renfro, NPSThese data represent a sufficiently long record with which to examine annual values
and assedsends over the past two decades.-Year trends in annual ozone concentrations are
compared with monitoring data from other parks to provide a national and regional contex¢i®r |
reported at GRSM (NP3013a).

Reference Conditions

Defining the refegnce condition for ozone concentrations is necessary to both detect when
concentrations reach levels of concern to human healtho identify park resources at risk for
injury from elevated ozone concentrations. Determining natural background conoestofibzone

is challenging, requiring measurements in remote locations when photochemical conditions and
winds are not ideal for ozone production andfansport (Reid 2007).d&kground concentrations in
the1990s in tha).S, reported by Altshuller andefohn(1996) were35 £10 ppb. More recently,
Lefohnet al. (2001) have suggestidtstratospheric intrusion is responsible for surface ozone
concentrations of O60 ppb. NPS ARD simngatianal EPAG6s N
parks. To attaithe NAAQS, the 3year average of the annuék-dighest daily maximum-&our
average ozone concentration measured at each monitor must not exceedeApbl@l). Since
2004, he Blount @unty portion ofthe parkwasin ozone norattainment for this standgrandwas

part of theKnoxville marginal norattainment areéseeFig. 4.1.3.1). However, data from 2013 show
attainment of the ozone standard at all timees in the Knoxville arealhe Tennessee Department of
Environment and ConservatioiDEC) and EPAmovedforwardwith the deignation process to
attainment, and in July 2015, the Knoxville area, including the (@okint County portion)was
redesignated to attainment of the ozone standard.
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Figure 4.1.3.1. Eight-hour ozone non-attainment areas in the U.S., using the 2008 ozone standard.
Source: J. Renfro, NPS.

Based on these regulatory values, NPS ARD has estabifshéallowings t andar ds: O76 pp
indicates significant concern; @15 ppb i ndi cates modersentssgpodoncer n;
conditon(NP2013b). For this assessment, the tgeood con

reference condition (and ecologithteshold) for ozone concentiats. If parksareevaluated as
high-risk for ozone injury to vegetatioas was GRSMhe condition categong adjusted to the next
worse condition category (NPZD13b).

In order to describe potential damage to vegetatidBRSM, a biologically relevant ozone index
called the W126 exposure indesxalso use@s a reference conditionhisis a two-fold desciption

which includes the sum diourly concentrations during the peak ozone season from March through
October. For th hourly sum, the W126 index weights the values using a sigmoidal function
according tahe followingequation:

P
p 0zQ *
Wiis the weighting factor for concentrati@min ppm, andVl andA are constants representing@3
ppm and 126 ppm, spectively. The constaitrepresents the ozone concentration of maximum
weighting, and lends itself to the naming of the index. By using this index, higher ozone
concentrations are weighted disproportionately greater since they present more of artfokat fo
injury and growth damagé.¢fohnand Runeckles 1987). For W126, highly sensitive plant species

A
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are affected beginning at 5.9 cumulative ppours, and moderately sensitive species at ZB8.
parkhas several species highly sensitive to ozmwtuding black cherrand tulip poplar

Conditions and Trends

The 5Syear averagérom 20092013 for the # highest 8hourozoneaverageand the 3year average

of the 4" highest 8hourozoneaverageat monitorsin GRSM were: Look Rock (74/74 ppb), Cove
Mountain (72/71 ppb), Clingmans Dome (72/71 ppb), Cades Cove (65/63 ppb), and Purchase Knob
(68/67 ppb)Each of these values fall within thimmoderateconcerio category §1-75 pph); however,
since GRSM wasvaluatedss highrisk for ozone injury to vegetatidrased on ahPS risk
assessmentheconditioncategorywasadjusted tdi wa r r a nt s oredrg(MASR201%pEp nt ¢
Althoughthe Knoxville area, including the park (Blount County portiagin attainment forthe

ozone standard, the area is navder a maintenance plawhich also requires that it be placed it in
thehwarrant s s i gcategbryThesenconditionsrare genenafly more severe than, and
inconsistent with, data from ahparks across thé.S. Fig. 4.1.3.2) (NPS 2013a).

Ozone concentrations within GRSM have steadily declined over the past decade, with design values
decreasing 29% from tt&0-year high of 104pb (at Look Rock) during 1991999, to 74 ppb

during 20112013. The &our ozonalesign values at Look Rock show an increasing trend between
19891991and19971999 (& and 104 ppb, respectively), when ozone levels peaked, followed by a
substantial decreasing trend betw&8871999 and2011-2013 Fig. 4.1.3.3. These trends reflect

thei mpl ement ati on of EPAOGS o0ozone precd998sE&PA contrc
2005), and are consistent with signifidgnimproving trends in most parks across the UFg).(

4.1.3.4) (NPS 2013a).

