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EXECUTIVE SUMMARY

Data from synoptic sampling of streams in the Great Smoky Mountains (GRSM) National
Park were analyzed for the years 1993-1998. The analysis was only for sites currently monitored
and included 1) descriptive graphs of water quality vs elevation and maps of spatial variability, 2)
relationships between drainage basin characteristics and water quality, 3) time trends, and 4) the
hydrological representativeness of sampling. Historically, bianmual synoptic sampling of 367 sites
began in 1993. This was reduced to 160 sites in 1995 sampled monthly, and then later reduced to
the current 90 sites sampled quarterly. Grab samples were taken and analyzed for major cations
(calcium, magnesium, sodium, potassium and ammonium), major anions (sulfate, chloride and
nitrate), pH, acid neutralization capacity (ANC), conductivity and, at times, aluminum and silica.
Several purposes are served by the sampling including: long-term trend detection of impacts from
acid deposition and global climate change; suitability of water quality for aquatic life; assisting the
Park in managing its resources; and development of an understanding of what factors control and
impact water quality.

Water Quality and Spatial Variability

Streams of the GRSM are generally low ionic strength waters (about 95% of stream
sampling sites have conductivity values less than or equal to 25 microsiemens per centimeter
which roughly corresponds to about 16 mg/L of total dissolved solids) with minimal ability to
neutralize acids. Table 1 summarizes statistics for several water quality parameters. According to
ANC classification ranges given by Webb et al. (1989) and applied to streams in the GRSM as
shown in table 2, it is clear that most streams are sensitive or extremely sensitive to acid input.
Also, about 77% of the sampling sites have median pH values less than 6.5, which some
references cite as a concern level for effects on aquatic organisms such as sensitive benthic
invertebrates and which is used as a water quality criterion in some states.

Elevation Trends

Strong elevation trends are seen for many water quality parameters. Figures 1-8 show
trends for pH, ANC, nitrate, and sulfate. Other analytes are included in the body of the report.
Conclusions based on these elevation trends include:

O  There are no statistically significant elevation trends for chloride, conductivity, or sulfate.
The lack of an elevation trend for sulfate implies that the concentration of sulfate in
precipitation does not vary greatly with elevation. Indeed, the 1991-1999 average of
annual mean precipitation-weighted concentrations at the Elkmont National Atmospheric
Deposition Program monitoring site (Elev. 640 m) were sulfate - 1.35 mg/L (28.1 peq/L),
nitrate - 0.87 mg/L ( 14.1 peq/L), ammonium - 0.16 mg/L ( 8.89 peq/L), and lab pH -
4.56 compared to the Noland Divide open site (1740 m) unweighted precipitation

xil
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Figure 1. Elevation trend for pH in sampled GRSM streams.

7.50
]
& Median pH=7.078+(-9.452E-04elevation)
r’=0.51
ooy Model p=0.000
." .'... :
6.50 4 "."l.‘f - ':- .
T “ad Nl a "t :
a s H 8, '- [ ]
c e off., ae .
S 6.00 a 0 tepm,
e} | ] '.. o
= . e
.- Ve,
5.50 4 " . e,
4 -
5.00 o (1]
L] ° -
4.50

200 400 600 800 1000 1200 1400 1600 1800
Elevation, in meters above mean sea level
Figure 2. Regression analysis of median pH in sampled GRSM

streams.

xiv



1650

E 1450 o %
8 1250 4 "
n
g 1050 1 *
1y *
2 8504
3 y %
g 650 » ; ¥
Q
‘E 450+ ¥
= *
£ 8 *
G 25071 0
Z ¥ ¥ -
: . Bk o o e e
asod R
7 Z 7 4

Elevation, in meters above mean sea level

Figure 3. Variability of acid neutralizing capacity in sampled GRSM
streams.

1250
1150 4
1050
950 +
850 4 .
750 4
650 »
550 o
450 4
350
250 4

150 4 ) .
50 4 ot f..q ': '~

-50 '. '-“'l‘-""".- * "oy
200 400 600 800 1000 1200 1400 1600 1800

Median ANC, in microequivalents per liter

Elevation, in meters above mean sea level

Figure 4. Scatter plot of median acid neutralizing capacity in sampled
GRSM streams.



110

e
[4]
=
5 801
a
7.
A
c
o 704
O
=
=]
g 504
o
[
o
£ 30 o
=
L
S 104
=
=z
-10
It b 6. = 9, 7 7 7 4
% B, R, Ry R, B Y, B R s
\76‘) elb ) '9’7 70 /27 '9‘/ e/ =, 2
O e, e )
7 -5 >

Elevation, in meters above mean sea level

Figure 5. Elevation trend for nitrate in sampled GRSM streams.

80

. .
_5_ 80 1 Median nitrate = -8.423+(3.301E-02elevation)
Y =047
£ 704 Model p = 0.000
@ ]
£ e .
: .
g gl : e
E m .
.E o . | ] L] 1“' :
- ‘l. a
2 309 - ok ‘.‘."
= [ en Y L °
E 201 ® s ,tae  ®f
s « Pomole .
'é 10 1 TR :.. o e l-
o] . ® a "a™ e s

200 400 650 800 1000 1200 1400 1600 1800

Elevation, in meters above mean sea level

Figure 6. Regression analysis of median nitrate in sampled GRSM
streams.



Sulfate, in microequivalents per liter

600

500 +

400 4

300 4

200 o

100 o

*
¥

Elevation, in meters above mean sea level

Figure 7. Variability of sulfate in sampled GRSM streams.

Median sulfate, in microequivalents per liter

350

300 +

250 o

200 o

150 »

100 +

50 «

0

.
N " a® . : .II e
e =& a

g B ,2ns
VAT WG L, gttt

200

400 600 a0 1000 1200 1400 1600

Elevation, in meters abave mean sea level

1800

Figure 8. Scatter plot of median sulfate in sampled GRSM streams.

xvil



concentrations of sulfate - 1.67 mg/L (34.8 peq/L), nitrate - 0.87 mg/L (14.1 peq/L),
ammonium - 0.27 mg/L (14.73 peq/L), and lab pH - 4.62. All things considered, sulfate,
nitrate, and pH are similar between the two sites but ammonium differs by about a factor
of 2. (Note that similar sulfate concentrations do not contradict a much greater flux of
sulfate at higher elevations. A greater flux at higher elevations is expected, because there
is greater precipitation at higher elevations. It also does not in any way imply that stream
acidification is not caused by acid deposition.) For most elevation classes shown in table
1, the sulfate concentration in the precipitation approximates the stream concentration. It
should also be noted that there is a peak in sulfate concentration in the 1000-1500 m
elevation range most likely due to sulfate bearing geologies which is then diluted at lower
elevations. The lack of an elevational change in conductivity, which is an aggregate
measure of total ion concentration, implies that there is not a very large change in the total
concentration of ions but does not rule out changes in ionic composition.

There is a statistically significant increase in nitrate and decrease in sodium and potassium
as elevation increases. ANC also decreases as elevation increases, and ANC
concentrations are more variable at lower elevation due to presence of carbonate
geologies. (Note that ANC is closely tied to bicarbonate concentration which is presumed
to be the dominant alkalinity form: [HCO;] = ANC + [H'].) The reason for the increase
in nitrate with higher elevation could result from higher concentrations in precipitation or
greater fluxes at higher elevations, interactions with soil, e.g., nitrate saturation of the soil
at high elevations, uptake/release of nitrate by vegetation, which concurrently releases
alkalinity, or a combination of these or other mechanisms. According to some experts, it
is reasonable to expect lower nitrate concentrations at lower elevations because of greater
nitrogen uptake at lower elevations due to younger forests, however no direct quantitative
proof of this effect can be offered at this time. It is noted that the sum of ammonia, which
should oxidize to nitrate, and nitrate concentrations in precipitation is 29 peq/L at Noland
Divide compared to 23 peq/L at Elkmont. Table 1 shows that nitrate concentrations in
lower elevation streams are less than the precipitation values while higher elevation
streams and springs exceed them. It is also noted that the decrease in nitrate from high
elevations to low is on the same order of magnitude as the increase in bicarbonate as seen
in table 3.

There is a statistically significant trend of decreasing pH with increasing elevation. The
median pH is 5.05 for the highest elevation class and 6.64 for the lowest. The mechanisms
driving the pH elevational gradient have not been established with certainty. Based on
earlier discussions of sulfate trends, it does not seem likely that pH elevational gradients
are strongly linked to elevational gradients in the concentration of sulfate or nitrate in
precipitation. There may be a relationship with flux rates, but it seems more plausible that
the pH change is related to chemical/biochemical reactions in the watersheds which change
the overall ionic composition. It is noted that there is a statistically significant correlation
between pH and ANC, nitrate, sulfate, sodium, and potassium with Kendall’s tau
correlation coefficients of 0.869, -0.588, -0.309, 0.589 and 0.494 respectively. In other

xviil



Table 3. Changes in ion concentrations with elevation.

Constituent

Change in ions, peq/L
(Highest elevation
class - lowest)!

Change in ion, peq/L
(Third highest elevation
class - lowest)"

H -8 -1

Na* +14 +10

K* +1 +2

Ca* not available not available
ﬂ{' not available not available

TOTAL CHANGE +10 +11

ANIONS

HCO; (without ANC +89 +79
outlier)

NO; -61 -29
Cr 0 -1
SO +13 -20
TOTAL CHANGE +41 +29

"The highest elevation class has only spring sources and the third highest class is the highest elevation class not strongly

influenced by springs.
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words, as pH increases, i.e., as the proton concentration decreases, the sodium, potassium and
calculated bicarbonate concentrations increase while the sulfate and nitrate concentrations
decrease. This would be consistent with chemical/biochemical reactions which are substituting
the hydrogen ion with other cations. Regrettably, valid calcium and magnesium data are not
available for this period, but future analyses incorporating such data may provide further insights.
Note that the actual change in hydrogen ion concentration is for the most part much smaller than
the change in total cation or total anion concentrations as shown in table 3. The correlation
between pH and sulfate, which is the weakest of the above, is most likely due to sulfide bearing
geologies. A clear correlation of lower pH with pine and fir forests compared to hardwood was
expected but not seen.

Relationships Between Watershed Characteristics and Water Quality

An understanding was sought of what factors control water quality in the Park. The
specific objective was to identify relationships between the water quality at the sampling sites and
the characteristics of the contributing drainage basin. Correlation analysis and multiple linear
regression were the tools used to uncover relationships. The drainage basin characteristics
included geophysical descriptors (basin coordinates, azimuth, elevation, slope, length, area, and
shape), hydrologic descriptors (stream order, stream density, channel slope, and maximum
channel length), the percentage of basin underlain by various bedrock geological formations, the
percentage of basin covered by various forest types or balds, and the percentage of basin having
been undisturbed, lightly cut, selectively cut, heavily cut, or settled. Through correlation analyses,
discussion with experts, and trial regressions, the independent variables, i.e., the drainage basin
characteristics, were reduced to a more manageable number by combining several similar
geologies and by eliminating variables that were highly correlated with each other. Notably, the
orientation, i.e., azimuth of the basin’s axis, did not show significant correlation with water
quality, and was not considered further.

The multiple regression method used to identify statistically significant relationships was a
rigorous step-wise multiple linear regression procedure using SPSS. The details of the procedure
are documented in the report, but included minimization of collinearity, analysis of the influence
of outliers, and inspection of partial regression plots for problems such as curvature and
heteroscedasticity which if found led to investigation of data transformations to find the best
model.

The results of the regressions are summarized in tables 4 and 5. Several observations and
conclusions are summarized below:

QO  The regression models fit the data well and explained much of the variance in the data in
several cases. For all the models, the adjusted r-square ranged from 0.55 to 0.98.

O  The presence of limestone or Anakeesta formations in a watershed significantly effects



“3U0)SSTWIIT OU SABY YOTJM SUISeq JOf uonenba uotssa1gal oy sig
‘SUOISSTWY] UIBIUOD YOIYM SuIseq JoJ uorjenbs uorssorga sy st
NeQ-ourd pue “feQ ousy ‘ourd ‘reydod din, ‘pooMpIel] SISAIN PIXIN BO OISO £q po12400 mIseq o) Jo a5ejusoiad oty ST Od XA LIWNIN
"POOMPIR] OISO PAXIJA] Aq PAI2A0D UISeq oy} Jo aFejuadrad oyy ST HINIA “(01°0>d) nreoyruSts o1e papodaI SJUR)SUOD PUE SJUSIOYFA0D IV 310N

(pooMPpIBL] WISYHONYT0-HI9IT v+

0000 0L0 (e15990(BUY 04+ 20-H 18 - )+(us010d wr odo]s ISLq=691°0-)+TH8 61 wnissejoq

000°0 L0 (HININY*F6¥"0)+(us01ad ur odofs urseqs806 0-)+911 S JUMIpoS

€00°0 88°0 ((ouoisammTo,)S0[LLE 6)+9T6 T JUNIpog

(POOMPIR WISYHON%,+T0-HSE9 O+
(ouO)SpUBRS JUOUD[H%*Z0-H9S 1 7)+(SU0ISSWI % b6£ 0)+
000°0 09°0 (319w orenbs 1od 19190 UL AYISUSP WRANSe £ 1D+106 41 spuo[y)
000°0 £9°0 (o(B15209RUY %4 )+ 776" T)H+((PAGIMISTPUNS )« £0-HLEE TIH+0TETT I
(B1S900RUY 4 0-HSSS S+
(HININY%*8 €T 0-)+(zo10mo[ry axenbs 10d SI530TOD] UT AJISUSp WeanS6 1" G-+

0000 L80 (5sB]0 UOTRAS[9689 7)+(PGISIPUNG,+ZTT 0)+159°L S1eOIN

0000 SS0 (B1500BUY Y+ 70-H9 YY" €)+(PRQIISIPUN 4+ 70~-HITS PHFTI6 11 ANanonpuo)

0000 860 (SU0ISIUI % 8ES SHPLETT LANATIONpUOD)

(1uoo1ad T adofs WISBqe680 [-)+
0000 180 (oo(sT030mo[ry Ut yySusy [aureyd xew)s£09°§)+(OIXILNININYe* €98 0)+9L6 TS DNV
0000 860 SUOJSSWI %709 19 DNV
(19p10 WeaNS+7(-678 '8)+(uo01ad ut odos WISLqs70-HEOT T

000°0 ¥L0 (SI910UX UT UOTRAS]S URSW=}(~H908 S-)+178'L Hd

dppoly I passnlpy IPPOIN JUININSUO))
*SINSLIINIBIBYD

uiseq Suisn son[eA JUIMNSU0d A)penb 13jem uprpour Sundipad 1oy symsox wo1s§3133.1 opdnnux 3smda)s jo Lremumg “p I[qe],



“10do T $-€ S[qE, JO WoYoq 295 ‘So]qeiTea Juspusdspur pajeiARIqqe JO uoneue[dxs JoJ,
“(1eaumyue0 Jod suewoTsoIoT) AjTATIONpPUOS pue (sprun piepuess) Hd jdaoxa Jeyf 1od spusRAIND20I0TUT oTe SjuaTyTiSu0o AJTenb Jajem [re Jof SHU(),
“rourdo]aAsp [9pO J0] PaST SUISeq I S[qELTeA Juspuadop JO SOTSIE)S ATRTIns SIPTIUT ULmM{od PIAIRSGO,

‘sati[ea pejotpaid [apour 10J soNSHE)S ATeUIUNS SAPN{OUL UWIA[0O PAjOIPald,

SUOTOLISAT JaY)0 ON
peysI] soSURI UNpIM 29 PINOYS SI[qeLre juapuadepu]

($'86 ‘0°0) POOMPIEE] WISON
(0°001 “0°0) TIsaoxEUY
(1L ‘g s 7) =doys uiseq

(6701 ‘8L°91 “LL'E)

(0£'01 “SEV1 28°T)

umysseod

€}5203BUY PAGINISIP OU PUE SUO0JSSUIN] JNOUIIM Suiseq Jof a[quaiddy
PoIsl] safuer UM 9q PInoYs SI[qeIIeA juspuadapu]

(e'6v ‘0°0) HNN
(1°zL “g's7) adofs utseq

(b0'SE ‘85769 “96°'12)

(9L €€ “LY'9S ‘TTOT)

JunIpos

©)Sea3{eUy POqItSIP OU PUE SUCISSUI' UTEjUoo Yoltpm suiseq 1of a[qearjddy
Pa)5T] 25UBT UNPIM Sq PINoYs S[qeLea Juspuadapu]

(0°1T “p°0) swojsawnry

(1T°T5 T0'9S 0T’ 1)

(85705 ‘€E°LS ‘60°'TH)

Lunipog

SUDTJOLIISAI JSTI0 ON
Pa)sI| soSURI UNYIM 2 PNOYS s3[qerea juspuadepu]

(586 “0°0) POOMPIEH WATION
(#°€6 “0°0) SuoSpUES JWOUR[T
(0°1Z “0°0) suoysstrT
(¥°z “1°0) Ayisusp weaT)s

(L€ “IL0T "6V 11}

(ELET bOTT “ESTT)

SpHOTYD

2JSo03eUy P2qITSIp [Im sulseq Jof ajqeor[dde JON
pa1s]] SoSuel UIYIM aq PInoYs saqeLrea uapusdspul

(07001 0°0) wiseoxEUY
(0001 “0°0) paqImstpun

(ZTL'TE 88401 “LO6)

(¥ ve “1S°0L TE'LD)

2eyns

SUOTIOLNSST JOYF0 ON
PaISI[ SOSUEI UNIM o] PINOYS sajqerrea juapuadapuf

(0°001 ‘0°0) BISeedEUY
(6'v€ “0°0) HNN
(T “1°0) Aysup ureans
(0T “7) sse[o UoHBAS[D
(0°00T “0°0) PegIMISTPUN

(Z9'L1 ‘69°66 “LOE)

(00°61 “9T'16S ‘LS"0)

ojenIN

#Sead{EUy POGIISIP OU PUE SUOJSIIT] ORI STISEq 10f 2[qeotjddy
PaISI] SSSURI UMM 3q PINOYS sajqeirea Juspusdapu]

(0001 “0°0) w1seaEUY
(0°001 ‘0°0) paqmsipun

(06'ET “0E VT “TH0T)

(L8¥1 68'61 ‘I6°T1)

LAATROPUCY

)99y PAGINSIp OU PUE SUOISOWY ] UTERUoD YoTM SUlseq 10§ A[qeonddy
pelsif a5ue umpyLs 9q PINOYS S[qeLTeA Juapusdapu]

(0°12 v 0) Suojsaurt]

(86°€€ “Ov9T1 ‘8S°LT)

(19'8€ ‘€'621 “€1°ST)

ANAROTPUOD

)SOOMPUY PoqINISIP OU PUE SUC)SIWITT INOYNM Suiseq Io] sjqeotjddy
Pajst] 5oSUEI UM aq PNOYS S3[qerrea Juspusdopl]

(1'ZL ‘€' c7) edoys uiseq
(29'T ‘TS 0) YiSus] [ouUreyd XeWs
(1°2L “0'0) OIXIIWININ

(£9'b¥ “LTHTI “89ET)

(LOEY “TUEOT ‘ST'1-)

ONV

T]S00NeUy PoqInISIp OU PUE QUOISSUITT UTejuod YoTym suiseq 10 ajqeot[ddy
PaISIf 95Ul UMM oq PNOYS S]qELIeA Juspusdspul

(01T “p-0) suosewr]

(05597 “s0°€ZT1 “68°56) (TT'SBT “6¥'S6T°1 “TOHT)

ONV

®]So0PUY PAGINISIP Yyl suIseq Jof s[qeoijdde 10N
PeISI ssSuUe UNIM 3q PInoYs SeqeLeA Juspuadspuy

(¢ ‘1) Iopio weans

(12 ‘€ 5T) odoys urseq
(91L°1 ‘SpL) UOHEAS]D Uesur

(9€'9 Vb'L ‘6F°S)

(9€'9 ‘60°L 29°S)

ud

Aymquondde pue suor)oLI)saI [SPOIA

pc(XEUL “UTuD) J[qenEA Juapuadapuy

saguea afqeLieA Juapwrdapuy

s (TeIpaur ‘xew ‘umi)
PaAIsqO

o (UETpaW ‘X ‘upu)
PIIpPAIL

PPOIN

-wonenuoyur uonedydde [opow JueniNsuod Ajenb I91eM G SIQRL

XXi1



water quality. Disturbed Anakeesta effects water quality much more than undisturbed, but
it was not possible to develop models specific to disturbed Anakeesta areas due to a
paucity of data.