Ozone W126 exposures have also dropped over the past decadrampleyW126 values dropped
from 40 ppmhours in 1999 at Cove Mountain to 12.7 in 2012. That repreadd8%6 reduction in
W126 exposuredg. 4.1.3.5). In 2008, EPA recommended a seconsiarydard to protect sensitive
vegetation in the range ofI5 ppmhours, but did not promulgate a secondary standard using the
W126 exposure index. Although these data indicate improving trendslitséate that major
reductions are still needed t@s$en adverse impacts not oolythe health of park visitors, but also
park resources and ecosystefm 2012, the Jear average of thé&/126 exposure index ranged
from 8.1 ppmhours at Cades Cove to 16.4 ppours at Look RockFig. 4.1.3.5) These valugare
above the threshold (5.9 pgmours) for protecting highly sensitive vegetation.
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Figure 4.1.3.2. Ozone conditions in U.S. national parks, 2008-2012. Source: NPS ARD, J. Renfro, NPS.
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Figure 4.1.3.3. Trends in the 8-hour ozone design values at GRSM (3-year average of the 4" highest 8-
hour average), 1989-2013. Source: NAAQS, J. Renfro, NPS.
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Figure 4.1.3.4. Ten-year trends in annual 4" highest 8-hour ozone concentration. Source: NPS ARD, J.

Renfro, NPS.
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Figure 4.1.3.5. Long-term trends in ozone (W126) in GRSM (3-yr average of the 3-mo maximum daylight
[8am i 8 pm]), 1991-2012. Source: J. Renfro, NPS.
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record with which to examine annual values and assess trends over the past two decades. Trends in
annual PMsconcentrations are compared with data from across the U.S. to provide a national and
regional context for levels repod@at GRSM(EPA 2013).

Reference Conditions

The reference coiittbn for particulate mattezoncentrations is necessary to detect when
concentrations reach levels of concern to human heatibjlity, and park ecosystems; however,
natural backgroundoncerrations ofPMz.s have been difficult to define.HE EPA first established
NAAQS for fine particle pollution in 1997 and further revised them in 2006 and HRRZ01%).
There are currently two primary and secondary standards feg. RRhual prinary and secondary
standards are attained whenthg 8 ar aver age of the annudahd mean
015 §% rgspentivelydaily (24h) primary and secondary standaedlethe samgandareattained
when the 3year average of the annualf98e r c e nt i | &EHAAL012). Fd& this apgessment,
t he annual pr i ma r®was sisedian farende candlitior(@ndlogicad thresold)
for particulate matteconcentrationsThe Blount @unty portion othe parkis currently in PMs
nonattainment for this standard and is part of the Knoxvilleginal norattainment areaHg.
414.7).

Not shown on map
) Fairbanks North Star, AK

© Hawaii, HI

] 66 counties don't currently meet 12 ug/my \

EPA will not decide who needs to improve air quality to meet
the standard until 2014 at the earfiest. States will have until
2020-2025 o meet the standard.

Source: 2000-2011 alr qualty data as of Ay 15, 2092
For more Mformation: Waw.epa.gopm

Figure 4.1.4.1. Non-attainment areas in the U.S. for the 2012 annual PM2s NAAQS. Source: EPA 2012.
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Conditions and Trends

For 2QL3, the 3yearrolling annual average PMconcentrations20112013 for the eight monitor
locations in and around GRSM wet@ok Rock, TN 7.8¢ g £),(Knox Co., TNL 2. 2 g g/ m
Loudon Co., TN{ 1 . 3 3®),sRgaharCo., TN( 0 . 8 3),8BipunnCo, TN(1 0 . 5 3),sHgywand
Co,NC@. 9 3 $waimCo NC @ . 6 3§ and Bancombe, CONC @ . 1 3g Bhésmvalues

are all near or below the annual standard (except KngxT®k) and indicate minimal to moderate
concern for particulate matteondtion in the parkIMPROVE 2013 EPA 2013). Becausehe

Blount County portion of the park is within the Knoxville Rdhonattainment area, thmnditionin

this areds adjustedtothd@ wa r r a nt s onedrrgcategbry. Tha &tdte oE Tennessee has
requestedhatthe Knoxville norattainment area be redesignated to attainment (or maintenance area)
byEPA. This request hased Eepnesset dodlettequaltgnttalleddatat i | t h
for Knoxville monitors.

Particulate mattetoncentrations within GBM have steadyl declined over the past decadéth

values decreasing an average of about,4068m the 12year high values of 12-80.0 pug/ni (1999

2001) to 6.712.2 ug/ni in 2013 Fig. 4.1.4.2). The year2012 marks the firdime that values at all

monitoring stations in and around GRS&%cept one (Knox Co, TN; 12.2 pug/immetannual

NAAQS. These trends, whidire consistent with improving trends across much of the kgf&ct

EPAG6s continued efforts t o;dhlystandard Wwerersteengthened i cl e
in 2006 and the annual standardere strengthenead 2012 EPA 2012%). These regulatory

implementations are evidenthig. 4.1.4.3, note an initial slight decrease in annualZ2M

concentrationsintil 2003 followed by a leveling off of values until 2008 et they begin to

decrease again
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Figure 4.1.4.2. Annual PM2s design values in the GRSM region (3-year rolling annual average PM2s
concentrations), 1999-2013. Source: NAAQS, TDEC, NCDENR, IMPROVE, J. Renfro, NPS.
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Figure 4.1.4.3. Twenty-four hour PM2.s design values for the GRSM region (3-year rolling annual average
of the 98™ percentile values), 1999-2013. Source: NAAQS, TDEC, NCDENR, IMPROVE, J. Renfro, NPS.

The longest record of annual average particulate nadtafor GRSM is from the Interagency
Monitoring of Protected Visual Environments (IMPROMJipgram that measures Pdmass
concentrations to calculate visibility (2013). Particulate matter annaeh@es from 1982013
show that values have dropped 48%, with the high annual average of 14384290 and the
lowest annual average of 5.9 ugd/m 2013 Fig. 4.1.4.4).
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Figure 4.1.4.4. Annual average PM2s concentrations at Look Rock, GRSM, 1988-2013. Source:

IMPROVE, J. Renfro, NPS.

85






Reference Conditions

The reference condition for visibility is necessary to meeC#A goal of improving and preventing
visibility impairment in Class | areas (NR8133. Visibility conditions ae based on anterpolated
5-year average visibility minube estimated average natural visibility, where average visibility is the
mean of visibility between the #@&nd 6@' percentilesand natural visibility isvhat isestimated to

exist in a given area in the absence of humdncedvisibility impairment (NPS013b). NPS ARD

has established the following standards for visibility: >8 dv above natural conditions indicates
significant concern; 2 to 8 dv above naturalditons indicates moderate concern; and <2 dv above
natural conditions repsents good condition (NB13b). For this assessment, the good condition
category of <2 dv above natural conditions was used as reference condition for visibility conditions.

Condtions and Trends

Haze index scores recordedtime parkat Look Rock beveen 20092013 were 22.5 dv for 20%
worst days (11.31 dv natural conditions) and H¥.@or 20% best days (4.62 dv natural conditions).
Both of these values are above the threshbi®alv above natural conditions and indicate
significant concern for visibilityn the parkIMPROVE 2013).These conditions are consistent with
data from otheparks across the U.Ssig.4.1.5.1) (NPS 2013a).
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Figure 4.1.5.1. Visibility conditions in U.S. national parks, 2008-2012. Source: NPS ARD, J. Renfro, NPS.

GRSM has consistently experienced annual mean deciview wadlida excess of estimated natural
conditions on both the haziest and clearest d&yg.@.1.5.2). However, visibility condibns on the
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haziest daybasimproved over the past two decades, with values decreasing 137% frathytbar
high of 33.9 dv in 1990 to 20.2 dv in 20(FAgs 4.15.3 4.15.4).

Excellent >100 miles (1%)

Natural Summer 77 miles (2%)

Average Summer 17 miles (50%) || Poor <9 miles (10%)

Figure 4.1.5.2. Varying visibility conditions at Great Smoky Mountains National Park. Top left: excellent, >
100 miles (1%); top right: natural summer, 77 miles (2%); bottom left: average summer, 17 miles (50%);
bottom right: poor, < 9 miles (10%). Source: J. Renfro, NPS.

88



-4 20% Worst Observations —a— Glide Path to Natural Conditions
—&— 2018 VISTAS Modeled Prediction ¢ 20% Best Ohservations
35 7
: #®  30.28 (baseline worst
2 30 (* [ $€20.01 12
Q2 -
2 K]
U .-
o 25 20
a 2
~ v
x [+T+]
@
< 20 33 E
= 16.37 o
2 SN 54 S
I 15 L 13.20 =1
£ %%o OO 12.15 §
= 13.58 (!::ase[ine%est)<> <
T 10 > rrsy] 0
LS
5 A 152
0 T T T T T T T T T T T T T T T T T T T T T T T 243
bl === N e e e s i A A s R R R R R e o N Ry Ty RY= =Y ]
OO OO0 0000000000000 000000000000000000
el NN NSNSNNN NN NN NSNS NN NSNS SN NN NN SN NN SN NN NN

Figure 4.1.5.3. Visibility values on the haziest (worst) days and clearest (best) days in GRSM, 1990-
2013, with predictions to 2018, and the glide path to natural conditions for the haziest days. Source:
IMPROVE, J. Renfro, NPS.
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Figure 4.1.5.4. Improvement in haze on 20% worst days at GRSM, 1998 vs. 2013. Source: J. Renfro,
NPS.
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Visibility conditions in GRSM on the clearest days have also improved, but to a lesser degree, with
values decreasing 63% from 15.3 dv in 1990 to 9.0 dv in 2013. Annual mean deciview values in
GRSM during the perb20092013 averaged approximately 11.2 dv higher than estimated natural
conditions (11.3 dv) on the haziest days, and 6.0 dv higher than estimated natural conditions (4.62
dv) on the clearest days. These trends are consistent with improving trends prarkestcross the

U.S., Figs 4.1.5.5, 4.1.5.6) and are likely due to tighter NAAQS for ozone and,RIvid Best

Available Retrofit Technology (BART) rules and Reasonable Progress Goals (RPG) under the
Regional Haze Rule (EPA 208,2NPS 2013a). Althougbbserved trends over the leteym are
improving significantly, these values indicate that major reductions are still needed to reduce
regional haze and improve visibility within the park back to natural conditions by 2064. On the
haziest days, sulfate tise primary component of the haze, with ammonium sulfate levels in and
around the park having a direct influence on visibility trefdgs( 4.1.5.7, 4.1.5.8).