QO  The regression model for pH has an adjusted r-square of 0.74 and figure 9 shows a good
fit of predicted vs actual values. The predictor variables were elevation, basin slope and
stream order, all of which have some relation to elevation but not enough to drop them
from the model because of collinearity problems. Interestingly, the percentage of
undisturbed Anakeesta in the watershed was not a significant variable, but the model is not
valid for disturbed Anakeesta.

O  ANC required separate regression models for presence or absence of limestone. The
model for when limestone is present is a near perfect linear relationship between the
percentage of limestone in basin and ANC and has an adjusted r-quare of 0.98.

O  The regression model for nitrate has an adjusted r-square of 0.87. The model reflects a
strong elevation gradient as discussed earlier, i.e., increased nitrate with higher elevation.
Nitrate also increases with the percentage of basin undisturbed. This is consistent with
undisturbed areas generally being older forests with lower nitrogen uptake needs.
Disturbed areas presumably have younger, faster growing vegetation that take up more
nitrate. Mixed Mesic Hardwood is another significant variable in the model which may be
a surrogate for disturbance because these forests are at lower elevations that were
previously logged or settled.

QO  The regression model for sulfate has an adjusted r-square of 0.63. The model shows a
strong Anakeesta influence. The percentage of Anakeesta in watersheds ranges from O to
100%, and the model thus predicts a sulfate increase of 19.2 peq/L in going from 0% to
100%, or approximately double the sulfate concentration of a basin without Anakeesta.
Elevation was not significant predictor of sulfate concentration.

Temporal Variability

An important part of this work was to evaluate seasonal differences in water quality and to
identify long term time trends. Seasonal differences were statistically tested using the Kruskal
Wallis H test. Time trends were identified by using multiple linear regression which included sine
and cosine terms to model seasonality. Time trend regressions used water quality values that
were normalized to the mean of each sampling site in order to make the data more consistent.

The form of the regression model was:

(normalized concentration) = a + b-cosf + ¢sin0 + dt
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Figure 9. Predicted versus actual pH from regression model to predict
pH in sampled GRSM basins.
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where:
(normalized concentration) = predicted normalized concentration at any time, t
0 = 2me(fraction of a year)
t = cumulative Julian days

The results of tests for seasonal differences show that the highest concentrations of most
water quality parameters generally occur in the late fall sampling period and lowest concentrations
occur in the winter sampling period. A notable exception is nitrate which sees lowest
concentration in late fall, whose samples were often taken near the end of the growing season, and
highest concentrations in winter probably due to leaf decay and cessation of the growing season.

Regression models for time trends were constructed for each water quality parameter and
for each elevation class. Table 6 and figure 10 show examples of the time trend studies. Some
elevation classes show statistically significant long term time trends for nitrate, pH, and hydrogen
ion concentration, but ANC, conductivity, sulfate generally did not show long term time trends.

Long term time trends for pH are of particular concern because of potential impacts on
stream ecological health. The five elevation classes from 305 to 1067 m and class 10 from 1524-
1676 m show statistically significant time trends. The other elevation classes did not show time
trends, at least at the 95% confidence level. For the elevation classes showing time trends, the -
square ranged from 0.044 to 0.232. These are not high r-square values and the tendency might be
to discount the regressions because much of the variability is unexplained. But the fact remains
that the time trends are statistically significant at the 95% confidence level and do raise some
cause for concern especially since the trends are consistent with acidification problems in the
Eastern U.S.

By using the time trends identified through regression, the time to reach critical pH values
can be projected for the different elevation classes. In making these projections it must be clearly
understood that this assumes that the present statistically identified trends continue, that
conditions remain the same, that there are no reductions in atmospheric emissions of pollutants,
and that there are no ameliorating chemical or biochemical processes. Bearing this in mind, the
times to reach several critical pH levels are shown in table 7. The table raises issues which further
research will try to clarify as more sampling data becomes available. It is also not clear why ANC
does not show a time trend whereas pH and proton do.

Sampling of Extreme Events

The current Park wide sampling strategy does a good job of characterizing base line or
average water quality conditions. However, the sampling program was not designed to sample
extreme events such as storm events. Sampling storm events is important because the worst
water quality and highest contaminant fluxes should occur during storms when accumulated
contaminants are flushed from the basin into the streams. Limited previous storm event sampling
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Figure 10. Time trend for pH withing elevation class 6 (914-1,067).
Table 7. Summary of time to critical pH values within the elevation classes.
Class  Median pH % annual decrease t to 6.50 tto 6.00 tto5.50 ttoS.00
in normalized pH
2 6.64 0.37 6 26 46 67
3 6.47 0.58 13 26 39
4 6.39 0.44 14 32 50
5 6.35 0.51 11 26 42
6 6.17 0.74 4 15 26
e
7 6.17
8 5.85
9 5.95 -
10 5.80 1.30 4 11
11 5.05 o

xXxvil

Note: Time (t) to critical pH values is in years. Shaded regions indicate no significant trend.




has shown much higher aluminum and much lower pH during storm flows. The current study
quantitatively evaluated how well the frequency of sampling represented the frequency of flow
rates as represented by records for Little R and Cataloochee Creek. The results indicate that
indeed the current sampling program does a good job of sampling average conditions but
seriously under-represents sampling of high flows.

Importance of Work

The results of this work has several implications to Park management and future water

quality research:

O

The greatest concern is the long term water quality in the Great Smoky Mountains
National Park. Of the water quality parameters measured, pH is the greatest water quality
concern. The statistically significant decline in pH is clearly the wrong direction and
affirms the need for continued long term monitoring as well as analysis of more recent
data. Further research is also desired to explain more of the variability in the pH time
trend regressions. This includes incorporating other variables such as recently available
calcium and magnesium data, future soil survey results, and precipitation data which were
ot able to be included for various reasons. The analyses presented herein also points out
the need for continued collection of precipitation data to fully understand water quality
trends both temporally and spatially. Finally, past practice in monitoring programs at
National Parks including the GRSM appears to have been to measure pH in the lab rather
than the field. Recognized methodologies that the authors are aware of require field pH
values in order to avoid pH drift due to carbon dioxide exchange. Field pH measurement
needs to be implemented as soon as practical and comparisons made between field and lab
values.

The results help to understand the state of and trends in water quality in the GRSM, what
controls water quality, and how it may be changing as summarized above. The results
raise many questions and mark directions for future research. Particularly important 1s to
more fully link the results of this work with other work ongoing inside and outside the
GRSM.

The results of these analyses confirm that storm events are under-represented. Thus, very
little information is being collected during the worst water quality conditions.

The results also confirm what management already knows about the impact of Anakeesta
disturbances on pH but also shows that undisturbed areas do not have statistically
identifiable impact on pH. The results also show that the percentage of limestone in a
basin is linearly related to ANC and can help identify some areas that should not be
sensitive to acid input.
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O  The results of this work will also help in the ongoing process of evaluating the current
sampling network and deciding which sites can be eliminated with no significant loss in
statistical resolution.
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CHAPTER 1. INTRODUCTION

Description of Study Area

The Great Smoky Mountains National Park (GRSM) is located in the Blue Ridge
Physiographic Province and straddles the border of Tennessee and North Carolina. Itis a
truly unique area for numerous reasons. For example, it is the second largest National Park
in the eastern United States, comprising more than 220,000 hectares. It is the most-visited
National Park with approximately 10 million visitors each year. This number is more than
twice the number of visitors to any other National Park (Moore, 2001). About 20% of the
park has been classified as areas high in virgin forest attributes because of the absence of any
records of land disturbance (Pyle, 1988). This makes the GRSM the largest undisturbed
deciduous or coniferous forest-dominated area in the eastern Untied States (Delcourt and
Delcourt, 1991). It is noted for its biodiversity and contains 125 species of native trees, 125
species of shrubs, 1,500 species of vascular plants, 60 ferns and fern allies, 280 mosses, 250
species of lichens, 200 species of birds, 40 reptiles, 40 amphibians, 53 species of fish, 50
mammals, and uncounted species of insects and other arthropods (Pierce, 2000). Elevation
within the Park ranges from 266 meters to 2,025 meters. The highest peak, Clingmans
Dome, is the second highest in the eastern United States. There are more than 3,000
kilometers of mountain streams within the GRSM. Almost half of the streams are capable
of supporting trout and/or smallmouth bass (Elwood et al., 1991). This is part of the highest
quality cold water habitat which remains in the southeastern United States (Elwood et al.,
1991). The uniqueness of the area has made it an area of interest to millions of visitors and

scientists from numerous backgrounds.



Development and Description of Park-Wide Water Quality Monitoring

From 1986 to 1989, scientists from around the world focused their attention on the
Great Smoky Mountains National Park. During this period, a small high-elevation watershed
within the GRSM (Noland Divide Watershed) was selected as one of the 17 international
sites for the Integrated Forest Study (IFS). The IFS was conducted to observe and quantify
atmospheric deposition and nutrient cycling in forested watersheds. This study demonstrated
that the upper elevations of the GRSM receive some of the highest loading rates of acidifying
nitrogen and sulphur species in North America (Johnson and Lindberg, 1992). After the IFS
ended in 1989 due to a lack of funds, research was continued at the Noland Divide
Watershed (NDW) to study long-term trends and relationships between atmospheric
deposition and water quality. This study, which began in 1991 and continues today, is one
part of the Inventory and Monitoring (I&M) program of the GRSM.

The other component of the I&M program began in October, 1993. Originally
samples were collected at 367 sites from all of the major stream systems in the GRSM.
These samples were collected on a biannual basis when stream discharge was at a maximum
(March) and minimum (October). In 1995, the number of sampling sites was reduced to
about 160 and sampling frequency was increased to monthly. This was continued for about
18 months. Currently, the 1&M program involves quarterly sampling of stream water at 90
sites throughout the GRSM. The number of sampling sites has been reduced from the
original 367 due to budget requirements and because many of the sampling sites were
providing redundant data. Grab samples are analyzed for pH, acid neutralizing capacity

(ANC), conductivity, nitrate, sulfate, chloride, calcium, magnesium, sodium, potassium, and



ammonium. This part of the program is also interested in the impacts from acid deposition
and its influence on water quality and aquatic organisms. As will be shown, the ability of
sampled GRSM streams to neutralize acid is minimal. Eighty-seven of the 90 sampling sites
(about 97%) would be classified as either sensitive, extremely sensitive, or acidic because
they have median ANC values less than or equal to 200 microequivalents per liter. Only
three of the sampling sites are not threatened in some way by the input of acid. In addition,
about 77% of the sampled sites in the GRSM have median pH values which are in the
concern range for adverse effects on aquatic organisms. The data collected as a result of the
I&M Park-wide program has provided an extensive database that can be used to answer
numerous questions that are important to visitors to the GRSM, Park managers, and

scientists. Some important questions include:

With all the time and money that has been allocated to collecting this data over the

years, what purpose has it served and what do the data tell us?

. If acidic deposition continues, what will be the future impact on Park streams?

. When will the pH and acid neutralizing capacity of GRSM streams be such that
aquatic organisms would be expected to be impaired?

. Are there particular areas of the GRSM that are more vulnerable to acidic deposition
and its influence on water quality? If so, where are they?

. Are there particular basin characteristics that make an area more or less susceptible
to having low pH and low acid neutralizing capacity? If so, what are they?

. Does water quality vary with respect to the time of the year?

The major sampled watersheds include those defined by Abrams Creek, Bunches



Creek, Cataloochee Creek, Cosby Creek, Hazel Creek, Indian Camp Creek, East Prong Little
River, Middle Prong Little River, West Prong Little River, Middle Prong Little Pigeon River,
West Prong Little Pigeon River, and Oconaluftee River. Ofthe 90 sampling sites, seven sites
are high elevation springs. Sampling sites within the watersheds are distributed over the
entire elevation gradient. Previous investigators selected sampling sites across a wide range
of elevations to assess the spatial variability of water quality within the GRSM as a whole
and within a particular watershed.

Sampling sites were also selected to assess the influences of different bedrock types
and disturbance histories on surface water quality. Most of the GRSM is underlain by
basically inert sandstone formations which result in waters with low acid neutralizing
capacity and low ionic strength (Elwood et al., 1991). This makes the streams draining the
GRSM nparticularly susceptible to acidification. Sampling sites draining areas with
predominately sandstone formations were selected to assess the impacts of acidification.
Other sites were chosen that drain areas underlain by the more reactive Limestone and
Anakeesta Formations to monitor their influences. Past disturbance history within a drainage
basin also influenced sample site selection. The past disturbance histories represented by the
sampling sites include basins with little or no disturbance, those with significant disturbance
from logging operations, and those with disturbances resulting from settlements prior to Park
establishment.

Currently, sampling surveys are conducted during the months of March, May,
August, and November. Historically, November was not a month in which samples were

collected. The reasons for changing sampling from October to November are discussed in



Chapter IV. Sampling is performed by faculty, staff, and students from the University of
Tennessee at Knoxville, National Park Service staff, and volunteers from the Little Riverand
Great Smoky Mountain Chapters of Trout Unlimited.

From October 1993 to December 1998, chemical analyses of all samples collected
in the Park-wide program were performed by personnel in the Department of Forestry,
Wildlife, and Fisheries at the University of Tennessee, Knoxville. After that period, the
project was transferred to the Department of Civil and Environmental Engineering. From
January 1998 to the present, all chemical analyses have been performed by staff and students
in the Department of Civil and Environmental Engineering. For additional information on
the protocols used for the collection and laboratory analysis of samples, refer to a summary
report submitted to the National Park Service entitled ‘Assessment of Stream Water Quality
and Atmospheric Deposition Rates at Selected Sites in the Great Smoky Mountains National
Park, 1991-1998’ (Smoot et al., 2000).

Analysis of calcium and magnesium is not included in this report due to recently
resolved quality control problems. The problems associated with historical calcium and
magnesium concentrations are discussed in detail in a report submitted to the National Park
Service entitled ‘Water Quality Analysis of Calcium and Magnesium in the Great Smoky
Mountains National Park’ (Robinson et al., 2001).

Purpose and Scope

This report focuses on the analysis of stream water quality within the GRSM resulting

from data collected from October 1993 to October 1998 as part of the I&M Park-wide

monitoring program. Its specific objectives are as follows:



To show the spatial variability of water quality constituents within the GSRM
in such a way that one can easily discern which areas of the Park might be
adversely impacted or not.

To determine statistically significant relationships between water quality
constituent values and basin characteristics.

To determine seasonal and long-term time trends of water quality constituents
and suggest when sampled surface water and aquatic organisms will be
adversely impacted.

To use available flow data and evaluate the flow conditions under which most
samples are collected and whether they appropriately represent the range of
flow conditions.

To suggest recommendations for future research.



CHAPTER II. SPATIAL VARIABILITY OF WATER QUALITY

One goal of synoptic studies of water quality is to investigate how water quality
varies spatially. The insights gained from the analysis of spatial variability in protected
forests like the Great Smoky Mountains National Park (GRSM) can help researchers discover
areas that are particularly important and interesting. Managers of natural resources are
usually interested in these studies because “sensitive” areas are located and management
decisions can be made to reduce the future impact on these areas. The data can assist
managers in securing additional protection if negative trends are detected. The following
analysis utilizes the chemistry data from collected samples to describe the spatial variability
of water quality at sampled sites along elevation gradients in the GRSM. The reasons for
spatial variability are discussed in Chapter IIL.
Data

The data set includes samples collected from October 1993 to October 1998. Park-
wide monitoring of water quality began in October of 1993. There are 90 sites throughout
the GRSM that have been included in Park-wide monitoring since the beginning and are still
covered by the current sampling program. Table 2-1 provides a list of the sampling sites, a
short description of location, and the major watersheds in which the sampling sites are
located. Figures 2-1 and 2-2 show where the sampling sites are located within the GRSM.
The contributing areas are defined by the darker lines which show basin boundaries. For
formatting purposes, it was necessary to divide the Park into two parts. Figures 2-1 and 2-2
show the eastern and western portions of the GRSM, respectively. The major watersheds are

labeled in the figures for easier reference with Table 2-1.



Table 2-1. Sample site descriptions and locations.

[ Sample site ~ Site description Watershed
1 Indian ('—famp at Old Settlers Indian Camp Creek]|
3 Cosby Creek at boundary Cosby Creek
4 Lower Rock Creek Cosby Creek
13 Little River at boundary EPLR
14 Little River above Y EPLR
20 Little River at Metcalf Bottoms EPLR
23 Lower Middle Prong Little River MPLR
24 Lower West Prong Little River WPLR
30 West Prong Little Pigeon at headquarters WPLPR
34 Little River at Milsap Site EPLR
43 Porters Creek at log bridge MPLPR
45 Shutts Prong___ MPLPR
46 Porters Creek above Shutts Prong MPLPR
47 Lower Cannon Creek __ MPLPR
49 Porters Creek at bridge to Ramsay MPLPR
50 Middle Prong Little PLgeBn_ below Porters MPLPR
52 Middle Prong Little Pigeon at boundary MPLPR
66 West Prong Little_ﬁgeon at Chimneys picnic area WPLPR
71 Road Prong above barrier cascade WPLPR
73 Walker Camp_ﬁong above Road Prong WPLPR
74 Walker Camp Prong above Alum Cave Creek WPLPR
103 Otter Creek Indian Camp Creek
104 Copperhead Branch Indian Camp Creek
106 Upper Indian Camp Prong Indian Camp Creek
107 Indian Camp below Albright Grove Indian Camp Creek
114 Cosby Creek at log bridge Cosby Creek
115 Upper Cosby Creek Cosby Creek
127 Pretty Hollow Creek above Palmer Creek Cataloochee Creek
137 Upper Rock Creek Cosby Creek
138 Inadu Creek Cosby Creek
142 Beech Creek above Lost Bottom Creek Cataloochee Creek
143 Lost Bottom Creek Cataloochee Creek
144 Palmer Creek above Pretty Hollow Creek Cataloochee Creek
147 Lower Cataloochee Creek Cataloochee Creek
148 Lower Little Cataloochee Creek Cataloochee Creek
149 Middle Cataloochee Creek at bridge Cataloochee Creek
150 Cataloochee Creek below Caldwell Fork Cataloochee Creek
156 Abrams Creek at ranger station Abrams Creek
173 Mill Creek above Abrams Creek Abrams Creek
174 Abrams Creek below Cades Cove Abrams Creek
183 Spring at Russell Field shelter Abrams Creek
184 Left Fork Anthony Creek at campsite 10 Abrams Creek
186 Anthony Creck above picnic area Abrams Creek
190 Thunderhead Prong at trail crossing MPLR

Note: Abbreviations in the table are as follows: E?LR, East Prong Little River; MPLR, Middle Prong
Little River; WPLR, West Prong Little River; MPLPR, Middle Prong Little Pigeon River; WPLPR,

West Prong Little Pigeon River.