Visibility on Haziest Days
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Figure 4.1.5.5. Ten-year trends for visibility on haziest days, 2003-2012. Source: NPS ARD, J. Renfro,
NPS.
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Visibility on Clearest Days
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Figure 4.1.5.6. Ten-year trends for visibility on clearest days, 2003-2012. Source: NPS ARD, J. Renfro,
NPS.
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Figure 4.1.5.7. Light extinction on the haziest days in GRSM, 1990-2013, and components of haze.
Source: J. Renfro, NPS.
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4.2. Soil Quality

The GreaBmoky Mountains are among the oldest mountain ranges in the world.t@faeiion of
mountains, glacierand climate is a primary factor behithdt parb s r i ch bi odi versity
range from 267 m (87%) to 2,025 m (6,648), with the highest poirdat Clingmans Dome

(McCracken et all962) The core of the Smoky Mouaihs was formed at least 1 billion years ago

and consists of metamorphosed sedimentary and igneous rocks. The sedimentary rocks deposited
over these older rocks were formed approximately 800 to 450 million years ago, as soils, silt, and
gravel accumulatedpproximately 450 million years ago the rocks were metamorphosed by heat
and pressure. The last phase of Appalachanntain building occurred 200 to 300 million years

ago when the North American and African plates collided. This process uplifteditiee ent
Appalachian mountain chafrom Canada to Georgia (ThornbeEfrlich 2008). These series of
geologic events have produced a highly complex lithology which has, in large part, giverihiese to
parkb s  wrenowned biological diversity.

The parKies within the Blue Ridgerpvince,which wasformed largely during the Paleozacaby

tectonic shifting and faulting when the Blue Ridge was thrust to the northwest over the Ridge an

Valley province (ThornberrnEhrlich 2008. Althoughthe parkies within the Blue Ridge mvince,

its geology combines several aspects of the Piedmont and Ridge and Valley provinces which run

parallel to the north and southtbe park For this reason, it is considered a geologically distinct

subdivision as it represerddransition between that of the crystalline Appalachian provinces

(Piedmont and Blue Ridge), and the sedimentary Appalachian Valley and Ridge and Guinberla

Plateau (Thornberrhrlich 2008). Althougmo glaciation occurred in tteuthern Appalachian

glaciers influencetheparb s cl i mate and produced al pine condi
periglacial features, includinigoulder depositsra present irthe park

The soils resources in tiMRCA report are divided into three broad themesodf@hemistry, soil
carbon, and soil hydrology.o8 chemistry focuses on both soil conditions such as pH, acid
neutralizing capacity, cation exchange capacity, soil base saturation, a@d:sbi{calcium
aluminumratio). The soil carborsectionwill highlight changes imrganic mattedue to recovery
from both logging impacts anfdom steep mountain agricultumapacts wheresoils were decimated
andsoil cabon was dramatically reduced. Over timgs increase in soil organic mattandits
subsequerdecompositionhashada longterm positive impact by increasing soil cantandplant
nutrientswhich are slowly released to the mineral soil profile. Finally, the wiaddding capacity of
the soils is evaluated as a product of both soil depth andeeMthile precipitation is highly
variable across the elevational gradienG&SM, the soil water holding capacity serves as a buffer
to maintain the diverse vegetation through variable precipitation patterns.

A summary of aalyses and maps have beampleted for the following sloccharacteristics for

GRSM soil pH, soil acid neutralizing capacity, soil cation exchange capacity, soil base saturation,
soil Ca:Al,soil organidayer,soil carbon, and soil C:Kcarbon: nitrogen These analyses will fosu

on the upper soil horizons and on soil horizon data available via soil surveys. Dald Btudies
based on individual watersheds or study sites generally point toward decreasing soil canditions
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GRSM, especially in the higher elevatioktowever, tle lack of longterm, spatially balanced data
leads to lower confidence, and pointstdl analysis aa research need

4.2.1. Soil pH

Relevance

Soil pH is a product of weathered geologic parent material, atmospheric input, biological soil
processing, ankind use historyWhen soil pH is lowgrowth of acidsensitive plant speciesan be
inhibited; however, otherlgnt species with low sensitivity can tolerate soil pH to as low as 4.0. The
resultant impact is a change in plant community structure awayftnest species that favor basic
soils such asugar mapleAcer saccharumandredbud Cercis canadensjsand towards forest

species that favor acid soils suchlasdodendromndsourwoodBurns and Honkala 1990). The
impact of low pH is compounded anften overshadowed hifze resultingAl and Mn (manganese)
toxicity, and deficiencies in GaMg (magnesium)K (potassium)and Nasodium) These soil pH
factors often occur together and interact to compound their effects in a low pH environment.