Table 2-1 (continued)

[~ Sample site Site description ~ Watershed
191 Sams Creek Mﬁ=
192 Starkey Creek MPLR
193 Middle Prong Little River at old trailhead MPLR
194 Middle Pron_g___Little River above Tremont MPLR
195 Spring at Spence Field shelter Eagle Creek
200 Anthony Creek above campsite 9 Abrams Creek
201 Anthony Creek below Spence Field Abrams Creek
209 Lost Creek EPLR
210 Little River above Fish Camp Prong EPLR
213 Goshen Prong above Fish Camp Prong EPLR
214 Silers Creek EPLR
215 Ashe Camp Prong EPLR
218 Spring at Silers Bald Shelter EPLR
219 Double Springs Gap shelter (North Carolina side) Forney Creek
220 Double Springs Gap shelter (Tennessee side) EPLR
221 Hazel Creek above cascades Hazel Creek
233 Walker Camp Prong above Alum Cave WPLPR
234 Upper Road Prong WPLPR
237 Walker Camp Prong at last bridge WPLPR
251 Beech Flats above US 441 loop Oconaluftee River
252 Beech Flats below roadcut Oconaluftee River
253 Beech Flats above roadcut Oconaluftee River
266 Oconaluftee River at visitors center Oconaluftee River
268 Oconaluftee River below Smokemont Oconaluftee River
290 Bear Branch at campsite 42 Cataloochee Creek
291 Bunches Creek above Balsam Mountain Road Bunches Creek
293 Rough Fork at Caldwell House Cataloochee Creek
310 " Bone Valley Creek Hazel Creek
311 Hazel Creek below Haw Gap Creek Hazel Creek
336 Flat Creek above falls Bunches Creek
337 Bunches Creek at Flat Creek Trail Bunches Creek
472 Sams Creek above Thunderhead Prong MPLR
473 West Prong Little Pigeon River across from Bearpen Prong WPLPR
474 Little River below Husky Branch at resting bench EPLR
475 Fish Camp Prong at angled barrier below War Branch EPLR
479 Hazel Creek at campsite 86 Hazel Creek
480 Haw Gap Creek at bridge near campsite 84 Hazel Creek
481 Little Fork above Sugar Fork Trail Hazel Creek
482 Sugar Fork above Little Fork Hazel Creek
483 Sugar Fork above Haw Gap Creek Hazel Creek
434 Hazel Creek at Cold Spring Gap Trail Hazel Creek
485 Walker Creek above Hazel Creek Trail Hazel Creek
488 Mill Creek at Pumphouse on Forge Creek Road Abrams Creek
439 Abrams Creek 300 meters below trailhead bridge Abrams Creek
492 Camel Hump Creek off Low Gap Trail Cosby Creek
493 Palmer Creek at Davidson Branch Trail Cataloochee Creek
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The water quality constituents included in the analysis are pH, acid neutralizing
capacity (ANC), conductivity, nitrate, sulfate, chloride, sodium, potassium, and ammonium.
Methods of Analysis

Multiple techniques were used to show the spatial variability of water quality
constituent values. Figures were used to show median constituent values at each of the
sampling sites. Plotting intervals for each constituent were selected by looking at the range
in median values and selecting those which would graphically show the variability. The
interval boundaries selected for pH and ANC are often cited as “critical” values. Median
values were selected to represent “true” water quality constituent values since the median is
only minimally affected by the magnitude of any single observation and therefore resistant
to outliers which do not reflect typical conditions (Helsel and Hirsch, 1992).

Simple linear regression was performed on median water quality constituent values
with respect to sample site elevation to investigate for statistically significant trends (p<0.05
for both the intercept and slope). Scatter plots were used to show the linear relationships and
to show how the median constituent values deviate from linear relationships.

Box plots were also used to show the variability in constituent values at selected sites
and with respect to elevation. Tukey’s box plots are a useful way to convey a significant
amount of information. The box portion represents the interquartile range. The lower end
of the box is the 25™ percentile and the upper end is the 75" percentile. The line through the
box is the median value. Fifty percent of the observed values are within the box. Fifty
percent of the observed values are above the median and 50% are below the median. The

lines, or whiskers, extend both above and below the box to the highest and lowest values,

12



excluding outliers. The circles represent mild outliers and the asterisks represent extreme
outliers. Outliers are considered mild if they are within 1.5 to three times the interquartile
range away from the 25% and 75" percentile. Outliers are extreme if they are greater than
three times the interquartile range away from the 25" and 75" percentile (Tukey, 1977).
Results

Figures 2-3, 2-4,2-5,2-6,2-7,2-8,2-9, and 2-10 show the variability in median water
quality constituent values at sampling sites throughout the GRSM for pH, ANC,
conductivity, nitrate, sulfate, chloride, sodium, and potassium, respectively. Referto Figures
2-1 and 2-2 for sample site numbers.

Box plots, which show the variability in water quality constituent values, are included
in Figures 2-11, 2-13, 2-15, 2-17, 2-19, 2-21,2-23, 2-25, and 2-27. These figures show the
spatial variability with respect to elevation for pH, ANC, conductivity, nitrate, sulfate,
chloride, sodium, potassium, and ammonium, respectively. Scatter plots of median
constituent values at each sample site versus elevation are also included. These plots show
the statistically significant linear trends and which sites are outliers in the relationship. They
also graphically show how the median values deviate from linear relationships with
elevation. Regression equations are included in these plots if elevation explains at least 25%
of" the variability in median constituent values. Figures 2-12, 2-14, 2-16, 2-18, 2-20, 2-22,
2-24 and 2-26 are scatter plots of sample site elevation versus median values of pH, ANC,
conductivity, nitrate, sulfate, chloride, sodium, and potassium, respectively. A map showing
Park-wide variability of ammonium and a scatter plot of median ammonium concentration

versus elevation are not included because all sample sites have median ammonium

13
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Figure 2-11. Elevation trend for pH in sampled GRSM streams.
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Figure 2-13. Variability of acid neutralizing capacity in sampled
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Figure 2-15. Variability of conductivity in sampled GRSM streams.
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Figure 2-17. Elevation trend for nitrate in sampled GRSM streams.
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Figure 2-19. Variability of sulfate in sampled GRSM streams.
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Figure 2-20. Scatter plot of median sulfate in sampled GRSM streams.
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Figure 2-21. Variability of chloride in sampled GRSM streams.
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Figure 2-23. Elevation trend for sodium in sampled GRSM streams.
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Figure 2-24. Regression analysis of median sodium in sampled GRSM
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concentrations below detection limits. The box plots of ammonium concentrations with
respect to elevation are included to show outliers.
Discussion of Results

The spatial variability of each constituent is discussed in the following order: pH,
ANC, conductivity, nitrate, sulfate, chloride, sodium, potassium, and ammonium.
PH

Notice in Figure 2-3 that sites located at Park boundaries (lower elevations) such as
3, 13, 156, and 266 have median pH values greater than 6.5. These sites are within the larger
Cosby Creek, Little River (East, Middle, and West Prongs), Abrams Creek, and Oconaluftee
River watersheds, respectively. Other sites (30, 52, and 479), which are the lowest elevation
sites within the larger West Prong Little Pigeon River, Middle Prong Little Pigeon River, and
Hazel Creek watersheds, have median pH values between 6.0 and 6.5. These lower elevation
sites have some of the higher pH values found in the GRSM. Higher elevation sites such as
138,218,219, 220,237, 252, and 290 have some of the lower median pH values. These sites
have median pH values less than or equal to 5.5. The median pH at sampled sites decreases
with increases in elevation. Figure 2-11 shows this trend by displaying box plots of pH by
different sampling site elevation ranges. Sites were grouped according to the elevation of
the sampling site and placed in an elevation class, each with a range of about 152 meters
(500 feet). Simple linear regression was done to see if the trend is statistically significant,
and if so, how much of the variability in median pH is explained by elevation. Figure 2-12
shows a scatter plot of median pH values at each sample site versus the site elevation with

the regression equation. Both the intercept and the slope are statistically significant. About
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half of the variability in median pH is explained by the elevation of the sampling site. Table
2-2 shows the possible ecological consequences of low surface water pH and the percentage
of sample sites within the ranges listed. Twenty-one of the 90 sites (23%) have median pH
values above 6.5, the point at which adverse ecological effects (see Table 2-2) to aquatic
organisms are either nonexistent or not significant.

Notice the outliers in Figure 2-12 at both the lower and upper elevations. The sites
at the lower elevations of the GRSM (less than 600 meters) in Figure 2-12 with median pH
greater than 7.0 are all within Abrams Creeks watershed. Some of the area within Abrams
Creek is underlain with limestone. This will be discussed more in Chapter III.

As mentioned, the outliers in Figure 2-12 at the upper elevations are some of the
more acidic sampled waters of the GRSM. Sites 219,237, and 252 (3% of all sampling sites)
have median pH values below 5.0, the point at which ecological consequences are extremely
significant (see Table 2-2). In addition to the information in Table 2-2, other researchers
have given more specific “critical” pH values because they define at what pH certain species
of trout have difficulty. Based on a review of the literature by some authors, the “critical”
pH values for the trout found in GRSM waters are 5.5 for rainbow trout, 5.4 for brown trout,
and 5.2 for brook or “speckled” trout (Baker and Christensen, 1991). Therefore, at pH values
below 5.5 all species of trout found in the streams of the GRSM would experience a
significant population loss or would be absent entirely. Sites 138,218,220, and 290 (5% of
all sampling sites) have median pH values between 5.0 and 5.5. Therefore, 8% of the
sampling sites have median pH values less than or equal to the critical limit for all species

of trout found in the GRSM.  Figure 2-28 shows the variability in pH at all sampling sites
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Table 2-2. Possible ecological consequences of low surface water pH.
Source: Baker, 1.P., J. Van Sickle, C.J. Gagen, D.R. DeWalle, W.E. Sharpe, R.F. Carline, B.P. Baldigo, P.S.
Murdoch, D.W. Bath, W.A. Krester, H.A. Simonin, and P.J. Wigington, Jr., Episodic acidification of small
streams in the northeastern United States: effects on fish populations, Ecological Applications, 6, 422-437.

pH Biological effects Percentage of sample
range sites with median pH
within range
>6.5 No adverse effects 23
6.0-6.5 Loss of sensitive benthic invertebrates 56
5.5-6.0 Loss of acid-sensitive fish 13

Reduced reproduction in sensitive fish species
Increase in green algae in periphyton

5.0-55 Loss of most fish species 5
Green algae dominate periphyton
Loss of most mayflies, stoneflies, caddisflies, and
shellfish
Reduced biomass and productivity

<5.0 Loss of all fish species 3
Decreased nutrient cycling rates
Decline in periphyton species richness
Decline in benthic invertebrates
Reproductive failure of acid-sensitive amphibians

Note: Biological effects at pH greater than 6.5 were added by this author and were not
included in the original table by the authors listed in the source above.
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Figure 2-28. Sample sites with median pH less than or equal to 5.5.
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with median pH values below 5.5. Sites 218, 219, 220, and 290 are high elevation springs.
Sites 218, 219, and 220 are located closely together along the Appalachian Trail at Silers
Bald and Double Springs Gap. Site 290 is a high elevation spring within Cataloochee Creek
watershed. The samples from these sites are collected just as the water is exposed to the
atmosphere. Other springs include sites 183, 195, and 201. They are all located closely
together in the western portion of the Park. These three sites have median pH values
between 5.5 and 6.0.

As mentioned, four of the seven sites with median pH below 5.5 are high elevation
springs. The amount of water at these sites is probably not enough to sustain trout
populations even at pH values within ideal ranges for trout. Fortunately, sampled waters do
show recovery from these particularly poor conditions as the water flows to the lower
elevations (see Figure 2-3). However, even as conditions improve, median pH at most
sample sites (77%) is below 6.5, the point at which biological effects become significant to
aquatic organisms (see Table 2-2).

Most sampling sites (56%) have median pH values between 6.0 and 6.5. The
percentages of sample sites within the different pH ranges are listed in Table 2-2.

Acid Neutralizing Capacity

Since pH is usually positively correlated with acid neutralizing capacity, the spatial
variability of ANC in sampled GRSM streams is very similar to pH. Figure 2-4 shows the
Park-wide variability of ANC. By inspection of Figure 2-4, a couple of sites are particularly
noticeable. The sites within Abrams Creek which have median pH values greater than 7.0

also have values of ANC greater than 200 microequivalents per liter. The other lower
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elevation areas of the GRSM also have higher ANC values than the upper elevations. Figure
2-13 shows the variability of ANC with respect to elevation. Sites 156, 173, 174, and 489
are all within Cades Cove. Three of these were discussed earlier with respect to pH. Site
173 is located on Mill Creek just before it joins with Abrams Creek. These sites account for
the outliers in Figure 2-13 at the lower elevations (below 610 meters). Figure 2-14 shows
the scatter plot of median ANC versus sample site elevation. Again, the outliers at the lower
elevations are sample sites within Cades Cove. Both the intercept and the slope are
statistically significant when simple linear regression is performed on the data in Figure 2-14.
However, the equation does not explain much of the variability of ANC (r-square = 0.10).
If the lower elevation sites within Cades Cove are removed from the regression analysis, the
equation does a much better job of explaining the variability (r-square = 0.30) of ANC in
most of the sampled GRSM streams. This is discussed in more detail in Chapter III.

The upper elevation sites with particularly low median values for ANC (less than
zero) include 219, 237, 252, and 290. The locations of these sites were discussed earlier.
Figure 2-29 shows the variability of ANC at these sample sites. With median values of ANC
less than or equal to zero, the water is considered acidic. Site 252 shows the greatest
variability of ANC. The interquartile range (the box portion) is larger than that for the other
sites. Site 252 also shows the greatest variability in pH (see Figure 2-28). As mentioned,
this site is one of the highest elevation sites within the Oconaluftee watershed. The site is
located below U.S. Highway 441 along a small tributary to the Oconaluftee River called
Beech Flats Creek.

Certain ranges of ANC are commonly cited to classify the acidic level of surface
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Figure 2-29. Sample sites with median acid neutralizing capacity less
than or equal to zero.
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water. Table 2-3 lists the range in values of ANC, its classification, and the percentage of
sample sites within each range. The ranges in ANC given in Table 2-3 and their
classification were used by the authors cited above the table and also by researchers for the
Environmental Protection Agency during the National Surface Water Survey. By inspection
of the figures and Table 2-3, one can conclude that the ability of sampled GRSM streams to
neutralize acid is minimal. Eighty-seven of the 90 sampling sites (about 97%) are classified
as either sensitive, extremely sensitive, or acidic. Only three of the sampling sites are not
classified as threatened in some way by the input of acid because they have median AN C
values greater than 200 microequivalents per liter. In addition, Table 2-2 shows that 77%
of the sampled sites in the GRSM have median pH values which have some adverse effects
on aquatic organisms. |
Conductivity

Figure 2-5 shows the Park-wide variability of conductivity. Eighty-five of the 90
sampling sites (about 95%) have conductivity values less than or equal to 25 microsiemens
per centimeter. Three percent of the sites have conductivity values between 25 and 75 and
2% greater than 75 microsiemens per centimeter. The sites with higher ionic strength
(greater than 25 microsiemens per centimeter) than most of the sites in the GRSM are located
within Abrams Creek and Oconaluftee watersheds. They include sites 156, 174, 489, 251,
and 252. Figure 2-15 shows box plots of the variability of conductivity with respect to
elevation. The outliers in Figure 2-15 at the lower elevations result from the sites within
Abrams Creek watershed. Sites 251 and 252 are responsible for the outliers between 1,372

and 1,524 meters. These sites are within the Oconaluftee River watershed on Beech Flats

38



Table 2-3. Summary of acidic level of water at sampled sites.
Source: Webb, 1R., B.J. Cosby, J.N. Galloway, and G.M. Homberger, Acidification of Native Brook Trout

Streams in Virginia, Water Resources Research, 25(6), 1,367-1,377.

ANC range Classification Percentage of sample sites with median ANC
(peq/L) within range
<0 acidic 4t05
0-50 extremely 52
sensitive
50-200 sensitive 40
> 200 not classified 3

Note: Classification of water with greater than 200 microequivalents per liter of ANC was

not given by the authors listed above.
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Creek. Site 252 was included in the discussion of the variability in pH. Site 251 is
downstream of site 252. The relationship between median conductivity and elevation is not
statistically significant. Figure 2-16 shows sample site median conductivity plotted with
respect to sample site elevation.

Nitrate

The map which shows Park-wide variability of nitrate is included in Figure 2-6.
From this figure, there appears to be an elevation trend with respect to nitrate. Most of the
sampling sites with median values less than 15 microequivalents per liter appear to be
located at the lower elevations of the GRSM. Those at the upper elevations, particularly in
the middle and eastern portions of the GRSM, have higher concentrations of nitrate. These
include the upper elevation sites within the following watersheds: East Prong Little River,
Forney Creek, West Prong Little Pigeon River, Oconaluftee River, Indian Camp Creek,
Cosby Creek, and Cataloochee Creek. Nitrate concentrations appear to increase with
increases in elevation.

Figures 2-17 and 2-18 also show a significant trend in nitrate concentrations with
respect to elevation. The y-axis in Figure 2-17 extends below zero because most of the
whiskers extend to zero. Nitrate concentrations appear to increase with increases in
elevation. Regression analysis reveals a statistically significant trend but the intercept of the
regression equation predicts negative concentrations of nitrate at elevations less than or equal
1o about 255 meters above sea level. The regression equation explains just less than half of
the variability in median nitrate concentrations at sampled sites (r-square = 0.47). Since the

sampling sites range in elevation from a minimum of 335 meters to a maximum of 1,689
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meters above mean sea level, the regression equation is included in Figure 2-16. It is not
possible to predict negative nitrate concentrations if the elevation is within the range used
to model the data. Therefore, this equation should not be used to predict nitrate
concentrations at elevations below 335 meters.

Notice in Figures 2-17 and 2-18 that the variability of nitrate appears to increase with
increases in elevation as well. At the higher elevations the interquartile range is larger and
the whiskers extend further away. In the scatter plot, the median nitrate concentrations also
appear more variable at the upper elevations. As already mentioned, the reasons for the
observed spatial variability will be discussed in Chapter .

Sulfate

Park-wide variability of sulfate (Figure 2-7) appears similar to nitrate in some ways.
Sampling sites at the lower elevations have lower median sulfate concentrations (less than
50 microequivalents per liter). The higher elevation sites, particularly in the middle portion
of the GRSM, have higher concentrations of sulfate (greater than 75 microequivalents per
liter). Figures 2-19 and 2-20 show the variability of sulfate with respect to elevation. Box
plots show that sulfate concentrations increase with increases in elevation until about 1,372
meters and then begin to decrease and remain fairly constant with increases in elevation. A
non-parametric Kruskal-Wallis H test was performed to see if there is a statistically
significant difference between the higher median values found between 1,067 meters and
1,372 meters and lower values found at higher and lower elevations. There is not a
statistically significant difference (p>0.05) in sulfate concentrations at sample sites between

1,067 meters and 1,372 meters. A significant difference exists (p<0.05) between the high
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sulfate concentrations found between 1,067 meters and 1,372 meters and the lower sulfate
concentrations at both higher and lower elevations.

Regression analysis did not reveal a statistically significant trend at the p<0.05 level
for both the intercept and the slope. The intercept was significant (p = 0.03) but the slope
term was not (p = 0.08). The 95% confidence interval on the slope term included zero. The
slope term was positive though, indicating that sulfate concentrations might increase with
increases in elevation. The amount of variability explained by the equation was poor (r-
square = 0.04). Obviously, elevation alone is not a good predictor of sulfate concentration
in sampled GRSM streams. As already mentioned, the reasons for the observed spatial
variability will be discussed in Chapter I1I.

Chloride

Chloride does not show much spatial variability within the GRSM. Median chloride
concentrations at all sample sites are less than 21 microequivalents per liter. Figure 2-8
shows the variability of median chloride concentrations at the 90 sampling sites. The lack
of significant variability of chloride in sampled GRSM streams is also evident from Figures
2-21 and 2-22. Regression analysis did not reveal a significant trend. The box plots and the
scatter plot show that chloride concentrations remain fairly constant with changes in
elevation.

Sodium

Park-wide variability of sodium at sampled sites is shown in Figure 2-9. Sample sites

at lower elevations (except site 253) appear to have higher median sodium concentrations.