Theresultant impact of a low soil pH will increase the acidity of soil leachate and runoff and

decrease streamwater pH and other surface water features including wetlands, bogs, ponds, and lakes.
This can impact fish and stream macroinvertebrates by disguptirregulationwhich can lower
bloodpressure and lead to circulatory failure. lon regulation is primarily impacted in low pH

conditions by the interference of hydrogen ions with the gill transport system, resulting in a decline

in sodium uptaketherely increasing body sodium loss (Grippo and Dunson 1996, dtiei2009).

Data and Methods

The most common soil laboratory measurement of pH is the 1:1 water nj€ticzt al. 2014). A
crushed soil sample is mixed with an equal amount of water, and aastirement of the
suspension is completed (USDA NRCS 2009). For each soil hotlaerattribute is actually
recorded as three separate values in the USB&Sdatabase. A low value and a high value
indicate the range of this atiute for the soil compant, and drepresentative” valumdicates the
expected valueFor this soil property, only the representative value is U38®A NRCS 2009).

This section includes six soil pH citatioriaf/lor 2008 Cai et al. 2010Grell 2010,Cai et al. 20114,
Cai etal. 2011bNeff et al. 2013 The authorgompile and compare soil pH of soil surface horizons
and include both single study s&nd comparisons of multiple watersheds.

Reference Conditions

Forested soil pH conditions typically range from 4.0 to 6.5cbhn be as basic as 9.0 in the case of
soils derived from basic substrat€gRSM contains 59 primary soil series across a wide range of
elevations and geologic features (USDA NRCS 20@3ulting in reference conditions that vary
widely (Fig. 4.2.1.1) The most sensitive soils (BRSMare at the higielevation sites where soils are
thin and atmospheric deposition is higksulting in sites that are susceptible to change with little
buffering capacity. Other higélevation sites in the region with at leasme soil pH data (Coweeta
Hydrologic Laboratory near Otto, NC duMount Rogers near MariolfA) have differengeologic
features than GRSMind areat lower elevationsgnd hence are not valid reference points for the
sites that arat 1,800+m (5,900+ft). Soil pH in peefreviewed literaturen GRSMranged from 3.8
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to 5.2 (Taylor 2008), 4.0 to 4.5 (Cai et al. 2010), and 4.17 to 4.61 (Neff et al. Rdb&pp and
Swank (1998) at Coweeta Hydrologic Laboratory measured soil pH ranging from 3.9 to 42aecro
elevational range from 782 tg347 m(2,566 to 4,419 ftjn deciduous forest habitats.

Soil Surface Layer pH

(1:1 Water Method)

I Extremely acid (3.5- 4.4)

77 Very strongly acid (4.5 - 5.0)
Strongly acid (5.1 - 5.5)

| Moderately acid (5.6 - 6.0)

I siightly acid (6.1-65

- Not rated or not available

Figure 4.2.1.1. Soil surface pH using the 1:1 water methodology from the GRSM soil survey. Source:
USDA NRCS 2009.

Conditions and Trends

GRSMexhibits a broadange of soil pH from extremely acid (3.5 to 4.4) to slighttidic (6.1 to
6.5). Sightly acidic soils are most prevalent at lower elevatidng. 4.2.1.1), where they are deep
and have accumulatedrbon calcium, and magnesiuriid-elevations are dominated by very
strongly acidic soils (4.5 5.0) that grade into extremely acid soils (3.5 to 4t4he highest
elevationgFig. 4.2.1.1).Spatially, the very strongly acidiciscover 81.15%f GRSM, followed
by extremey} acid ®ils at 13.32%, and less than 3%verage in each remaining category (Table
4.2.1.9.
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4.2.2. Soil Acid Neutralizing Capacity

Relevance

The risk of high aciidy in soil water and streanhie to pyriterich soils and geology is greatest at

the high elevations i®GRSM, where soils are thin and precipitation is high. The high acidity may
reduce stream organism biodiversity and reduce plant soil nutrient uptake due to lower soil nutrient
availability. Soilswith low acid neutralizing capacityANC) are most at risk to pH change from acid
deposition and henceay create less stable vegetattmmmunities (Driscoll et al. 2001). Stable
vegetation communities can provide a steady input afrocgmatter to theoil surface, which then
mineralizes and facilitate greater soil organic carbon contdeading toneutralization ofcid

inputs.

Data and Methods

Soil ANC data were reviewed from the literatu@»0k et al. 1994, Nodvin et al. 1995, Driscoll et al.
2001, Cai et al. 2010Grell 2019 and compiled for the available elevations and watersheds in
GRSM The data were sporadically available from a variety of sites and studies atBogsaa
published timeline (1994 to 2011).

Reference Conditions

Soil ANC in the park was found to ranff@m -174.5 to-18.6peq/I (Cai et al. 2010)Cook et al.