Regression analysis revealed a statistically significant trend. The results of regression
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analysis confirm that sodium concentrations decrease with increases in elevation. However,
the equation does not explain much of the variability in the data (r-square = 0.17). Figures
.23 and 2-24 show the variability and elevation trends of sodium concentrations. The box
plots show that although a significant elevation trend exists, the variability of sodium among
sites with similar elevations appears high.
Potassium

Park-wide variability of potassium at sampled sites is shown in Figure 2-10. The
three sites on Abrams Creek and below Cades Cove and one of the lowest elevation sites in
the Cataloochee watershed (148) have some of the higher median values of potassium in the
GRSM. It is difficult to see a consistent trend in Figure 2-10. However, potassium and
sodium show similar trends with respect to elevation. Regression analysis revealed a
statistically significant trend. The slope term indicates that potassium concentrations
decrease with increases in elevation. The equation does not explain much of the variability
in median values (r-square = 0.07). Although a significant trend exists, Figures 2-25 and 2-
26 show that the variability of potassium does not appear great. All sample sites have
median values below 17.00 microequivalents per liter.
Ammonium

As mentioned earlier, 2 map showing the variability of ammonium is not included
because all sample sites have median values below detection limits. For this reason,
regression analysis is not included and a scatter plot is omitted as well. The box plot (see
Figure 2-27) is included to show that occasionally some sample sites have ammonium

concentrations above detection limits. There does not appear to be a strong trend or
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“pattern” with respect to the sites which occasionally have some measurable concentration
of ammonium.
Comparison with Other Studies

One study by Silsbee and Larson in 1982 was designed to collect baseline information
on natural water conditions within the GRSM. Studies of water prior to this were typically
short-term studies and focused on particular problem areas (Silsbee and Larson, 1982).
Regression analysis revealed statistically significant relationships (p<0.05) with elevation for
pH, alkalinity, nitrate, sodium, and potassium. Constituent values for pH, alkalinity, sodium,
and potassium decreased with increases in elevation. From the results of this study,
constituent values for pH, ANC, sodium, and potassium also show statistically significant
trends with elevation and the values decrease with increases in elevation. Silsbee and Larson
also found that nitrate concentrations increase with increases in elevation. They too did not
find a significant relationship between elevation and conductivity. The results of this
analysis show a statistically significant, but very weak (r-square = 0.04) positive relationship
between elevation and sulfate concentrations. The work by Silsbee and Larson did not
analyze for sulfate. Other constituents and parameters were included in the study by Silsbee
and Larson but are not discussed since comparisons cannot be made. They include calcium,
magnesium, hardness, silica, temperature, fecal streptococcus, fecal coliform, and total
coliform. The reason calcium and magnesium were excluded from this analysis was
discussed in Chapter L.
Conclusions

From the results of the analyses presented, the following conclusions and
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observations were made:

1.

In general, the sampled streams of the GRSM are low ionic strength waters
with minimal ability to neutralize acids. Eighty-five of the 90 sampling sites
(about 95%) have conductivity values less than or equal to 25 microsiemens
per centimeter. Eighty-seven of the 90 sampling sites (about 97%) have ANC
values less than or equal to 200 microequivalents per liter and are classified
as either sensitive, extremely sensitive, or acidic. A majority of the sampling
sites (52%) are classified as extremely sensitive surface waters due to median
ANC values between zero and 50 microequivalents per liter.

About 77% of the sampling sites have median pH values less than 6.5, the

point at which biological effects become significant to aquatic organisms

' such as sensitive benthic invertebrates. About 8% of the sampling sites have

median pH values below 5.5, the point at which all species of trout found in
the streams of the GRSM (rainbow, brown, and brook) would experience a
significant population loss or would be absent entirely. Two of the four sites
(219, 237, 252, and 290) classified as acidic surface waters (ANC less than
zero microequivalents per liter) are high elevation springs. Four of the seven
sites (138, 218, 219, 220, 237, 252, and 290) with median pH below the
lower limits to sustain trout (pH < 5.5) are high elevation springs. The
stream size and perhaps seasonal flow at these sites might inhibit stable trout
populations even if surface water pH was ideal. However, given the low acid

neutralizing capacity of surface water throughout GRSM, the presence of
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these extremely poor conditions is worth noting. Twenty-three percent ofthe
sampling sites have median pH greater than 6.5 and do not pose problems for
aquatic organisms.

Constituent values for pH, ANC, sodium, and potassium show statistically
significant trends with elevation. The values for these constituents decrease
with increases in elevation. Sample site elevation explains 51% of the
variability in pH. If sample sites within Cades Cove are excluded from the
regression analysis, elevation explains 30% of the variability in ANC. The
amount of variability in sodium and potassium concentrations explained by
elevation is much less, 17% and 7%, respectively.

A statistically significant trend is present between elevation and nitrate
concentrations. Nitrate concentrations increase with increases in elevation
and 47% of the variability is explained by the relationship.

A statistically significant trend (p<0.05 for both the intercept and the slope)
does not exist between elevation and sulfate concentrations. The intercept
was significant (p = 0.03) but the slope term was not (p = 0.08). The 95%
confidence interval on the slope term included zero. The slope term was
positive though, indicating that sulfate concentrations might increase with
increases in elevation. The amount of variability explained by the equation
was poor (r-square = 0.04). Obviously, elevation alone is not a good
predictor of sulfate concentration in sampled GRSM streams.

Chloride and conductivity do not show significant relationships with sample

46



site elevation.
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CHAPTER III. WATERSHED CHARACTERISTICS, INFLUENCES ON WATER
QUALITY, AND PREDICTION OF WATER QUALITY CONSTITUENT VALUES
Data

Basin characteristics were determined for each sampling site. The data were
collected either from digitized United States Geological Survey (USGS) quadrangle maps
with a scale of 1:24,000 or from the National Park Service GIS database. The digitized

USGS maps used were manufactured by Wildflower Productions in 1999 entitled TOPO!,

interactive maps on CD-ROM covering North Georgia, Great Smoky Mountains, apd

Atlanta. Below is a list of the data collected for each sample site along with a description

of the method used. The specific data available for each basin is located in Appendix A3 for

reference.

. Elevation, in meters above mean s€a level, is the elevation of the sample site. Sample
sites are usually located at points along 2 stream where either roads or trails that
appear on USGS 1:24,000 scale quadrangle maps intersect. For sampling sites that
are not located at easily recognizable points on USGS quads, the sampling site

location and elevation were estimated. All elevations are probably accurate to within
6.1 meters (20 feet) since contour intervals are 12.2 meters (40 feet).

. Mean elevation, in meters above mean sea level, is the average elevation of the
contributing area to the sample site determined from the GIS database.
. UTM X is the easting location of a sample site, in meters, using the North American

datum of 1927 (NAD 27). Digitized USGS quadrangle maps provide UTM X and
UTM Y when a location is selected.

. UTM Y is the northing location of a sample site, in meters, using NAD 27 as datum.
See above for explanation of method.
. Order is the stream order for the sample site using Horton's method. Any streams

that appeared as blue lines on USGS 1:24,000 scale quadrangle maps were counted
to determine stream order.

. Max channel length, in km, determined from the GIS database, is the distance from
a sample site to the drainage divide following the longest flow path.

. Basin length, in km, is measured as the map straight line distance along a line from
the sample site to the point on the drainage divide used to determine maximum
channel length. Digitized USGS quadrangle maps allow a user to select these two
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points and determine distance.

Azimuth is degrees from true north to the line defining basin length as determined
from USGS quadrangle maps.

Basin area, in ha, is the contributing area to the sample site determined from the GIS
database.

Stream km is the total stream kilometers contributing to the sample site. The length
of any stream that appeared as a blue line on USGS 1:24,000 scale quadrangle maps
was used to determine the amount of stream distance within the basin.

Stream density is the ratio of stream kilometers to basin area in square kilometers.
Average basin slope is the average land slope of the contributing area expressed as
a percentage and determined from the GIS database.

Channel slope, expressed as a percentage, is the slope of the channel determined by
the elevation difference between points located 10 and 85 percent of the distance
along the main stream channel from the sample site to the drainage basin divide,
divided by 0.75 of the length of the main stream channel from the sample site to the
drainage divide. This information was determined from the USGS 1:24,000 scale
quadrangle maps (Choquette, 1988).

Basin width, in km, is the basin area in square kilometers divided by basin length.
Basin shape is the dimensionless ratio of basin length squared to the basin area.
Geology data are expressed as the percentage of the contributing area to the sample
site covered by the different geology types in the GIS database. There are 21
different geology types listed in Table A3-1. They include Thunderhead Sandstone,
Pigeon Siltstone, Roaring Fork Sandstone, Rich Butt Sandstone, Limestone, Cades
Sandstone, Metcalf Phyllite, Elkmont Sandstone, Anakeesta, Unnamed sandstone,
Metadiorite, Great Smoky Group, Basement complex, Longarm Quartzite, Wading
Branch Formation, Cochoran Formation, Nichols Shale, Nebo Quartzite, Hesse
Quartzite, Wilhite Formation, and Wilhite Formation Course. Geology data are
available for all sites except those within Hazel Creek watershed. The geology data
in the GIS database are based upon work done in 1968 (King et al, 1968).
Vegetation data are expressed as the percentage of the contributing area to the sample
site covered by the different vegetation types. There are 13 different vegetation types
listed in Table A3-1 and include Spruce Fir, Northern Hardwood, Cove Hardwood,
Mesic Oak, Mixed Mesic Hardwood, Tulip Poplar, Pine, Heath Bald, Xeric Oak,
Pine-Oak, Grape Thicket, Treeless, and Grassy Bald. This information comes from
the GIS database and is based upon work done in 1993 (MacKenzie, 1993).
Disturbance history data are expressed as the percentage of the contributing area to
the sample site with a certain type of historical land use. The types of disturbance
histories include undisturbed, settlement, selective cut, heavy cut, and light cut. This
information comes from the GIS database and is based upon work done in 1985 and
1988 (Pyle, 1985; Pyle, 1988).

The reasonableness of GIS determined basin areas in this study were checked against
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values obtained by others for similar basins (Parker and Pipes, 1990). Refer to Appendix A_4
for a detailed description of the methods used to retrieve information from the GIS database.

The geology data might be confusing with respect to some groupings. Anakeesta,
Thunderhead Sandstone, Elkmont Sandstone, and tJnnamed sandstone are all part of the
larger class of rocks from the Great Smoky Group, yet this group is listed separately. This
is because the geology of the GRSM is complex and formations typically do not occur
completely removed from other formations. When the majority of the rocks in an area could
be classified as either Anakeesta, Thunderhead Sandstone, Elkmont Sandstone, or Unnamed
sandstone, then that area was described according to the one which dominated. If the area
was composed of a mix of these formations, then it was classified by the more ambiguous
Great Smoky Group. This is the only case where rocks of a larger group are also listed
separately.

The different vegetation, or forest, types present in the GRSM occur in specific areas
and, in most cases, the species which make up each forest type are unique. Mark
MacKenzie’s dissertation entitled ‘The Vegetation of the Great Smoky Mountains National
Park: Past, Present, and Future’ provided the information on which species are included in
each forest type and some habitat information. Additional habitat information for the
different species was obtained from The Audubon Society Field Guide to North American
Trees, Eastern Edition, 1980 (Little, 1980). The following defines each forest type:

. Spruce Fir
The Eastern Spruce (Picea rubens) often grows in pure stands in the rocky,
high elevation (1,372-1,981 meters) soils of the GRSM.

. Northern Hardwood
Major species in this group include the American Beech (Fagus grandifolia)
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and the Sweet Birch (Betula lenta). Minor species include the Red Maple
(Acer rubrum), Sugar Maple (Acer saccharum), and the Northern Red Oak
(Quercus rubra). All of these species prefer the cool and moist conditions
found at higher elevations. They generally occur at elevations above 1,075
meters and often in pure stands.
Cove Hardwood
These forests generally do not have a single dominant species that occurs in
pure stands like the Spruce Fir or the Northern Hardwood forests. However,
major species in this group include White Basswood (Tilia heterophylla),
Carolina Silverbell (Halesia carolina), Red Maple (Acer rubrum), Sugar
Maple (4cer saccharum), Yellow Buckeye (desculus octandra), American
Beech (Fagus grandifolia), Cucumber Magnolia (Magnolia acuminata),
Sweet Birch (Betula lenta), and Eastern Hemlock (Tsuga canadensis). Some
of the species in this group are also found in the Northern Hardwood forest.
However, when they occur in a Cove Hardwood forest, they are typically not
pure stands. The elevation range for this type of forest is broad. Cucumber
Magnolia and White Basswood trees are found in the lower elevations (about
60 meters) and other species are found at higher elevations. The Yellow
Buckeye is found at elevations as high as 1,920 meters and the Eastern
Hemlock as high as 1,524 meters. The Eastern Hemlock is the only species
in this group that does occur in pure stands. All of the species in the Cove
Hardwood forests prefer moist soil conditions. Moist soil conditions are
found at the higher elevations and at lower elevations along streams and in
ravines.
Mesic Oak
Major species in these forests include Northern Red Oak (Quercus rubra),
Chestnut Oak (Quercus prinus), and White Oak (Quercus alba). This forest
can occur throughout the GRSM at almost any elevation. It is common on
ridges and south facing slopes at higher elevations and ridges and side slopes
at lower elevations. The trees in this forest often grow in pure stands.
Mixed Mesic Hardwood
This forest type has no clear dominant species. It may contain any
combination of the following: Oaks (Quercus), Elms such as the American
Elm (Ulmus americana), Pines (Pinus), Hickories such as Bitternut Hickory
(Carya cordiformis) and Pignut Hickory (Carya glabra), Tulip Poplar
(Liriodendron tulipifera), Red Maple (Acer rubrum), Black Walnut (Juglans
nigra), Sweetgum (Liquidambar styraciflua), Sycamore (Platanus
occidentalis), and Black Locust (Robinia pseudoacacia). Some of these
species, such as the Sweetgum, American Sycamore and Tulip Poplar, are
found in areas that have been cleared in the last 80 years as a result of
farming or logging operations. These areas are usually found at the lower
clevations of the GRSM. The Mixed Mesic Hardwood forests are typically
found at elevations less than 750 meters. Some of these species can be found
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at higher elevations.

Tulip Poplar "
The Tulip Poplar, mentioned as part of the Mixed Mesic Hardwood forests,
also occurs frequently enough in stands within the GRSM to be classified as
a unique forest type. The Tulip Poplar is usually found in coves and valleys
with moist, well-drained soils at elevations from 300 meters to as high as
1,372 meters. Most of the stands are found at lower elevations that have been
logged or farmed prior to establishment of the GRSM.

Pine
Major species in the Pine forests include Pitch Pine (Pinus rigida), Table
Mountain Pine (Pinus pungens), and Shortleaf Pine (Pinus echinata). Minor
species include Eastern White Pine (Pinus strobus) and Virginia Pine (Pinus
virginiana). The Pine forests typically occur at the middle to lower
elevations of the GRSM. They prefer well-drained soils such as sands and
sandy loams. The Eastern White Pine can be found as high as 1,524 meters.
The remainder of species in these forests is below 1,300 meters. The
Virginia Pine is another species which tends to do well in areas that were
farmed or logged prior to establishment of the GRSM.

Heath Bald
The Heath Bald forests are dominated by evergreen ericacious shrubs which
form dense thickets in the understory of other mountain forests. Species
within these forests include Mountain Laurel (Kalmia latifolia), Catawba
Rhododendron (Rhododendron catawbiense), and Rosebay Rhododendron
(Rhododendron maximum). These plants, especially the Mountain Laurel,
prefer acidic soils. They are found overa broad elevation range but most are
found at the middle to upper elevations (900 to 2,000 meters).

Xeric Oak
Major species in this group include Scarlet Oak (Quercus coccinea), Chestnut
Oak (Quercus prinus), Black Tupelo or Blackgum (Nyssa sylvatica),
Sourwood (Oxydendron arboreum), and Black Locust (Robinia
pseudoacacia). The trees in this forest can occur at high elevations in the
GRSM but typically this forest occurs on ridges and slopes below 1,050
meters. These trees typically grow in mixed forests with other oaks or pines.
The exception to this is the Chestnut Oak. As already mentioned, the
Chestnut Oak often grows in pure stands. In this situation, it is part of what
was classified as a Mesic Oak forest. The Chestnut Oak also occurs in Xeric
Oak forests where it grows along with other species.

Pine-Oak
This forest type contains an even mixture of pine and oak. It has the same
site characteristics as the Pine forests. Species included in these forests can
be any combination of the types typically found in the Pine forests or the
Mesic Oak forests.
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Grape Thicket

These areas are composed of a number of different thicket forming Vitis
species. They tend to occur in the low to middle elevations. Although they
do represent a unique forest type within the GRSM, they are not very
common. They represent only about 0.16% of the total area within the
GRSM (MacKenzie, 1993).

Treeless

Gmsy

The Treeless areas of the GRSM are those in which a major forest type does
not exist, such as open fields within Cades Cove, or areas which are
dominated by outcrops of rock formations, such as Anakeesta Formations
found within the watersheds of the Middle Prong of the Little Pigeon River,
the West Prong of the Little Pigeon River, and the upper portions of the
Oconaluftee River near Beech Flats Creek. These areas only occupy about
0.68% of the GRSM (MacKenzie, 1993)

Bald

These areas are found high on mountain tops above 1,525 meters. The
Grassy Balds are dominated by mountain oat grass (Danthonia compressa)
with only minor occurrences of trees. Although they represent a unique
vegetation area within the GRSM, they only cover about 0.03% of the entire
area (MacKenzie, 1993).

The chemistry data set used in the following analyses includes samples collected from

characteristics

83 of the 90 sampling sites and includes the period from October 1993 to October 1998. The
seven sampling sites not included are the high elevation springs. These sites are not “true”

surface water sites with a well-defined contributing area and therefore some of the basin

do not apply to these sites.

Methods of Analysis

The purpose of collecting the basin characteristics data is to expand the database and

information available for each site and then to use the more complete database to investigate
relationships between basin characteristics and water quality. Stepwise multiple linear
regression is then used to predict median water quality constituent values at sampled sites

from basin characteristics. All statistical analyses were performed on a personal computer
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using SPSS statistical software, version 10.0.7 (SPSS, 1999).
Investigation of Relationships between Basin Characteristics and Constituents

The Kendall's tau correlation coefficient was used to test for linear relationships
between basin characteristics and median water quality constituent values. This method was
chosen because it is a rank-based procedure for data which are not normally distributed and
is resistant to effects of outliers. Correlation analysis was performed on basin characteristics
to investigate relationships between the characteristics and look for possible sources of multi-
collineariFy. Median values for water quality constituents at each of the 83 surface water
sites were tested for linear relationships with basin characteristics. The constituents analyzed
include pH, acid neutralizing capacity (ANC), conductivity, nitrate, sulfate, chloride, sodium,
and potassium. Although the presence of statistically significant correlations between basin
characteristics and water quality constituents do not establish cause and effect relationships,
they can certainly provide insight into possible and reasonable causes. Statistically
significant correlations were defined as those with p<0.05. For cases with missing values,
they were excluded in a pairwise manner. This means that cases with missing values for one
or both of a pair of variables for a correlation coefficient are excluded from the analysis.
This applies only to ten sites within Hazel Creek watershed and only includes correlations
with geologic data since geology data are not available for Hazel Creek.

Correlation analysis was also performed on water quality constituent values to
investigate their relationships with each other.

After performing correlation analysis, relationships between target independent

variables (basin characteristics) and median water quality constituent values were observed
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using scatter plots.
Modeling Process

Several runs, or trials, were made with stepwise multiple regression to generate a
model for each water quality constituent. The process used is explained below.
Trial one

Initially, all basin characteristics (except UTM X, UTM Y, and azimuth) were input
as possible independent variables. The easting and northing coordinates ofthe sampling sites
were not used because they only describe location in space. The azimuth was not used
because correlation analysis between azimuth and median water quality constituent values
did not reveal statistically significant relationships and because azimuth is a discontinuous
variable that ranges from zero to 360 degrees. The variables were set to enter the model if
the probability of the partial F statistic was less than or equal to 0.05 and set to leave if the
partial F statistic was greater than or equal to 0.10. This entry and exit criteria were used for
all models.
Trial two

A second model was selected using stepwise procedures by grouping variables
together which showed similar responses to a particular water quality constituent and made
sense physically. The grouped variables, along with those that were left alone, were then
input as possible independent variables. The purposes for grouping some variables together
were to reduce the total number of possible independent variables the stepwise method had
to choose from and to increase the amount of variability explained by the models. Only

geology, vegetation, and disturbance history data were investigated for possibly being
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grouped together in some way. Variables which were not considered for grouping included
elevation, mean elevation, elevation class, order, basin length, basin area, stream density,
average basin slope, channel slope, maximum channel length, basin width, and basin shape.
As an example, when performing regression on pH, areas classified as light cut, selective cut,
heavy cut, and settlement all have positive and significant correlations with pH. Since they
all apparently have similar influences on pH, and because they are all areas of the GRSM
which were disturbed in some way prior to Park establishment, these four variables were
grouped together. The five disturbance history variables used in the first model were thgn
reduced to two for the second model, disturbed and undisturbed. When modeling results are
discussed later, justification for grouped variables is provided.
Model Evaluation and Selection

Models selected from trial one and trial two by stepwise procedures were evaluated
with the same criteria and tests. First the overall model p values were checked for
significance (p<0.10) and the adjusted r-square values were checked to see how much of the
variability was explained by the models. Models which explained more of the variability
(higher adjusted r-square) were preferable. Next, the constant terms and the individual
coefficients were checked for significance (p<0.10) and their signs were compared with
results from correlation analysis. Multi-collinearity was evaluated with the condition index.
Models which showed an increase in the adjusted r-square over other models and condition
indices less than 30 were evaluated as not having significant problems with multi-collinearity
and still explaining as much of the variability as possible.

The influences of individual observations on the models selected by stepwise
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regression were evaluated by comparing each observation’s Cook’s D statistic and
observation of partial regression plots. Partial regression plots are useful for detecting
influential data and canreveal nonlinearity (Fox, 1997). Influence is defined as observations
which have both high leverage and large outliers (Helsel and Hirsch, 1992). These
observations exert a strong influence on the regression model. A set value of the Cook’s D
statistic to measure influence was not used. Cook’s D values for individual observations
were observed and ones that appeared unreasonably large in comparison to other
observations were noted. If inspection of partial regression plots showed an observation
which had an unreasonably high Cook’s D statistic also appeared as an outlier, then it was
concluded that the observation was exerting a strong influence on the model. If removal of
that observation could be well-justified, then it was considered for removal from the analysis.
If its removal improved the amount of variability explained by the model and the model
adhered to the assumptions of regression (discussed below), then it was removed. As will
be discussed later, there was a consistent pattern to the sites which were influential and their
removal was reasonable.

The models were also checked for adherence to the assumptions of regression using
residual plots and partial regression plots. Curvature and heteroscedasticity were checked
by plotting the model standardized residuals versus the unstandardized predicted values.
Standardized residuals versus explanatory variables and partial regression plots were checked
to test whether transformations were necessary and, as mentioned, to confirm observations
determined as influential based on the Cook’s D statistic. The plots of standardized residuals

versus the explanatory variables should display a random pattern about the horizontal axis.
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There should also be a proportionate number of residuals above and below zero. The partial
regression plots should show a linear trend. If a linear trend does not exist, then some
transform of the independent variable might be required to improve the model. Finally, a
box plot of the model unstandardized residuals was used to visually check for normality.
Skewness and kurtosis of the unstandardized residuals were also checked for normality. If
skewness and kurtosis indices were less than one away from zero, then the distribution was
considered normal.

The reasonableness of predicted median constituent values from the final model
selected was checked as a last step. If the predicted range of values was reasonable, then the
model was selected as the best model. Reasonable predicted values were defined as not
negative. The model should not predict negative values for water quality constituents. The
only exception to this would be the model to predict ANC. Values for AN C can be negative.
Predicted maximum values for pH should also not exceed 14.

To check the model selection using the stepwise method, backward and forward
selection procedures were also used for the regression of median pH and the results were
compared. This was done only for pH since it is one of the more important water quality
constituents. Stepwise regression combines the ideas of forward and backward procedures
but since it does not test all possible regression models, one cannot be sure that the best
model is selected (Helsel and Hirsch, 1992). Using forward selection gave exactly the same
results as stepwise procedures. Backward selection produced a model with many more
variables but with numerous multi-collinearity problems. Since the same results were

obtained with forward selection and very poor results with backward selection, it was
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concluded that stepwise procedures would be adequate for model selection of pH and all
other water quality constituents.

It should be noted that in cases where transformations were made on independent
variables and basins were removed as observations due to their unusual influence, every
attempt was made not to do so. It was viewed as preferable to have the simplest model
which explains the most variability in water quality constituent values in as many basins as
possible.

Results and Discussion

Tables 3-1 and 3-2 display the results of correlation analysis. Table 3-1 displays the
results of correlation analysis between basin characteristics. Table 3-2 displays the results
of correlation analysis between the basin characteristics and median values of water quality
constituents. Table 3-3 displays the correlation coefficients between water quality
constituents. Only statistically significant correlation coefficients are reported in the tables.
Correlation Analysis

Tables 3-1 and 3-2 show that statistically significant linear relationships exist
between basin characteristics and between basin characteristics and water quality
constituents.

Note that not all of the geology types for which data were collected (see Table A3-1)
were presented in Tables 3-1 and 3-2. Geology types in Tables 3-1 and 3-2 include
Thunderhead Sandstone, Limestone, Cades Sandstone, Elkmont Sandstone, Anakeesta,
Metadiorite, Great Smoky Group, and Basement complex. Other geology types were

excluded from correlation and subsequent regression analysis either because they are
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Table 3-2. Kendall's tau correlation coefficients between basin characteristics and median values of water

quality constituents.
Characteristic pH | ANC Conductivity | Nitrate | Sulfate Chloride| Sodium| Potassium
Elevation -0.4241-0.417 0.437 -0.262 | -0:.186
Mean elevation -0.496|-0.516 0.577 | 0.164 -0414 | -0.292
Elevation class -0.459| -0.446 0.475 -0.281 | -0.211
Order 0.461 1] 0.412 -0.390 0.211 0.199
Basin length 0.498 | 0.457 -0.424 0.229 0.208
Basin area 0.491 | 0.446 -0.426 0.217 0.209
Stream density 0.232 ] 0.235 -0.266 -0.149 | 0.189 0.289
Average basin slope -0.456|-0.450 0320 | 0397 | -0.156 | -0.490 | -0.479
Channel slope -0.540]-0.508 0.411 | 0175 -0.275 | -0.235
Max Channel length | 0.497 0.458 -0.418 0.210 0.195
Basin width 0.458 ] 0.412 -0.394 0.191: 0.196
Basin shape
Thunderhead Sandstone -0.220 -0.191
Limestone 0.394 | 0.389 0.330 -0.297 0267 | 0.341 0.330
Cades Sandstone 04251 0.415 0.273 -0.357 0.331 0.319
Elkmont Sandstone | 0.339 | 0.349 -0.297 0.185 | 0.275 0.226
Anakeesta -0.226 | -0.226 0.170 0.178 | 0.352 -0.368 | -0.510
Metadiorite
Great Smoky Group -0.200 -0.240 | -0.213
Basement complex 0.312 | 0.279 -0.211 -0.371 | -0.397 0.298 0.321
Spruce Fir -0.365|-0.366 0.326 0.503 | 0.407 -0.350 | -0.253
Northern Hardwood | -0.448]-0.481 0.511 0162 | -0359| -0.277
Cove Hardwood -0.206]-0.233 -0.273 -0.209 | -0:178
Mesic Oak 0288 0.271 -0.436 -0.471 1 -0.518 0223 | 0.164
Mixed Mesic Hardwood | 0.465 | 0.505 -0.504 | -0.194 0.469 0.337
Tulip Poplar 0.207 | 0.207 -0.248
Pine 0.516 ] 0.534 0.160 -0.441 0.381 0.316
Heath Bald -0.218]-0.249 0.156 | 0.224 | -0.183 | -0.409 [ -0.339
Xeric Oak 0.514 | 0.530 -0.582 0.363 0.284
Pine-Oak 0.502 | 0.534 -0.469 0.384 0.271
Undisturbed -0.4241-0.426 0.405 0.614 | 0.536 -0.316 | -0.307
_Light cut 0.455 | 0.441 -0.172 -0.559 | -0.286 0.416 0.316
Selective cut 0.431 | 0.386 -0.251 -0.358 | -0.404 0.335 0.399
Heavy cut 0.2451 0,217 -0.300 -0.278 | -0.318
Settlement 0.271] 0.251 -0.237

Note: Blank cells indicate correlation coefficient is not significant. Normal font values are significant at
the 0.01 level and bolded values in shaded cells at the 0.05 level (2-tailed).
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Table 3-3. Kendall’s tau correlation coefficients for water quality constituents.

pH ANC Conductivity Nitrate Sulfate Chloride Sodium
ANC 0.863
Conductivity

Nitrate -0.588 -0.581 0.259

Sulfate -0.309 -0.284 0.579 0.419

Chloride ©0.156 0,176

Sodium 0.589 0.617 -0.413 0324

Potassium 0.494 0487 -0.369 -0.296 0.605

lation coefficient is not significant. Normal font values

Note: Blank regions indicate corre
are significant at the 0.01 level and bolded values in shaded regions at the 0.05 level (2-

tailed).
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basically inert and therefore would not influence water quality or because they are present
in very small amounts within the contributing area to one sample site. Scott Southsworth
(employed by the USGS and working undera cooperative agreement with the National Park
Service to update the earlier work done in 1968 by Philip King and others) was contacted in
September 2000 to discuss which geology types could be considered inert. The geology
types determined inert include Nebo Quartzite, Hesse Quartzite, Rich Butt Sandstone,
Roaring Fork Sandstone, Unnamed Sandstone, Metcalf Phyllite, Wading Branch Formation,
Longarm Quartzite, and Pigeon Siltstone. Some formations occur in very small amounts at
sample site 156 only. They are Cochoran Formation, Nichols Shale, Nebo Quartzite, Hesse
Quartzite, Wilhite Formation, and Wilhite Formation Course. Wilhite Formation Course
covers only about 7.5% of the contributing area to sample site 156. Wilhite Formation
covers about 3.8%. The other geology types all cover less than 1% each. Since these
geology types cover only a small amount of the contributing area to one sample site, they
were excluded from correlation analysis. Including them in correlation analysis would give
misleading correlation coefficients of one since they are only present at one site.

The following briefly presents some of the results of correlation analysis. More
discussion about influences on water quality constituent values will be included in the
modeling results. This discussion will not attempt to address multi-collinearity, rather the
multiple linear regression will address the issue.

As expected from the results of simple linear regression in Chapter II between
elevation and median water quality constituent values, Table 3-2 shows that elevation, mean

elevation, and elevation class are inversely related to both pH and ANC. This indicates that
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sampled surface water pH and ANC decrease with increases in elevation. Average basip
slope and channel slope are also inversely related to pH and ANC. Basin length, basin area,
stream density, maximum channel length, and basin width have significant positive
correlations with pH and ANC. Watersheds with larger values for these characteristics have
a greater portion of their area at lower elevations and are characterized by higher pH and
ANC.

By inspecting other significant linear relationships in Table 3-2, one can summarize
that basins located in the higher elevations of the GRSM with steep basin slopes, steep
channel slopes, undisturbed areas, and Anakeesta Formations present have lower pH and
ANC values. Lower elevation watersheds which have experienced some type of disturbance
and have Limestone present have higher values for pH and ANC.

Conductivity does not have many significant linear relationships with basin
characteristics (see Table 3-2). This suggests that it might be difficult to explain much of the
variability of conductivity in sampled GRSM basins.

Nitrate concentrations increase with increases in elevation, mean elevation, elevation
class, average basin slope, and channel slope. Nitrate concentrations also show increasing
trends with forest types typically located at the higher elevations of the GRSM such as
Spruce Fir, Northern Hardwood, and Heath Bald. Linear relationships with geology types
are probably the result of collinearity with elevation and variables related to elevation such
as elevation class and slope. There is a particularly strong relationship between the amount
of undisturbed area in a basin and nitrate concentrations. Nitrate concentrations increase as

the amount of undisturbed area increases. Nitrate concentrations decrease with increases in
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stream order, basin length, basin area, stream density, maximum channel length, and basip
width. Nitrate also has inverse relationships with areas that have experienced some type of
past disturbance prior to establishment of the GRSM. Forest types which have inverse
relationships with nitrate concentrations include Mesic Oak, Mixed Mesic Hardwood, Tulip
Poplar, Pine, Xeric Oak, and Pine-Oak. All of these forest types are either concentrated at
the middle to lower elevations (except Mesic Oak) of the GRSM or their presence increases
with decreases in elevation. Lower nitrate concentrations are found in basins with some
recent disturbance such as logging.

Sulfate concentrations do not have many strong and consistent linear relationships
with the basin characteristics. Sulfate is positively correlated with mean elevation, average
basin slope, and channel slope. The correlation coefficients for mean elevation and channel
slope, 0.164 and 0.175 respectively, are not very strong. The discussion in Chapter II
explaining the trend in median sulfate concentrations with respect to elevation explains the
lack of many strong linear relationships (see Figure 2-19). Sulfate concentrations are
positively correlated with the amount of Anakeesta in a basin and the amount of undisturbed
area. Discussions in Chapter II demonstrated that basins with the highest concentrations of
sulfate in sampled surface water have sample site elevations between 1,067 and 1,372 meters
above mean sea level (see Figure 2-19). Sulfate concentrations increase as the amount of
basin area underlain by Anakeesta Formations increases and the amount of undisturbed area
increases.

Chloride has poor relationships with basin characteristics. It has the strongest

relationship with the amount of basin area covered by Limestone. Research at Hubbard
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Brook has shown that precipitation can be a major source of chloride to a forested ecosystem
(Likens et al., 1977). Although elevation could possibly be a surrogate variable for
precipitation in the GRSM, it does not appear to show up in the correlation results. Results
from past research have shown that total precipitation does increase with increases in
elevation. Within the GRSM, annual average precipitation amounts (asrainfall) ranged from
147, 177, 200, 226, and 231 centimeters at elevations of 445, 762, 1,158, 1,524, and 1,920
meters, respectively (Shanks, 1954). Chloride actually has weak, inverse relationships with
two variables related to elevation, stream density and average basin elevation. The results
of simple linear regression in Chapter Il between sampling site elevation and median chloride
concentrations showed that a statistically significant trend does not exist (see Figures 2-21
and 2-22).

Sodium, potassium, pH, and ANC have very similar relationships with basin
characteristics. Since sodium, potassium, and carbonate species which contribute to
alkalinity are commonly found in groundwater, it is not surprising that they show similar
responses. Therefore, basins which have high ANC, mentioned earlier, also have higher
concentrations of sodium and potassium. Table 3-3 also shows that these constituents have
strong positive correlation coefficients with each other. The Kendall’s tau correlation
coefficient between pH and ANC is 0.863. The coefficients between pH and sodium and
potassium are 0.589 and 0.494, respectively. The coefficients between ANC and sodium and
potassium are 0.617 and 0.487, respectively.

Modeling Results

The results of the regression analysis are summarized in Table 3-4. All coefficients
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and constants in the reported models are significant (p<0.10). Table 3-5 summarizes some
important model performance and application information. Application of the models to
predict water quality constituent values in unsampled basins should be done in accordance
with the restrictions listed in Table 3-5. A detailed explanation of model development is
included for pH and ANC since these are two of the more important constituents with respect
to impact on aquatic life and GRSM management decisions. Model characteristics to predict
median water quality constituent values are discussed below.
pH
pH-Trial one

As previously discussed, in the first trial independent variables were not grouped.
The possible independent variables included elevation, mean elevation, elevation class,
stream order, basin length, basin area, stream density, average basin slope, channel slope,
maximum channel Iength, basin width, basin shape, Thunderhead Sandstone, Limestone,
Cades Sandstone, Elkmont Sandstone, Anakeesta, Metadiorite, Great Smoky Group,
Basement complex, Spruce Fir, Northern Hardwood, Cove Hardwood, Mesic Oak, Mixed
Mesic Hardwood, Tulip Poplar, Pine, Heath Bald, Xeric Oak, Pine-Oak, undisturbed, light
cut, selective cut, heavy cut, and settlement (see Table 3-2). The model selected by stepwise
procedures to predict pH included the variables mean elevation, basin slope, and stream
order.

Two sites appeared to exert a strong influence on the model. Influence was
determined by the methods mentioned on pages 56 and 57. These were sites 237 and 252.

The Cook’s D statistics for these two sites appeared unreasonably large in comparison to
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other observations. The 25%, 50® and 75™ percentile values for the Cook’s D statistic
including all observations were 0.000577, 0.00151, and 0.00581, respectively. The Cook’s
D statistics for sites 237 and 252 were 0.252 and 0.248, respectively. Visual inspection of
the partial regression plots showed that these two sites consistently appeared removed from
other observations and deviated from apparent linear trends in these plots. Both of these sites
are unique. They are both sites which have experienced significant disturbance to the
Anakeesta Formations within their basins. The entire basin (100%) created by sample site
237 is underlain by Anakeesta. About 69% of the contributing area to site 252 is underlain
by Anakeesta. The disturbance to the Anakeesta Formations upstream of site 237 is the
result of natural exposure from debris flows. Immediately upstream of site 252, the
disturbance to the Anakeesta Formations occurred when U.S. Highway 441 through the
GRSM was reconstructed in 1963 and 1964. The Anakeesta was also used as roadfill
material (Kucken et al., 1992; Winger et al., 1987). This will be discussed more when the
final model selected to predict pH is discussed. These sites were removed from the analysis
since they are so unique and would exert such a strong influence on the resulting model.
When the model was rerun with these two sites removed, the adjusted r-square improved
from 0.64 to 0.74. The normality of the unstandardized residuals improved as well.
Improvement of normality was concluded by visual inspection of the box plot of the
unstandardized residuals and skewness and kurtosis. Indices of skewness and kurtosis for
the model with sites 237 and 252 were -1.89 and 7.84, respectively. Indices of skewness and
kurtosis without these sites were -0.15 and 2.45, respectively. A kurtosis index equal to 245

indicates that the distribution is somewhat more peaked than the normal distribution. This
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would be caused by a larger number of observations at the center of the distribution (Hucl_c
and Cormier, 1996). The model which excluded sites 237 and 252 and included the
independent variables mean elevation, basin slope, and stream order appeared to predict
reasonable values (greater than zero and less than 14) for median pH at sampled sites. The
minimum, maximum, and median predicted pH values for this model are 5.62, 7.09, and
6.36, respectively. The actual observed minimum, maximum, and median pH values at
sampled sites (excluding sites 237 and 252) are 5.49, 7.44, and 6.36, respectively. The
coefficients on the independent variables mean elevation and basin slope are negative as one
might expect from results of correlation analysis. The coefficient for stream order is positive
indicating that as stream order increases, median pH values increase.

Visual inspection of a plot of the standardized residuals versus the unstandardized
predicted values showed that the model appears to adhere to the assumptions of constant
variance. The residuals appeared randomly distributed about the horizontal axis and there
appeared to be a proportionate number of residuals above and below zero. The partial
regression plots and plots of standardized residuals versus explanatory variables suggested
that transformations of the independent variables were not necessary. The partial regression
plots appeared linear. Based upon satisfactory results for all criteria (except kurtosis more
than one away from zero) and minimal deviation of the unstandardized residuals from the
normal distribution, it was concluded that the model was acceptable. However, a second
model which included grouped variables was tested for comparison.
pH-Trial two

A second model was selected by stepwise procedures using grouped independent
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variables as described earlier. Limestone, Cades Sandstone, Elkmont Sandstone, and
Basement Complex (LCEB) were grouped together to create a single independent variable
that represents the basin area covered by the sum of these geology types. Limestone, Cades
Sandstone, and Elkmont Sandstone have statistically significant positive correlations with
each other and with pH (see Tables 3-1 and 3-2). Others have noted that Cades Sandstone
and Elkmont Sandstone are of similar character (King et al., 1968). Limestone and Cades
Sandstone are found in the Cades Cove area and Elkmont Sandstone is found in the higher
elevations south and east of Cades Cove. The Basement complex is part of the foundation
on which all other strata of the region have been laid (King et al., 1968). Therefore, it is not
surprising that these four geology types have similar affects on surface water pH and ANC.
Most of the influence is probably due to the presence of Limestone within the basins. The
apparently similar affect of Cades Sandstone, Elkmont Sandstone, and Basement complex
on surface water pH and ANC probably results from their coexistence with the more soluble
and carbonate bearing Limestone. Anakeesta was the only geology type which showed a
negative correlation with pH and was therefore left alone as a possible independent variable.