(1994 summarized the stream water pH &iIC of five high-elevation loworder streams in

GRSM, and foundhe pH at bas#iow ranged from 4.54 to 6.40 and the ANC ranffedh -30 to 28
peg/l Low-ANC streams had lower base cation concentrations and higher acid anion concentrations
than did the higtANC streamsThe dominant acid anions wek©s and SQ? (Cook et al. 1994).
Streamwater S£F was attributed to atmosphedeposition and an internal pyrite bedrock source of
sulfur. During storm events, pHeclinedat downstream sitdsy as much as 0.5 unitsnd ANC
declined by as much 4% peq/I (Cook et al. 1994)Soil ANC is tightly linked to stream ANC due to
soil waterdrainage during both storm and resturatd conditions The highprecipitation

conditions ofGRSM cause the soil nutrient and chemical conditions to be reflected in the stream
conditions during continualoil drainage and stream floNodvin et al.(1995 observed that the
poorly buffered soilsn the parkhave high rates of nitrat@trogen leaching occurring within the soill
profile, ranging from 1061,400eghdyear.Thisis due tathe high rates of nitrate asalfur

deposition in higkelevationsouthen Appalachiarforests withinGRSM

Conditions and Trends

Areas of the park with pyritech geology and so{Fig. 4.2.2.1,Table4.2.2.) also generallyhavea
low ANC. Thegreatest risk of pyrite exposure tends to be at the higher elevativiiesthe lowest
risk is generally located at the lower elevations. Zhou €2@15 summarizedhe ANC from 12
sites aganging from-13.8neqg/lat1,168m (3,832ft) to 90.3rreql at 780m (2,559ft) with an
elevational range dhesites from 1798 b 545m (5,899 to 1,788t).
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Affected Soils & Streams

Anakeesta Formation
——— Named Streams & Rivers
I High Risk of Pyrite Exposure
7| Moderate Risk of Pyrite Exposure
- Low Risk of Pyrite Exposure
" No Risk of Pyrite Exposure
[:] Water

Figure 4.2.2.1. Pyrite rich soil and geology of Great Smoky Mountains National Park and the resulting risk
of pyrite exposure. Source: USDA NRCS 2009.
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soil insects, and small mammals from extremepeature fluctuations across tlange of elevations
in GRSM

Soil organic carbo(SOC)serves as a moderator betwdemorganic matter accumulating at the soil
surface and the biologically active soiganic carbon (BASOCholding nutrients and watem the

soil mineral horizon. Whil&OCdeclined severely at lower elevatiansgGRSMwhere agriculture
persisted for decades, it has now begun to accumulate again afsucoassional forests have
reestablished. The surface organic matter pool has dexktoq generas a consistent source of
SOCinputto soil mineral horizonsWhile atmospheric and vegetation inputs have continued to
change irthe park the soil carbon concentration helps to modify and stabilize those dynamic
changes and maintaitionand moisture pools.

Data and Methods

SOC whichis carbonin soil that originated from a biological source, such as plants, Enona
microorganismsis found in organic and meral layers of the soil. i$ calculated akg C/n? x 2m
depth.

ReferenceConditions

The averagearbon concentratiofoundin deadcoarse woody debrlsiomass, fronbolesin spruce

fir forests of GRSMwasmeasured at7%, while total carboraveraged 34.9 MpA (Rose and

Nicholas 2008)The mean stoc&ndthe calculated mediamrnover timeof SOCranged from 4.4 to

12.2 kg Cn? and 11 to 31 yearsgspectively. Both foreSOCstock anl the predicted turnover time
were found to increaseith elevation(Garten and Hanson 200®)reed at al. (2004) determined the
carbon conteni organic soil, mineral soil, and total belowground to be 55.3, 18.0, and 73.2 Mg/ha,
respectively

Conditions and Trends

Soil organic carbon ilsRSMincreases witlelevation(Fig. 4.2.6.1),and was found to range from O

to 44.9 kg/m (0 to 449 Mg/ha), wh maximum values occurring at the highest elevations in GRSM
(Table 4.2.6.1). This trend partly due to the agricultural history of lower elevation sikdgere soll
carbon was reduced as a result of cultivateord increased soil temperaturesdingto higher soil
respiration. In addition, the higher elevations, which were not heavily impacted by agriculture, are
colder and accumulate soil carbon as a result of slower rates of decomposition and respiration.

109



GRSM Soil Organic Carbon National Park Service

U.S. Department of the Interior

Smoky Mountain National Park

1 A
Soil carbo'_‘ kglm 2 by 2m depth Great Smoky Mountains National Park
(Weighted Average) &
Non-Soil Blsi-113 Western Carolina University
11-51 B 11.4-170 3 &
52-62 B 171-271 N Miles
0 10
- 63-80 - 272-449 W<¢E [ — ]
: Frigid Soil Climate (Overlay) ! Kigmetets
Classes determined by natural breaks

Figure 4.2.6.1. Soil organic carbon in Great Smoky Mountains National Park to a depth of two meters.
Source: USDA NRCS 2009.
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Table 4.2.6.1. Soil carbon classes in Great Smoky Mountains National Park, delineating temperature regimes, spatial extent, and average
elevation. Source: USDA NRCS 2009.