Spruce Fir, Northern Hardwood, Cove Hardwood, and Heath Bald (SNCH) were
grouped together to form another independent variable. They were grouped together because
they all have statistically significant negative correlation coefficients with pH (see Table 3-2)
and physically it makes sense based on the information about where these forests are
typically found. From the descriptions of the forest types presented eatlier, one can sce that
Spruce Fir, Northern Hardwood, and Heath Bald are all typically found in the upper

elevations of the GRSM. Cove Hardwood can be found at almost any elevation. Mesic Oak,
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Mixed Mesic Hardwood, Tulip Poplar, Pine, Xeric Oak, and Pine-Oak MMMTPXPO) were
grouped together as well since they have statistically significant positive linear relationships
with pH and they tend to be in the middie to lower elevations of the GRSM. Disturbance
history data were grouped as explained earlier. The possible independent variables for trial
two included elevation, mean elevation, elevation class, stream order, basin length, basin
area, stream density, average basin slope, channel slope, maximum channel length, basin
width, basin shape, LCEB, Anakeesta, SNCH, MMMTPXPO, undisturbed, and disturbed.

The significant variables selected by stepwise procedures included SNCH, basin
slope, and stream order. The same two sites, 237 and 252, again appeared to exert a strong
influence on the model. The model was rerun with only SNCH, basin slope, and stream
order as possible variables and sites 237 and 252 removed. The adjusted model r-square
improved from 0.62 with sites 237 and 252 t0 0.75 with the sites removed. The minimum,
maximum, and median predicted pH values for the model excluding sites 237 and 252 were
5.65, 7.08, and 6.34, respectively. The results of the model from trial two appeared similar
to the results from trial one, in which variables were not grouped. Model results were
probably similar because the variable SNCH functions like a surrogate variable for mean
elevation. Three of the forest types in the grouping SNCH are significantly correlated with
mean elevation. These include Spruce Fir, Northern Hardwood, and Cove Hardwood. The
Kendall’s tau correlation coefficient between the variable SNCH and mean elevationis 0.75.
Heath Bald is probably not correlated with mean elevation because it only occurs at the
higher elevations so there are no observations at the lower elevations. It is interesting to note

that some of the species included in this grouping, particularly Heath Bald and Spruce Fir,
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prefer the acidic soils of the higher elevations. The coefficient on the independent variable
SNCH indicated that pH decreases as coverage of this grouping increases.

The final model chosen and reported in Table 3-4 includes mean elevation, basin
slope, and stream order. This model is chosen over the similar second model (from trial two)
because mean elevation is a variable which is easier to determine. The model explains
almost 75% of the variability in median pH in sampled basins of the GRSM. Application
of the model would not be appropriate when trying to predict pH in basins draining areas
with disturbed Anakeesta Formations since sites with this characteristic were removed from
the regression analysis. The model should also not be used for basins which have
characteristics outside the range of those us?:d to create the model. The ranges (minimum,
maximum) for the independent variables are as follows: mean elevation (745 meters, 1,716
meters); basin slope (25.3%, 72.1%); and stream order (1,5). Figure 3-1isaplotof predicted
pH versus median pH. The gridlines are included in the figure to facilitate comparison
between the values. Notice the major intervals are the same for the predicted values and the
actual values. One would expect an intercept of zero and a slope equal to one for the best-fit
line through the data points in Figure 3-1. Simple linear regression was performed on the
predicted values and the actual values to compare the intercept and slope terms with what
one would expect. The intercept and the slope terms were statistically significant (p<0.05)
and equal to 1.610 and 0.746, respectively. The model appears to predict lower than actual
values for sites with particularly high pH (greater than 7.0) and predict higher than actual
values for sites with low pH (less than 5.5).

As discussed in Chapter II, the sites with median pH greater than 7.0 are within the

77



1.5

73

7.0 88

6.8

6.5

6.3

6.0

Predicted pH

5.8

5.5

5.3

5.0
5.0 5.3 55 5.8 6.0 6.3 65 6.8 7.0 7.3 75

Actual median pH

Figure 3-1. Predicted versus actual pH from regression model to
predict pH in sampled GRSM basins.
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Abrams Creek watershed and below Cades Cove. These include sites 156, 174, and 489.
The contributing areas to these sites contain Limestone and the amount of Limestone in each
basinis 7.0,21.0, and 11.7%, respectively. Sites further upstream and above the Cades Cove
area include 184, 186, and 200 (see Figure 2-2). The median pH values at these sites are 6.2,
6.4, and 6.1, respectively. The water at these slightly acidic (pH less than 7.0) upstream sites
is buffered by the presence of soluble Limestone within the Cades Cove area. The presence
of Limestone within the GRSM is not typical. Most of the GRSM is underlain by basically
inert sandstone formations which result in waters with low acid neutralizing capacity and low
ionic strength (Elwood et al., 1991). Surface waters which are high in acid neutralizing
species such as carbonate and bicarbonate are typically less acidic and have higher pH values
compared to waters low in acid neutralizing species. The Limestone present in these basins
and the acid neutralizing species which it contributes to the water is responsible for the
higher than usual pH values.

Also discussed in Chapter Il were the sites with median pH less than or equal to 5.5.
Two of the sites, 237 and 252, exerted such a strong influence on the modeling results that
they were removed from the analysis. The Anakeesta Formations within these basins has
been disturbed. The pyritic, iron sulfide minerals which make up Anakeesta Formations
have been classified by some researchers as acid-producing materials (Byerly, 1996). These
minerals oxidize in the presence of air and water to form different soluble iron sulfate
compounds. The dissolution of these various sulfates produces acidity, increases
concentrations of sulfate, and consumes alkalinity. The low pH at sites 237 and 252 results

from this acidifying effect of disturbed Anakeesta Formations. Other areas (drainage basins)
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identified as having significant debris flows of Anakeesta Formations include Porters Creels,
Eagle Rocks Prong, Breedlove Branch, Gulf Prong of Bradley Fork, and Left Fork of Deep
Creek. These basins and their locations are discussed in more detail in Chapter VI (see Table
6-1).

As mentioned, the model to explain the variability in pH includes three independent
variables (mean elevation, basin slope, and stream order) related to elevation. The
coefficients on the independent variables indicate that pH in sampled basins of the GRSM
decreases with increases in elevation. Research at high elevations in the GRSM (greater than
1,720 meters) has shown an elevation gradient to deposition of acidifying species such as
sulfate in throughfall. Researchers found that sulfate fluxes increased by about a factor of
two due to higher cloudwater interception at 1,940 meters versus 1,720 meters (Shubzda et
al., 1995). This elevation gradient to deposition of acidifying species is one explanation to
the variability in pH with respect to elevation. Other possible influences which explain the
trend include the presence of Anakeesta Formations and undisturbed areas at the upper
clevations of the GRSM. The influences of Anakeesta have already been discussed. The
amount of undisturbed area and nitrate concentrations are positively correlated with each
other (see Table 3-2). In soils low in base cations or with a tendency to conserve base
cations, charge balance can be maintained by the leaching of hydrogen ions and aluminum
(Cosby et al., 1985). It is possible that hydrogen ions are the principal cations maintaining
charge balance in surface waters draining basins with undisturbed areas. Sodium and
potassium are negatively correlated with the amount of undisturbed area (see Table 3-2).

Therefore, they are probably not the principal cations maintaining charge balance. Calcium
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and magnesium could also be important cations but analysis of calcium and magnesium was
not included due to reasons discussed in Chapter L.
Acid Neutralizing Capacity

From the results of simple linear regression analysis discussed in Chapter II and
initial attempts to predict median ANC using multiple regression, it was apparent that two
different models might be necessary due to the presence of Limestone in some areas. The
decision was made to model separately basins which contain Limestone and basins which
have no Limestone present.

For basins which contain Limestone, simple linear regression was used to predict
median ANC based on the amount of watershed area covered by Limestone. A plot of
median ANC versus Limestone coverage is shown in Figure 3-2. Regression results in which
the line was not forced through the origin gave a slope term which was statistically
significant (p<0.05) but a constant term which was not significant (p=0.326). The 95%
confidence interval for the constant term included zero. A second line was fit to the data but
forced the intercept through the origin. Since the 95% confidence interval of the constant
term in the model which did not force the intercept through the origin included zero, forcing
aline through the origin seemed reasonable. The regression results are reported in Table 3-4.
The model selected for predicting median ANC in basins with Limestone was compared with
the one which did not force the intercept through the origin. For all values of percent
coverage by Limestone, the difference between the predicted median ANC values at the
sample site was not more than 10%. The model predicts that as the amount of Limestone in

a basin increases, the amounts of acid neutralizing species also increase.
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The model in Table 3-4 should not be used for predicting ANC in basins with more
than 21% of their area covered by Limestone. It should also not be used if disturbed
Anakeesta Formations are present in the basin. The minimum, maximum, and median
predicted ANC values are 24.02, 1,295.59, and 285.22 microequivalents per liter,
respectively. The observed minimum, maximum, and median ANC valuesin sampled basins
with Limestone are 95.89, 1,223.05, and 265.50.

To predict ANC in basins without Limestone, the same methods were used as for
development of the model to predict pH. The first trial did not group independent variables.
The actual model which was selected and reported in Table 3-4 resulted from grouping some
independent variables together (trial two). This will be discussed later. The discussion
below explains the model selected by stepwise procedures on ungrouped variables and why
it was not selected.

Acid Neutralizing Capacity-Trial one

For basins which do not have Limestone, the possible independent variables in trial
one included elevation, mean elevation, elevation class, stream order, basin length, basin
area, stream density, average basin slope, channel slope, maximum channel length, basin
width, basin shape, Thunderhead Sandstone, Limestone, Cades Sandstone, Elkmont
Sandstone, Anakeesta, Metadiorite, Great Smoky Group, Basement complex, Spruce Fir,
Northern Hardwood, Cove Hardwood, Mesic Oak, Mixed Mesic Hardwood, Tulip Poplar,
Pine, Heath Bald, Xeric Oak, Pine-Oak, undisturbed, light cut, selective cut, heavy cut, and
settlement. Variables in the model selected by stepwise procedures included Mixed Mesic

Hardwood, maximum flow length, Mesic Oak, and basin slope.
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Site 253 appeared to exert a strong influence on the model. The Cook’sD statisti‘c
for this site appeared unreasonably large in comparison to other observations. The 25%, 50%,
and 75" percentile values for the Cook’s D statistic including all observations were
0.000512, 0.00233, and 0.00738, respectively. The Cook’s D statistic for site 253 was 0.260.
Visual inspection of the partial regression plots showed that site 253 was far removed from
other observations and deviated from apparent linear trends in these plots. This site is
located immediately upstream of site 252 (one of the sites which exerted a strong influence
on the model for median pH) and above the roadcut on Beech Flats Creek within the larger
Oconaluftee watershed. Site 253 was removed from analysis because the variability of water
quality constituent values in sampled surface waters which are close to roads with basins
containing disturbed Anakeesta Formations isunusual. These sites do not represent “typical”
conditions within the GRSM. These atypical conditions strongly influence resulting models
and reduce the likelihood of producing stronger models that might work well to predict the
more typical conditions found throughout the GRSM. Removal of site 253 improved the
adjusted r-square from 0.76 to 0.83.

The coefficients and the constant term appeared reasonable with respect to magnitude
and sign. The coefficients for Mixed Mesic Hardwood, Mesic Oak, and maximum channel
length were all positive, indicating that ANC would increase as values for these variables
increased. Correlation analysis revealed strong positive relationships between Mixed Mesic
Hardwood, Mesic Oak, and maximum channel length. Kendall’stau correlation coefficients
were 0.505, 0.271, and 0.458, respectively. The coefficient for basin slope was negative,

indicating that with increases in basin slope (increases in elevation) ANC would decrease.
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The Kendall’s tau correlation coefficient between basin slope and ANC was -0.450.

All condition indices were below twenty-one. This satisfied the criteria that condition
indices should be below 30, the point at which there could be significant problems with
multi-collinearity.

However, there were numerous problems with the model that could not be resolved
well. Visual inspection of the box plot of the unstandardized residuals did not appear normal
due to the presence of numerous outliers. The partial regression plots of maximum channel
length, basin slope, and Mesic Oak did not appear linear and residual plots revealed problems
with heteroscedasticity. Attempts at transformations did not improve results. Scatter plots
of median ANC versus these three variables suggested that transformations going “down”
the ladder of powers would be most appropriate. Transformations going down the ladder of
powers include taking the base 10 log, the reciprocal, the square root, the cube root, and so
on (Helsel and Hirsch, 1992). Transformations which were tried included taking the base
10 log, the reciprocal, and the square root of the independent variables maximum channel
length, basin slope, and Mesic Oak. The transformations did not significantly improve
problems with heteroscedasticity or normality of unstandardized residuals.

Acid Neutralizing Capacity-Trial two

The second model selected by stepwise procedures chose from grouped variables.
The groupings were the same as those used for predicting median pH. These groupings were
explained and justified in the discussion of the model selected by stepwise procedures for
pH-trial two. It was reasonable to use the same groupings because pH and ANC have almost

identical relationships with basin characteristics (see Table 3-2). Therefore, the possible
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independent variables included elevation, mean elevation, elevation class, stream order, basip
length, basin area, stream density, average basin slope, channel slope, maximum channel
length, basin width, basin shape, LCEB, Anakeesta, SNCH, MMMTPXPO, undisturbed, and
disturbed. The significant variables selected by stepwise procedures included MMMTPXPO,
maximum channel length, and basin slope.

Site 253 again appeared as a strong influence on the model. The 25% 50", and 75®
percentile values for the Cook’s D statistic including all observations were 0.000984,
0.00273, and 0.0101, respectively. The Cook’s D statistic for site 253 was 0.340. Visual
inspection of the partial regression plots showed that site 253 was far removed from other
observations and deviated from apparent linear trends in these plots. Notice in Figure 3-3
that site 253 appears in the top portion of the plot removed from the other observations.
Since site 253 exerted such a strong influence on the modeling results and the site represents
atypical conditions, it was removed from the analysis. Removal of site 253 improved the
adjusted r-square from 0.74 to 0.81.

A review of the modeling results indicated that maximum channel length and basin
slope might require transformations to improve problems with heteroscedasticity. Figure 3-4
displays the residuals plotted against maximum channel length for the model in which
maximum channel length was not transformed. Visually, the variance appears to increase
for basins located at higher elevations (shorter channel lengths). To reduce problems with
heteroscedasticity, several transformations were tried. Those going down the ladder of
powers appeared most appropriate based on visual inspection of scatter plots of median ANC

versus maximum channel length and basin length. Transformations which were tried
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included taking the base 10 log, the reciprocal, and the square root of the independen.t
variables maximum channel and basin slope. Taking the square root of the maximum
channel length improved problems with heteroscedasticity. Figure 3-5 displays the residuals
plotted against the square root of maximum channel length. There appears to be a significant
improvement in adherence to the assumptions of constant variance by transforming the
variable. The observations appear more randomly distributed about the horizontal axis.
There also appears to be a proportionate number of residuals above and below zero. Figure
3-6 displays the partial regression plot of median ANC and the transformed maximum
channel length with site 253 removed from the regression. It is certainly not a perfectly
straight line, but notice that the linear trend in Figure 3-6 appears better than the one in
Figure 3-3. The relationship between median ANC and maximum channel length was
apparently made more linear by the transformation and removal of site 253.
Improvements by transformation of basin slope appeared minimal. Heteroscedasticity
could not be significantly reduced with transformations. Figure 3-7 displays the plot of the
standardized residuals versus basin slope, which shows some signs of nonconstant variance.
This was judged acceptable because other model criteria were satisfied and, more important,
because most of the sampled basins have basin slopes that are within the range in which the
clustering in Figure 3-7 occurs. Of the basins used to generate the model, 84% have an
average basin slope between 40 and 50%. Based on this, some clustering of data points
could be expected. Therefore, basin slope was left in the model because of its contribution
to explaining some of the variability in median ANC without significant deviation from the

assumptions of linear regression. The model adjusted r-square without basin slope was 0.75.
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Including basin slope in the model improved the adjusted r-square to 0.81.

The box plot of the unstandardized residuals appeared normal and skewness and
kurtosis indices were no more than one away from zero. The minimum, maximum, and
median predicted ANC values are -1.25, 103.12, and 43.07 microequivalents per liter,
respectively. The actual observed minimum, maximum, and median ANC values in sampled
basins included in the model are -13.68, 124.27, and 44.63 microequivalents per liter,
respectively. The final model is reported in Table 3-4. This model, like the one for
predicting pH, is not recommended for predicting ANC with disturbed Anakeesta
Formations. As already mentioned, this model is also not appropriate for basins with
Limestone. The model should also not be used for basins which have characteristics outside
the range of those used to create the model. The ranges (minimum, maximum) for the
independent variables are as follows: MMMTPXPO (0.0%, 91.6%); maximum channel
length (0.52 kilometers, 41.62 kilometers); and basin slope (25.3%, 72.1%). Figure 3-8 is
a plot of predicted ANC versus the actual ANC. One would expect an intercept of zero and
a slope equal to one for the best-fit line through the data points in Figure 3-8. Simple linear
regression was performed on the predicted values and the actual values to compare the
intercept and slope terms with what one would expect. The intercept and the slope terms
were statistically significant (p<0.05) and equal to 8.497 and 0.817, respectively.

The variables in the model to predict ANC in basins without Limestone are related
to elevation. The forest types which make up the grouping MMMTPXPO are typically found
at the middle to lower elevations of the GRSM. The coefficient on MMMTPXPO indicates

that as the percent coverage of this forest type increases ANC increases. The coefficients on
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the other two variables, maximum channel length and basin slope, indicate that as elevation
increases ANC decreases. The reasons that were cited in the discussion beginning on page
80 to explain trends in pH are also applicable to trends in acid neutralizing capacity.

Refer to Appendix A5 for the complete SPSS output that was used to evaluate the
model (resulting from trial two) to predict ANC in basins without Limestone. It was selected
as a “model” representation of the process used for all other constituents for several reasons.
Acid neutralizing capacity is considered one of the more important constituents. To resolve
problems and satisfy assumptions of multiple linear regression, one of the independent
variables, maximum channel length, was transformed. One site exerted a strong influence
on the model and was removed from the regression. The residuals for one of the independent
variables, basin slope, showed some problems with nonconstant variance, but for reasons that
were determined explainable and acceptable. With the fairly detailed explanation of model
development for pH and ANC, the reader should have an understanding of the process used
for all other models. Therefore, model results for all other constituents will be less detailed
but discuss important points.
Conductivity

Based on initial attempts to predict median conductivity using multiple regression,
it was apparent that two different models would be necessary. As with ANC, the decision
was made to model separately basins which contain Limestone and basins which have no
Limestone present. However, the model for predicting median conductivity in basins without
Limestone did have different independent variables than the model for predicting median

ANC in basins without Limestone.
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The relationship between median conductivity and the amount of Limestone in a
basin is shown in Figure 3-9. As the amount of Limestone in a basin increases, conductivity
also increases. Conductivity increases dueto increases in concentrations of acid neutralizing
species such as carbonate and bicarbonate. Table 3-4 displays the results of simple linear
regression. The slope term and the constant were both significant (p<0.05). The minimum,
maximum, and median predicted conductivity values are 15.13, 129.43, and 38.61
microsiemens per centimeter, respectively. The observed minimum, maximum, and median
conductiyity values in sampled basins with Limestone are 17.58, 126.40, and 33.98
microsiemens per centimeter, respectively. The model in Table 3-4 should not be used for
predicting conductivity in basins with more than 21% of their area covered by Limestone.
It should also not be used if disturbed Anakeesta Formations are present.

For basins which do not have Limestone, significant variables in the final model
selected by stepwise procedures and reported in Table 3-4 include the amount of undisturbed
area and the percentage of the basin area covered by Anakeesta. The coefficients on the
independent variables are both positive. As the amount of undisturbed area and area with
Anakeesta increases, the concentrations of nitrate and sulfate increase. This will be
discussed more in the discussion of nitrate and sulfate models. As the concentrations of
these anions increase, the concentration of neutralizing cations (probably hydrogen ions)
increases as well and there is a corresponding increase in jonic strength. Kendall’s tau
comelation coefficients between pH and the amount of undisturbed area and Anakeesta are
-0.424 and -0.226, respectively. Since pH is negatively correlated with the amount of

undisturbed area and Anakeesta coverage, then hydrogen jon concentrations increase.
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Sodium and potassium are both negatively correlated with undisturbed area and Anakeesta
(see Table 3-2). Therefore, the cations which maintain neutrality are probably not sodium
or potassium, Calcium and magnesium could also be important cations but analysis of
calcium and magnesium was not included due to reasons discussed in Chapter L.

The ranges on the independent variables indicate that the model reported in Table 3-4
could be used for all basins within the GRSM, except those with disturbed Anakeesta
upstream and Limestone present. Two sites with disturbed Anakeesta upstream were
removed from the analysis because they exerted a large influence on the resulting model.
The ranges, minimum and maximum, for both independent variables are 0% and 100%,
respectively. The minimum, maximum, and median predicted conductivity valuesare 11.91,
19.89, and 14.87 microsiemens per centimeter, respectively. The observed minimum,
maximum, and median conductivity values in sampled basins used to model the data are
10.42, 24.30, and 13.90 microsiemens per centimeter, respectively.

Nitrate

The model reported in Table 3-4 for predicting median nitrate concentrations is
applicable for all sampled basins. No single basin was particularly more influential than any
other and therefore basins were not excluded from the regression analysis. Transformations
of variables did not appear necessary. The model explains a large portion of the variability
of nitrate (r-square = 0.87). The model also contains more independent variables than any
of the other models. The independent variables include percent undisturbed, elevation class,
percent Mixed Mesic Hardwood, stream density, and percent Anakeesta.

The amount of undisturbed area in a basin explains 61% of the variability in median
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nitrate concentrations. The coefficient on this variable indicates that as the amount of
undisturbed area increases, nitrate concentrations increase. The undisturbed areas of the
GRSM tend to be located in the middle to upper elevations. The amount of undisturbed area
is positively correlated with elevation and mean elevation (see Table 3-1). The upper
elevations were not accessible to early style loggers and the areas were not as useful to
settlers as the lower elevation coves and valleys. Nitrate levels have been found by others
to be significantly different between streams which had at least 75% of their watersheds
logged and those with no more than 25% of their watersheds logged. Streams draining
watersheds with older-growth forests where logging was minimal or nonexistent had higher
nitrate concentrations than younger forests (Silsbee and Larson, 1982). Figure3-10 displays
box plots of the percentage of anions as nitrate in basins with different amounts of
undisturbed area. For basins with more than 50% of undisturbed area, the 25%, 50, and 75%
percentile values for percentage of anions as nitrate are 22.66, 28.52, and 35.20
microequivalents per liter, respectively. For basins with less than 50% of undisturbed area,
the 25% 50%, and 75™ percentile values for percentage of anions as nitrate are 9.72, 16.44,
and 23.62 microequivalents per liter, respectively. The percentages of anions as nitrate
(median values) were compared using the Kruskal-Wallis (KW) H test. There is a
statistically significant difference (KW significance<0.05) between the percentage of anions
as nitrate in these two types of basins. Based on the mean ranks of the Kruskal-Wallis test,
basins with a majority of undisturbed area have a greater percentage of anions as nitrate.
Two variables in the model are related to elevation, elevation class and stream density.

Stream density is negatively correlated with sample site elevation and mean basin elevation
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(see Table 3-1). The coefficients on elevation class and stream density indicate that as
elevation increases, nitrate concentrations increase. These results agree with the results of
simple linear regression presented in Chapter I. Mixed Mesic Hardwood forests are located
at the lower elevations (below 750 meters) in areas that have been settled or logged. The
coefficient on Mixed Mesic Hardwood is consistent with other variables. The negative
coefficient suggests that as elevation decreases and the amount of disturbed area increases,
nitrate concentrations in surface water decrease as well. The coefficient on the independent
variable Anakeesta indicates that as the amount of basin area covered by these formations
increases, nitrate concentrations decrease. The major anion in sampled surface water in
basins with a majority of their watershed covered by Anakeesta (greater than 50%) is sulfate.
Figure 3-11 displays box plots of the percentage of anions as sulfate in basins with amaj ority
of the area covered by Anakeesta Formations and those with less than 50% coverage. For
basins with more than 50% coverage, the 25% 50" and 75® percentile values for percentage
of anions as sulfate are 55.18, 61.44, and 66.81 microequivalents per liter, respectively. For
basins with less than 50% coverage of Anakeesta, the 25%, 50, and 75" percentile values for
percentage of anions as sulfate are 44.36, 52.00, and 58.90 nﬁcroequivalénts pe; liter,
respectively. The percentages of anions as sulfate (median values) were compared using the
Kruskal-Wallis H test. Thereisa statistically significant difference (KW significance<0.05)
between the percentage of anions as sulfate in these two types of basins. Based on the mean
ranks of the Kruskal-Wallis test, basins with a majority of Anakeesta coverage have a greater
percentage of anions as sulfate.

The ranges (minimum, maximum) for the independent variables are as follows:
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undisturbed (0.0%, 100.0%); elevation class (2, 10); stream density (0.1,2.4 kilometers per
square kilometer); Mixed Mesic Hardwood (0.0%, 34.9%); and Anakeesta (0.0%, 100.0%).
The minimum, maximum, and median predicted nitrate concentrations are 0.57, 51.16, and
19.00 microequivalents per liter, respectively. The observed minimum, maximum, and
median nitrate concentrations in sampled basins used to create the model are 3.07, 59.69, and
17.62 microequivalents per liter, respectively. Figure 3-12is a plot of predicted nitrate
versus actual nitrate concentrations. One would expectan intercept of zero and a slope equal
to one for the best-fit line through the data points in Figure 3-12. Simple linear regression
was performed on the predicted values and the actual values to compare the intercept and
slope terms with what one would expect. The intercept and the slope terms were statistically
significant (p<0.05) and equal to 5.204 and 0.839, respectively. Based on visual inspection
of Figure 3-12, the model appears to underestimate nitrate concentrations in basins with
median concentrations greater than about 40 microequivalents per liter.
Sulfate

The model to predict sulfate concentrations explains 63% of the variability in sulfate.
The significant variables are the percentage of the basin which has not been disturbed prior
to establishment of the GRSM and the percentage of the basin with Anakeesta Formations.
Both of the independent variables were transformed to satisfy assumptions of regression.
The amount of undisturbed area was transformed by squaring the values and the percent
coverage of Anakeesta was transformed by taking the square root. The coefficients indicate
that sulfate concentrations increase as the percent coverage in both undisturbed area and

Anakeesta increases. It is interesting to compare the magnitudes of the coefficients on the
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amount of undisturbed area for the nitrate model and the sulfate model. The model to predict
nitrate also included the percentage of undisturbed area as an independent variable. Its sign
suggested that as the amount of undisturbed area increases, nitrate concentrations increase.
Figure 3-10 and the earlier discussion demonstrated that undisturbed areas have a greater
percentage of anions as nitrate. Notice that the magnitude of the coefficient on the amount
of undisturbed area in the model to predict sulfate (0.002997) is much smaller than the
coefficient in the model to predict nitrate (0.222). The difference between these two
coefficients is about 195 percent. This suggests that as the amount of undisturbed areaina
basin increases, both sulfate and nitrate concentrations increase. However, the increase in
nitrate is greater than that for sulfate. As was shown earlier with Figure 3-11 and the
discussion, basins with a majority of Anakeesta coverage have a greater percentage of anions
as sulfate. Notice the positive sign on the independent variable for percent coverage of
Anakeesta in the model to predict sulfate concentrations.

The model should not be used when predicting sulfate concentrations at sites close
to and immediately downstream of disturbed Anakeesta Formations. Two sites with
disturbed Anakeesta upstream were removed from the analysis because they exerted a large
influence on the resulting model. The presence of percent coverage of Anakeesta in models
for predicting conductivity and sulfate in basins with predominantly undisturbed Anakeesta
upstream suggests that Anakeesta Formations which have not been disturbed do increase
surface water sulfate concentrations and conductivity.

The ranges, minimum and maximum, for both independent variables are 0% and

100%, respectively. The minimum, maximum, and median predicted sulfate concentrations
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are 21.32,70.51,and 34.42 microequivalents per liter, respectively. The observed minimum,
maximum, and median sulfate concentrations in sampled basins used to create the model are
9.07, 104.88, and 32.72 microequivalents per liter, respectively. Figure 3-13isa plot of
predicted sulfate versus actual sulfate concentrations. Simple linear regression was
performed on the predicted values and the actual values to compare the intercept and slope
terms with what one would expect. The intercept and the slope terms were statistically
significant (p<0.05) and equal to 15.543 and 0.627, respectively. Figure 3-13 and the lower
adjusted r-square compared to models for pH, ANC, and nitrate, indicate that the sulfate
model does not perform as well.

A model which includes flow as an independent variable would probably explain
more of the variability in sulfate. As mentioned in Chapter I, flow is not recorded when
samples are collected. Other variables related to flow, such as stage, are also not recorded.
Flow might be particularly important in explaining the variability of sulfate for a couple of
reasons. The weathering of Anakeesta Formations is probably greater during periods with
greater amounts of precipitation. Since foliar leaching and uptake of sulfate is minimal, it
is a relatively “conservative” anion when compared to other anions such as nitrate. Research
at Noland Divide Watershed in the GRSM during a storm event showed that sulfate
concentrations were significantly higher on the rising and falling Jimbs of the hydrograph
than in baseflow. There also did not appear to be dilution effects (McCann, 2000).
Chloride

The model for predicting median chloride concentrations in sampled GRSM basins

is applicable for all regions of the Park. It was not necessary to exclude basins from model
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regression model to predict sulfate in sampled GRSM basins.
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development due to influence. The significant variables in the final model include
Limestone, Elkmont Sandstone, Northern Hardwood, and stream density. Limestone and
Elkmont Sandstone occur primarily in Abrams Creek watershed and some portions of the
Little River watershed, respectively. The signs on both of the coefficients suggest that
chloride concentrations increase as the percentage of basin area covered by Limestone and
Elkmont Sandstone increases. The sign on the coefficient for stream density indicates that
chloride concentrations decrease as stream density increases. The sampled basins with
higher stream densities are located in the lower elevations of the GRSM based on results
from correlation analysis presented in Table 3-1. The sign on Northern Hardwood indicates
that as the percent coverage increases, chloride concentrations increase. The percentage of
Northern Hardwood within abasin s positively correlated with elevation and mean elevation
(see Table 3-1).

The ranges (minimum and maximum) for the independent variables in the model are
as follows: Limestone (0.0%, 21.0%); Elkmont Sandstone (0.0%, 93.4%); Northern
Hardwood (0.0%, 58.5%); stream density (0.1, 2.39 kilometers per square kilometer). The
minimum, maximum, and median predicted chloride concentrations are 12.53, 22.04, and
13.73 microequivalents per liter, respectively. The observed minimum, maximum, and
median chloride concentrations in sampled basins used to create the model are 11.49,20.71,
and 13.78 microequivalents per liter, respectively.

Sodium
Sodium is another constituent which required two models (one for basins that contain

Limestone and one for basins without Limestone) to explain the variability in surface water
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concentrations and adhere to assumptions of multiple linear regression. Neither model
should be used to predict sodium concentrations close to and downstream of sites where
Anakeesta Formations have been significantly disturbed.

The model for basins with Limestone required transforming the single independent
variable. The base 10 log of the percentage of the watershed covered with Limestone
explained more of the variability. The adjusted r-square of the model using the base 10 log
of Limestone is 0.88. Other transformations included the reciprocal and the square root.
When these transformations were used, the adjusted r-square values of the resulting models
were 0.74 and 0.72, respectively. As the amount of Limestone in a basin increases, sodium
concentrations increase as well. In the Cades Cove area, surface water infiltrates into
subsurface and permeable conduits composed of Limestone (Larson, 1986). As water flows
through those conduits, there could be significant contributions from groundwater flow
through the permeable Limestone rocks. Sodium is a common component of groundwater
flow. This would explain the increase in sodium concentrations as percent coverage of
Limestone increases.

The minimum, maximum, and median predicted sodium concentrations are 41.09,
57.33, and 50.58 microequivalents per liter, respectively. The observed minimum,
maximum, and median sodium concentrations in sampled basins with Limestone are 41.20,
56.02, and 52.21 microequivalents per liter, respectively. The model in Table 3-4 should not
be used for predicting sodium concentrations in basins with more than 21% of their area
covered by Limestone.

The signs of the coefficients for the model to predict median sodium concentrations

108



in basins with no Limestone present indicate that sodium concentrations decrease with
increases in elevation. These results agree with the results of simple linear regression
presented in ChapterI. The significant independent variables include the percent of the basin
covered by Mixed Mesic Hardwood and the average basin slope. Mixed Mesic Hardwood
forests are typically found in the lower elevations of the GRSM in areas that were logged
prior to Park establishment. The forest type might be a surrogate variable for elevation
influences and not be the cause of increased sodium concentrations in these sampled basins.
The model to predict ANC in basins without Limestone predicts higher ANC at lower
elevations. The results of this model and the one for ANC, again support the conclusion that
sodium concentrations are closely related to groundwater flow. Similar conclusions were
made from investigations at NDW where higher median sodium concentrations were found
in stream water than in soil solutions at varying depths (McCann, 2000).

The ranges (minimum and maximum) for the independent variables in the model are
as follows: Mixed Mesic Hardwood (0.0%, 49.3%); basin slope (25.3%, 72.1%). The
minimum, maximum, and median predicted sodium concentrations are 20.22, 56.47, and
33.76 microequivalents per liter, respectively. The observed minimum, maximum, and
median sodium concentrations in sampled basins used to create the model are 21.96, 69.58,
and 35.04 microequivalents per liter, respectively. Sample sites 25 1,252,253, and 237 were
removed from the regression analysis due to their influence on the model results.
Potassium

The model reported in Table 3-4 to predict median concentrations of potassium is

applicable to all sampled basins. The significant independent variables are the percentage
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of basin area covered by Anakeesta Formations, basin slope, and the percentage of basin area
with Northern Hardwood forests. The coefficients for all three variables are negative. As
basin slope increases (basins at higher elevations), potassium concentrations decrease. The
presence of Northern Hardwood forests is positively correlated with elevation and probably
serves as a surrogate variable. The presence of Anakeesta might also be a surrogate variable
for elevation. Higher potassium concentrations at lower elevations are consistent with results
of sodium and ANC. All three of these water quality constituents have higher values at
lower elevations of the GRSM and they are all common components of groundwater.

The ranges (minimum and maximum) for the independent variables in the model are
as follows: basin slope (25.3%, 72.1%); Anakeesta (0.0%, 100.0%); and Northern Hardwood
(0.0, 58.5). The minimum, maximum, and median predicted potassium concentrations are
2.82, 14.35, and 10.30 microequivalents per liter, respectively. The observed minimum,
maximum, and median potassium concentrations in sampled basins used to create the model
are 3.17, 16.78, and 10.29 microequivalents per liter, respectively. The model should only
be used to predict potassium concentrations in basins with independent variables within the
ranges for model development.

Disturbed Anakeesta Sites

Due to the unique water chemistry close to and downstream of sites with disturbed
Anakeesta, an attempt was made to predict important water quality constituent values such
as pH, ANC, and sulfate when these conditions are present. However, the variability in the
data could not b;e explained with the basin characteristics. This is due to the lack of a

significant number of sites close to and downstream of disturbed Anakeesta Formations and
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because there is variability between the sites that exist in the sampling program. Some sites

are immediately downstream of the disturbance and others vary with respect to the

downstream distance between the sampling site and the disturbance.

Conclusions

From the results of the analyses presented, the following conclusions and

observations were made:

L.

Basin characteristics obtained from topographical maps and GIS databases
can explain much of the variability in water quality constituent values of
sampled basins in the GRSM. The adjusted r-square values for the models
presented range from 0.55 for conductivity in basins without Limestone to
0.98 for ANC and conductivity in basins which contain Limestone. The
results presented offer hope for using basin characteristics and stepwise
multiple regression to predict water quality constituent values in unsampled
and forested areas like the Great Smoky Mountains National Park. The
results could also aid in selecting sites which might be important for
sampling in regional-scale assessments of water quality.

Two geologic formations, Limestone and Anakeesta, exert a significant
influence on water chemistry in sampled basins. The application of only
three models (nitrate, chloride, and potassium) is not restricted to basins
which have either Limestone or Anakeesta Formations present. The
influence of Anakeesta Formations is more profound if it has been disturbed

by the construction of roads or by natural debris flows and the rocks are
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exposed to weathering. Models to predict pH, ANC, conductivity, sulfate,
and sodium were heavily influenced by basins with disturbed Anakeesta
Formations. The models to predict these constituents should not be used in
basins with disturbed Anakeesta Formations. The presence of Limestone
strongly influenced the models for ANC, conductivity, and sodium. Separate
models were used to predict these constituents in basins with Limestone.
Limestone and Anakeesta have very different influences on water quality.
The water draining from basins with Limestone is less acidic, has higher
buffering capacity against acid input, and has elevated conductivity resulting
from carbonate species. Basins with disturbed Anakeesta Formations are
more acidic, have less acid neutralizing species, and elevated conductivity
due to increased concentrations of sulfate and neutralizing cations (probably
hydrogen ions).

All three independent variables in the model to predict pH in sampled GRSM
streams are related to elevation. They include mean basin elevation, basin
slope, and stream order. The model explains 74% of the variability in pH.
The signs on the independent variables indicate that pH decreases as
elevation increases. There are numerous explanations for this trend.
Limestone is present in basins located in the lower elevations (less than 523
meters above mean sea level) of the GRSM. The presence of Anakeesta
Formations is positively correlated with elevation. Research at high

elevations in the GRSM (greater than 1,720 meters) has shown an elevation
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gradient to deposition of acidifying species such as sulfate in throughfall.
Researchers found that sulfate fluxes increased by about a factor of two due
to higher cloudwater interception at 1,940 meters versus 1,720 meters
(Shubzda et al., 1995). This elevation gradient to deposition of acidifying
species is another explanation to the variability in pH with respect to
elevation. Another possible influence which explains the trend includes the
presence of undisturbed areas at the upper elevations of the GRSM. The
amount of undisturbed area and nitrate concentrations are positively
correlated with each other (see Table 3-2). The percentage of undisturbed
area is negatively correlated with pH. In soils low in base cations or with a
tendency to conserve base cations, charge balance can be maintained by the
leaching of hydrogen ions and aluminum (Cosby et al., 1985). Itis possible
that hydrogen ions are the principal cations maintaining charge balance in
surface waters draining basins with undisturbed areas. Sodium and
potassium are negatively correlated with the amount of undisturbed area.
Therefore, they are probably not the principal cations maintaining charge
balance. Calcium and magnesium could also be important cations.

Two models were required to predict the variability of ANC in sampled
basins. One model predicts ANC in basins which contain Limestone and it
explains 98% of the variability in ANC. The only independent variable in the
model is the percentage of the basin underlain by Limestone. Asthe amount

of Limestone in a basin increases, ANC also increases due to increases in
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concentrations of acid neutralizing species such as carbonate and bicarbonate.
The other model is for basins which do not have Limestone present. This
model explains 81% of the variability in ANC and includes independent
variables directly and indirectly related to elevation. The signs on the
independent variables indicate that ANC decreases with increases in
elevation. The reasons given to explain the trends in decreasing pH with
respect to elevation also explain the variability in ANC.

Two models were also required to predict the variability of conductivity in
sampled basins. One model predicts conductivity in basins which contain
Limestone and it explains 98% of the variability. The only independent
variable in the model is the percentage of the basin underlain by Limestone.
As the amount of Limestone in a basin increases, conductivity also increases
due to increases in concentrations of acid neutralizing species such as
carbonate and bicarbonate. The other model is for basins which do not have
Limestone present. This model explains 55% of the variability in
conductivity. The independent variables are the percentage of the basin
underlain by Anakeesta Formations and the percentage of the basin which has
not been disturbed by logging and settlement prior to establishment of the
GRSM. As the amount of undisturbed area and area with Anakeesta
increases, the concentrations of nitrate and sulfate increase, respectively. As
the concentrations of these anions increase, the concentration of neutralizing

cations (probably hydrogen ions) increases as well and there is a
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corresponding increase in ionic strength.

The independent variables in the model to predict nitrate include percent
undisturbed, elevation class, stream density, percent Mixed Mesic Hardwood,
and percent Anakeesta. This model explains 87% of the variability of nitrale
in sampled basins. Basins with a majority of undisturbed area have a greater
percentage of anions as nitrate. The model predicts that nitrate
concentrations increase as the percentage of undisturbed area increases. The
coefficients on elevation class and stream density indicate that as elevation
increases, nitrate concentrations increase. Mixed Mesic Hardwood forests are
located at the lower elevations (below 750 meters) in areas that have been
settled or logged. The coefficient on Mixed Mesic Hardwood is consistent
with other variables. The negative coefficient suggests that as elevation
decreases and the amount of disturbed area increases, nitrate concentrations
in surface water decrease as well. The coefficient on the independent
variable Anakeesta indicates that as the amount of basin area covered by
these formations increases, nitrate concentrations decrease. The major anion
in sampled surface water in basins with a majority of their watershed
underlain by Anakeesta (greater than 50%) is sulfate.