Soil Carbon Class* | Soil Dominant Total Area of Percent Frigid Average
Ranges (kg/m?2 by | Moisture Area within GRSM | Percent of area | Temperature Frigid Regime | Temperature Regimes | Elevation (Area
2 m depth) Regime (ha[ac]) within GRSM | Regime (ha[ac]) Within Class | Weighted in m)
Non-Saoll NA 1,866 (4,611) 0.90 | N/A NA NA 652.57
1.1-51 Udic 22,014 (54,398) 10.67 | Mesic 157 (387) 0.71 798.20
5.2-6.2 Udic 63,469 (156,835) 30.76 | Mesic 15,432 (38,133) 24.31 1,016.61
6.3-8.0 Udic 68,763 (169,918) 33.33 | Mesic 1,260 (3,114) 1.83 981.14
8.1-11.3 Udic 16,061 (39,688) 7.78 | Mesic 5,758 (14,229) 35.85 1,148.68
11.4-17.0 Udic 23,314 (57,610) 11.30 | Mesic 6,039 (14,922) 25.90 1,020.28
17.1-27.1 Udic 10,049 (24,834) 4.87 | Mesic 9,723 (24,025) 96.74 1,523.68
27.2-44.9 Udic 781 (1,929) 0.38 | Frigid 724 (1,790) 92.82 1,293.09

* Soil carbon classes are determined by using natural breaks in the data. Carbon data values are derived as weighted averages.
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4.3. Water Quality

The landscape within GRSM can be swimtid into 45 major watersheds (minimum sifekn?

[1.93 mf]) contairing over4,684km (2,910mi) of streams
(https://irma.nps.gov/DataStore/Reference/Profile/220p&utface waters withithe park

including the hundreds of connected riparivetlands whicborderthe streams and rivers, are

viewed as a critical ecological resourcel aprimary determinanttiepar® s over al | resou
condition Water quality in particular is considered an important ecologicalataticandvas

identified bythe parkas the highest rankingtal signcategoy on the basis of ecological

significance (NPS 2011Poor water quality can act as a significant ecological/biotic stressor, lead to
ecological system deterioration, and negatively affect the rean@afind aesthetic value of the

region (Deschu and Kavanagh 1986)

4.3.1. Data and Methods

Past and Current Monitoring Programs

Prior to 1993water quality data were sporadically collected within and immediately adjacent to
GRSMas part of several regional monitoring efforts and/or local research investightimisof

this datais summarizedn NPS (1995), anis$ availablealong with more recent dateom STORET
(STORage and RETrieval), which is an electronic data system fer gquaality monitoringlata
developedy theEPA (http://www3.epa.gov/storet/dw_home.hjml

Beginning h July1991 water quality datavasintensively collected witin the highelevation
NolandDivide watershed, and has continuedhe presentHig. 4.3.11). Thiswatershed was

initially selected as an Integrated Forest Study site in the 1980s for investigating the effects of acid
rain on forest nutrient cycling, and to assess the response(s) akesweters to acidic deposition.

The Noland Divide watershed encompasses an area of 17.4 ha (43.0 ac) and ranges in elevation from
1,680 to 1,920 m (5,519 to 6,299 ft). The sampling program includes the collection of water
associated with wet depositionrdiaghfall, soil water (via lysimeters), and two headwater streams.
Stream water samples were collected weekly from 1991 to 2000; since 2001 samples have been
collected bimonthly. Both stream water sampling sites were (and are currently) equipped with an H
flume and a stage recorder, allowing for the calculation of discharge. Most samples have been
collected during base flow. The samples are analyzed for pH, ANC (acid neutralizing capacity),
conductivity, acid anions (GISQ#, NOs), ammonia (NH'), andbase cations (C§ Mg?*, Na,

K*). The base cations €and M¢* were not measured between 1993 and 1998.
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Figure 4.3.1.1. Morphology of the Noland Divide watershed and location of the various monitoring sites
(upper), and location of Noland Divide watershed in GRSM (lower). Source: Fisher and Wolfe 2012. (CD
i Clingmans Dome; ND i Noland Divide).
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Additional data have been collected throughout the park since 1993. The design and implementation
of this monitoring network was initiated three years egr(in 1990) in order to: (1) develop baseline

data sets, (2) analyze and reportontongr m data for a fAmodesto set of
data andnformation on resource conditionsgark managers, planners, interpretarsd other

groups (Emmott et al. 2005). The program was specifically intended to identify the potential impacts
of acid deposition on GRSM streanatsrs (VanaMiller et al. 2010).Initial sampling began with the
establishment of the patkide basdlow stream survey including 185 monitoring sit€sg(. 4.3.1.2).

An additional 119 sites were added in 1994, followed by the addition sife&s3in 1995 (Cai and
Schwartz 201R These combined 357 sites were selected to evaluate the spatial Wanakitter

quality within the parlas a function of topography, geology, forest types, and disturbance history.
They were mondred semiannually from Octobet993 to 1995
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Figure 4.3.1.2. Location of water quality monitoring sites within GRSM since 1993. Listed 303d streams are those listed in 2012. Source: Cai and
Schwartz 2012.



Since thanitial establishmenof the parkwide monitoring networkthe number and location of sites
have changealong with he frequency of sampling (Fig.31.2). In 1996, data were collected
monthly at 160 sampling locations, while in 1997 the number of sampling locations wesd¢d

90 and data were collected quartef@a{ and Schwartz 20).2in 2004, the number of monitoring
locations was reduced to 43 sites locatesewven watersheds (Abrams Crekkites; Cataloochee
Creeks8 sites; Cosby Creek sites; Little River3 dtes; Oconaluftee Riveb sites; Road Prong/Rt®
sites; and Hazel Cregkl sites). Thd1sites along Hazel Creek are sampled biannually; the
remaining 32 sites asampled bimonthly. Twentgevenrsites have a complete record of monitoring
data extending m 1993 to 204. In 2015, the new Vital Signs monitoring program was initiated,
which involved the collection of 46 water samples in each of six primary watersheds (Abrams Creek,
East Prong Little River, Middle Prong Little Pigeon River, Cataloochee Cbexddp Creek, and

Hazel Creek) and in the Cosby Creek watershed. Within each watershed, at least one sample is
collected in each 305 m (1,000 ft) elevation band represented within the watershed.

Sampling has primarily relied drase flow grab samples withtonegardto stream flow conditions
(i.e.,stormflow versus badtow) to capture the full range of chemistry across the collection period
Classification of stream flow as either ballew or stormflow has been conducted by some
investigators on the basi local precipitation records and adjacent USG&gay station data.
Collected water samples were (and continue to be) analyzed for pH, gran ANC, conduasijaty,
acid anions (C) SG#, NOz), ammonia (NH'), majorbase cations (G4 Mg*, Na', K*), andfrom
2003 tothe present, selected metals including(Aluminum) Cu(copper) Fe(iron), Mn
(manganese)Si (silicon), and Zn(zinc).

Methods and Analysis

The primary threat/stressor of concern with regard to water quality is atmospheric deposition of acid
pollutants in the form of sulfur (S) and nitrogen (N) compounds. Both S and N deposition can
potentially lead to longerm (chronic) or episodic (floodleged) acidification of surface waters
(Baumgardner et al. 2003, Weathers et al. 2006, NADP 2006). Air quality monitoring data collected
since the 1980s have shown that GR®Eives some of the highest levelsolfate and nitrate
depositionn the U.S. (e.gNodvin et al. 1995Shubzda et al. 1995moot et al. 2000, NADP 2006
Sullivan et al. 2007)Kig. 4.3.1.3), with the highest rates of deposition occurring at high elevations
(Weathers et al. 2006). Sampling within the Noland Divideevgiied has shown that atmospheric
deposition rates for both sulfate and total N have decreased during the past seve(faigyears
4.1.1.1)in response to pollutant reduction measures implemented iRZBB These reductions
occurred at TVA fossil fuelgwer plantsandat other fossil fuel plants located within states
surrounding GRSM and throughout the middle and upper Midwest (Schwartz et al. 2014).
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Figure 4.3.1.3. Average annual wet deposition of sulfate and nitrate in U.S. National Parks. Source:
Vana-Miller et al. 2010, NADP.

Surface waters throughout the eastern Un8luding GRSM, are particularly sensitive to

acidification because the underlying bedrock contains limited concentrations of base metals and,
therefore, lackthe capacity to buffethe input ofacid forming compounds to stream watetig) (

4.3.1.4) (Herlihy et al. 1996Stream acidification has also been linked to exposures of the Anakeesta
formation- a slate/phyllite containing sulfide minerals that underlies localized aréaes rark (Neff

et al. 2013). Upon exposure to water and air the sulfide minerals (e.g., pyrite) are oxidized releasing
protons (H), sulfate, and other metals to water bodBasth chronic and episodic stream water
acidification has the potential to negadly impact aquatic biota within the park (Deyton et al. 2009,
Neff et al. 2009, Cai et al. 2011, Cai and Schwartz 2@i2gn the potential ecological threat
associated with stream water acidification, pH ANC were selected as indicators of water quality,
whereas sulfate, nitrate, and organic acids were chosen to characterize the primary drivers of
acidification In addition, selected metals were included in the evaluation as they may be mobilized
in acidic waers. For example, dissolved aluminum (Al), especially when occurring in the form of
inorganic monomeric aluminum (#), is particularly soluble in acidic waters (Driscoll et al. 1,980
Driscoll 1985 Hermann et al. 1998aldigo and Murdoch 1997). The remiag measures, including
specific conductance and water temperature, are required parametershgitiiPS Inventory and
Monitoring Network, and provide an overal/l [
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Figure 4.3.1.4. Lithogeochemical map showing the general distribution of rock types by their general geochemical composition. Source:
Southworth et al. 2004; Source: Vana-Miller et al. 2010.
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