The model to predict sulfate concentrations explains 63% of the variability
in sulfate. The significant variables are the percentage of the basin which has
not been disturbed prior to establishment of the GRSM and the percentage of

the basin with Anakeesta Formations. The magnitude of the coefficient on
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11.

the amount of undisturbed area in the model to predict sulfate (0.002997) is
much smaller than the coefficient in the model to predict nitrate (0.222). The
difference between these two coefficientsis about 195 percent. This suggests
that as the amount of undisturbed area in a basin increases, both sulfate and
nitrate concentrations increase. However, the increase in nitrate is greater
than that for sulfate. As mentioned, basins with a majority of Anakeesta
coverage have a greater percentage of anions as sulfate. As the percentage
of basin area underlain by Anakeesta increases, sulfate concentrations
increase as well.

The presence of percent coverage of Anakeesta in models for predicting
conductivity and sulfate in basins with predominantly undisturbed Anakeesta
upstream suggests that Anakeesta Formations which have not been disturbed
do increase surface water sulfate concentrations and, correspondingly,
conductivity. However, pH does not appear to be significantly influenced.
The significant variables in the final model to predict chloride concentrations
include Limestone, Elkmont Sandstone, Northern Hardwood, and stream
density. The model explains 60% of the variability in chloride. The signs on
the independent variables did not reveal an elevation trend and it is unclear
as to what might be controlling chloride concentrations in sampled GRSM
streams.

Sodium is another constituent which required two models to explain the

variability in surface water concentrations and adhere to assumptions of
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multiple linear regression. As with the models to predict ANC and
conductivity, one model is for basins that contain Limestone and the other is
for basins with no Limestone present. The relationship between sodium and
percent Limestone is logarithmic and the model explains 88% of the
variability in sodium. As the amount of Limestone in a basin increases,
sodium concentrations increase as well. In the Cades Cove area, surface
water infiltrates into subsurface and permeable conduits composed of
Limestone (Larson, 1986). As water flows through those conduits, there
could be significant contributions from groundwater flow through the
permeable Limestone rocks. Sodium is a common component of
groundwater flow. This would explain the increase in sodium concentrations
as percent coverage of Limestone increases. For basins which do not contain
Limestone, the significant independent variables include the percent of the
basin covered by Mixed Mesic Hardwood and the average basin slope. The
signs of the coefficients predict that sodium concentrations decrease with
increases in elevation. Mixed Mesic Hardwood forests are typically found in
the lower elevations of the GRSM in areas that were logged prior to Park
establishment. The forest type might be a surrogate variable for elevation
influences and not be the cause of increased sodium concentrations in these
sampled basins. The model to predict ANC in basins without Limestone
predicts higher ANC at lower elevations. The results of this model and the

one for ANC, again support the conclusion that sodium concentrations are
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13.

closely related to groundwater flow. Similar conclusions were made from
investigations at NDW where higher median sodium concentrations were
found in stream water than in soil solutions at varying depths (McCann,
2000).

The model to predict potassium concentrations explains 70% of the
variability. The independent variables include basin slope, Anakeesta, and
Northern Hardwood. The coefficients for all three variables are negative. As
basin slope increases (basins at higher elevations), potassium concentrations
decrease. The presence of Northern Hardwood forests is positively correlated
with elevation and probably serves as a surrogate variable. The presence of
Anakeesta might also be a surrogate variable for elevation. Higher potassium
concentrations at lower elevations are consistent with results of sodium and
ANC. All three of these water quality constituents have higher values at
lower elevations of the GRSM and they are all common components of
groundwater.

Tt was not possible to model water quality in basins with disturbed Anakeesta
Formation. This is due to the lack of a significant number of sites close to
and downstream of disturbed Anakeesta Formations and because there is
variability between the sites that exist in the sampling program. Some sites
are immediately downstream of the disturbance and others vary with respect

to the downstream distance between the sampling site and the disturbance.
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CHAPTER IV. TEMPORAL VARIABILITY OF WATER QUALITY
Seasonal Variability
Data

Samples collected from 1993 to 1998 were analyzed for differences between
sampling periods. The constituents analyzed for seasonal Variability include pH, acid
neutralizing capacity (ANC), conductivity, nitrate, sulfate, chloride, sodium, and potassium.
Table 4-1 shows that about 77% of the samples were collected during the months of March,
May, August, and October. Table 4-1 also shows which months are included in each
sampling period. These sampling times are intended to represent winter, spring, summer,
and autumn, respectively. The rationale for these seasonal groupings is discussed below.

Useful data also included historical flow information from the United States
Geological Survey (USGS) gaging station located at the boundary of the Great Smoky
Mountains National Park (GRSM) in Townsend, TN on the Little River. This flow
information was used to group similar months together into the different sampling periods
and to evaluate when typically wet and dry periods occur. This data set included historical
daily mean flow rates from January 1993 to October 1998.
Methods of Analysis

To assess seasonal variability, each month was assigned to a season based on the
activity of plant life and precipitation (flow) amounts so that similar months were grouped
together. Sampling period one includes months when plants become active after a dormant
winter period and flow rates are similar. Figure 4-1 shows the variability of flow by month

on the Little River. Daily mean flow rates were used to construct the 95% confidence
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Table 4-1. Distribution of samples collected with respect to time of year.

Month Sampling period Percentage of samples
1 4 1.9
2 4 5.5
3 4 19.9
4 4 3.1
5 1 19.0
6 1 1.6
7 2 33
8 2 18.0
9 2 3.2
10 3 204
11 3 0.5
12 4 3.6
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Figure 4-1. Confidence intervals (95%) of historical monthly mean
flow (1993-1998) from USGS gage on the Little River.
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interval for each month to give historical monthly mean flow rates. The log of flow was used
to generate the 95% confidence intervals since the distribution of log (flow) approximates
the normal distribution better for such a parametric analysis. As can be seen in Figure 4-1,
May and June have similar flows and constitute sampling period one. Sampling period two
includes months when precipitation and flow are decreasing and foliage on plants is at a
maximum. Sampling period three includes months when the growing season is ending and
many plants begin to lose their foliage. Almost all of the samples in sampling period three
were collected in October (see Table 4-1). Figure 4-1 shows that October is typically the
driest month of the year. Sampling period four, including the months of December through
April, is characterized by higher precipitation and flow and inactive plants.

These sampling periods were compared and tested for differences in water quality and
flow rates using the non-parametric Kruskal-Wallis (KW) H test since the distributions of
most analytes and flow rates with respect to sampling periods were not normal. Normality
testing was done by inspection of box plots, skewness, and kurtosis. The distributions were
considered non normal if skewness and kurtosis indices were more than one away from zero.
Initially, the Kruskal-Wallis H test was done by checking to see if at least one sampling
period was different from the others. If this step indicated at least one was different, then
each sampling period was compared to determine which sampling periods differ.

Results and Discussion

Seasonal differences determined by the Kruskal-Wallis H test are summarized in

Table 4-2. Summary statistics of the actual constituent values for each sampling period are

provided in Tables 4-3 through 4-6 for reference and comparison. Figures 4-2 through 4-12
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Table 4-3. Summary statistics for sampling period one.

Constituent Mean Median Standard deviation Minimum-maximum
pH 6.20 6.32 0.51 4.77-1.77
ANC* 62.08 38.70 129.85 -19.13-1,392.16
ANCP 41.89 37.44 32.38 -19.13-158.38
ANC*® 684.49  663.27 355.78 254.58-1,392.16
Conductivity*  17.79 14.58 13.55 1.35-134.80
Conductivity®  16.36 14.70 7.90 1.35-94.81
Conductivity®  72.56 74.05 32.67 29.80-134.80
Nitrate 23.13 18.95 18.12 0.00-97.71
Sulfate 43,91 34.48 41.13 3.91-452.19
Chloride 14.68 13.39 4.75 1.66-46.65
Potassium 9.63 8.98 8.82 1.44-153.53
Sodium 32.90 31.58 10.91 5.45-69.81
Flow* 8.06 6.05 7.00 2.01-79.29

Note: All units are microequivalents per liter except conductivity (microsiemens per
centimeter) and flow (cubic meters per second). Zeroes denote below detection limit.
*Includes all sampled watersheds.
®Includes all sampled watersheds except Abrams.

“Includes only sites 156, 174, and 489 within Abrams.
d¢Taken from historical monthly mean flow rates on the Little River.
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Table 4-4. Summary statistics for sampling period two.

Constituent Mean Median Standard deviation Minimum-maximum
pH 6.21 6.30 0.54 4.03-7.73
ANC* 86.80 47.17 191.24 -113.12-1,542.61
ANC® 53.96 45.60 45.23 -17.75-225.18
ANC® 928.61 778.35 447.99 124.30-1,542.61
Conductivity*  19.85 16.06 17.86 1.17-161.10
Conductivity®  17.27 16.13 6.03 1.17-55.40
Conductivity®  96.82 79.85 46.20 16.81-161.10
Nitrate 22.32 19.62 16.06 0.00-96.31
Sulfate 44.81 35.41 38.41 5.39-374.05
Chloride 14.44 13.31 5.40 3.74-54.52
Potassium 9.79 9.39 4.21 0.00-29.04
Sodium 38.02 36.79 12.53 5.72-81.81
Flow* 3.85 2.41 5.57 0.62-88.35

Note: All units are microequivalents per liter except conductivity (microsiemens per
centimeter) and flow (cubic meters per second). Zeroes denote below detection limit.
*Includes all sampled watersheds.

bIncludes all sampled watersheds except Abrams.

“Includes only sites 156, 174, and 489 within Abrams.

dTaken from historical monthly mean flow rates on the Little River.
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Table 4-5. Summary statistics for sampling period three.

Constituent Mean Median Standard deviation Minimum-maximum
pH 6.31 6.37 0.48 4.23-8.24
ANC* 104.82 63.75 216.18 -40.51-1,624.49
ANC® 70.41 63.21 49.04 -40.51-248.53
ANC* 1,216.27 1,449.81 450,64 531.80-1,624.49
Conductivity® 20.88 16.04 22.96 7.02-252.00
Conductivity® 18.07 16.14 13.99 7.02-252.00
Conductivity’  117.96  137.20 41.88 47.60-160.30
Nitrate 15.94 9.57 18.88 0.00-97.96
Sulfate 4423 34.85 38.38 6.62-445.74
Chloride 20.47 16.14 11.79 7.31-91.67
Potassium 12.62 12.41 4.56 0.00-30.94
Sodium 41.83 40.17 13.20 2.30-87.91
Flow* 2.74 1.87 4.34 0.71-45.87

Note: All units are microequivalents per liter except conductivity (microsiemens per
centimeter) and flow (cubic meters per second). Zeroes denote below detection limit.
*Includes all sampled watersheds.

®Includes all sampled watersheds except Abrams.

“Includes only sites 156, 174, and 489 within Abrams.

dTaken from historical monthly mean flow rates on the Little River.
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Table 4-6. Summary statistics for sampling period four.

Constituent Mean Median Standard deviation Minimum-maximum
pH 6.12 6.24 0.52 4.56-7.66
ANC? 48.32 31.20 98.33 -30.56-1,239.26
ANC® 33.40 28.33 31.63 -24.,64-360.95
ANC® 488.09  409.96 284.82 183.61-1,239.26
Conductivity*  16.48 14.12 10.83 6.60-131.20
Conductivity®  15.40 14.17 6.98 6.73-76.40
Conductivity®  55.16 46.50 27.11 24.40-131.20
Nitrate 26.73 24.04 19.26 0.00-101.22
Sulfate 45.65 36.88 43.32 6.21-511.48
Chloride 15.90 13.69 7.34 7.76-68.02
Potassium 9.74 9.76 4.26 0.00-42.54
Sodium 31.15 29.68 11.14 8.59-89.51
Flow* 14.57 10.59 17.42 2.15-254.85

Note: All units are microequivalents per liter except conductivity (microsiemens per
centimeter) and flow (cubic meters per second). Zeroes denote below detection limit.
fncludes all sampled watersheds.

®Includes all sampled watersheds except Abrams.

“Includes only sites 156, 174, and 489 within Abrams.

Taken from historical monthly mean flow rates on the Little River.

127



888

.

2 3

- o

Sampling period
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Figure 4-3. Distribution of acid neutralizing capacity with respect to
sampling period including all sampled watersheds.
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Figure 4-4. Distribution of acid neutralizing capacity with respect to
sampling period for all sites except those within Abrams watershed.
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Figure 4-5. Distribution of acid neutralizing capacity with respect to
sampling period for sites 156, 174, and 489 within Abrams watershed.
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Figure 4-6. Distribution of conductivity with respect to sampling
period including all sampled watersheds.
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Figure 4-7. Distribution of conductivity with respect to sampling
period for all sites except those within Abrams watershed.
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Figure 4-8. Distribution of conductivity with respect to sampling
period for sites 156, 174, and 489 within Abrams watershed.
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Figure 4-9. Distribution of chloride with respect to sampling period.
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Figure 4-11. Distribution of sodium with respect to sampling period.

132



120

100 =

000

80 +

O@m OoO0Owm

.
g

60 +

40 o

Nitrate, in microequivalents per liter

20 4

Sampling period

Figure 4-12. Distribution of nitrate with respect to sampling period.

133



show box plots of the distributions of the constituents by sampling period. See Chapter I,
pages 12 and 13, for explanation of the information contained in the box plots. To clarify
Table 4-2 and how it should be interpreted, consider pH. The column which shows the mean
ranks indicates that pH is the highest during sampling period three. Sampling periods two
and one are grouped together in a parenthesis since a significant difference was not found to
exist. Sampling period four had the lowest pH values. The last column shows the percent
difference between median constituent values of the sampling period with highest mean rank
to all other sampling periods. For example, there is a 1.24% difference between the higher
median pH values during sampling period three to median pH values during sampling
periods two and one. There is a 2.06% difference between median pH values during
sampling period three to median pH values during sampling period four. Although
statistically significant differences exist between sampling periods withrespect to pH values,
the percent differences between sampling periods are less than five percent.

By inspection of Table 4-2, a consistent trend is apparent. As noted earlier, almost
all of the samples in sampling period three were collected during October. October is
characterized by low surface water flow resulting from typically dry summers and low
precipitation amounts during October. Table 4-2 shows that sampling period three has the
lowest flow based on the mean rank from the results of Kruskal-Wallis H test. Therefore,
surface flow during October results from base flow. The streams have higher concentrations
of constituents commonly found in groundwater such as potassium, sodium, chloride, and
carbonate species. Carbonate species contribute to acid neutralizing capacity and tend to

correlate with higher pH. The presence of these anions and cations in greater concentrations
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explains the high conductivity during sampling period three. The percent differences
between median constituent values during sampling period three to median values during
sampling periods with higher surface water flow (four, one, and two), show that for most
cases the percent differences are greater than 10 percent. In many cases the percent
differences are much greater than 10 percent. Acid neutralizing capacity not only shows
statistically significant differences between sampling periods, but the percent differences
between median values during sampling period three and median values during sampling
periods with higher surface water flow are all greater than 29% and are as high as about 76
percent. There is an 18% difference between median chloride concentrations during
sampling period three to median chloride concentrations during sampling periods four, one,
and two. There is a 26% difference between median potassium concentrations during
sampling period three to median concentrations during sampling periods two and four. The
percent difference between median potassium concentrations during sampling period three
to median values during sampling period one is 32 percent. There is only an 8% difference
between median sodium concentrations during sampling period three to median values
during sampling period two. The percent differences between median sodium concentrations
during sampling period three to sampling periods one and four are 24% and 30%,
respectively.

Figures 4-2 through 4-11 show box plots of the distributions of these constituents
across sampling periods. Figures 4-3 through 4-8 are box plots of acid neutralizing capacity
and conductivity with respect to sampling period for different watersheds and sites. As

discussed in Chapters II and III, Abrams Creek watershed is unique because some of the
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lower elevation sites in the Cades Cove area are underlain by limestone. Most of the GRSM
is underlain by sandstone formations which result in water with low acid neutralizing
capacity and low ionic strength (Elwood e al., 1 991). However, similar seasonal trends exist
between sites underlain by sandstones and those underlain by limestone. One might expect
that sites underlain by primarily sandstones and inert geologic formations would not show
the same trends as sites underlain by more soluble limestone formations which contribute to
changes in water quality. As expected though, they do differ with respect to the
concentrations of acid neutralizing species and conductance. The sites underlain by
limestone in Abrams watershed show higher ANC (70% difference between periods with
most and least surface water flow) and higher conductivity (57% difference between periods
with most and least surface water flow) in the drier times of the year. The sites not within
Abrams do show much lower acid neutralizing capacity and conductance (see Tables 4-3
through 4-6). Sites not within Abrams watershed have median ANC values 0f 37.44, 45.60,
63.21, and 28.33 during sampling periods one, two, three, and four, respectively. Sites
within Abrams have median ANC values of 663.27, 778.35, 1,449.81, and 409.96 during
sampling periods one, two, three, and four, respectively. Therefore, the percent differences
between median ANC values for sites within Abrams watershed and sites not within Abrams
with respect to sampling periods are all greater than 17 4 percent. The percent differences
between median conductivity values for sites within Abrams watershed and sites not within
Abrams with respect to sampling periods are all greater than 106 percent.

Nitrate concentrations are the highest during sampling period four. Table 4-2 shows

that the percent differences between median nitrate concentrations during sampling period
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four and other sampling periods are 22% (sampling periods two and one) and 86% (sampling
period three). The decaying organic matter, high in total nitrogen, probably contributes to
the increased concentrations found in surface water. Sampling period three, perhaps
unexpectedly, shows the lowest concentrations of nitrate. During sampling period three,
foliage begins to fall and decay. As mentioned, most of the samples are collected in October.
By this time the leaves have changed color but most of the leaves probably fall in November.
Sampling in November might show higher nitrate concentrations in sampling period three.
With the current sampling scheme they are the lowest during sampling period three perhaps
because foliage remains on the plants and because sampling in October comes toward the end
of the growing season and the plants have consumed much of the nitrogen in the soil. Figure
4-12 shows the distribution of nitrate across sampling periods.

Interestingly, sulfate concentrations did not show any statistically significant seasonal
differences.
Comparison with Previous Results

Others have found some similar seasonal trends, with a few exceptions, in the Great
Smoky Mountains National Park. At low elevations, research has shown higher values for
alkalinity, conductivity, and turbidity during drier times of the year. At higher elevations,
the seasonal variability for these parameters was not significant. For pH, no significant
difference was found at any elevation (Silsbee and Larson, 1982). High elevation was
defined as watersheds with a mean basin elevation greater than 1,350 meters (4,430 feet)
above mean sea level. Research at Noland Divide Watershed (NDW), a watershed with an

elevation range of 1,695 to 1,940 meters (5,560-6,365 feet), has shown lower pH and higher
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conductivity during months with more rainfall. During drier months, higher pH and lower
conductivity values were found (McCann, 2000). In this study about 63% of the sampling
sites have a mean basin elevation less than or equal to 1,350 meters. Due to the
predominance of sampling sites at lower elevations, the results in this study agree with those
by Silsbee and Larson with respect to higher conductivity and the greater presence of species
which contribute to alkalinity during drier times of the year. Trends in pH are probably
revealed in this study due to the extended period of time that samples have been collected
and analyzed. The Silsbee and Larson study was conducted from October 1977 to September
1978. This study comprises five years and therefore the chances of detecting seasonal
differences in pH and other constituent values is much greater. The reasons higher
conductivity values were observed at NDW during months with more rainfall are not clear.
Tt is possible that rainfall at higher elevations has more ionic species in solution from acid
deposition of sulfate and nitrate.

Seasonal variability of nitrate concentrations found in this study are also similar to
those found by Silsbee and Larson (1982) and McCann (2000). Silsbee and Larson (1982)
found nitrate concentrations to be the lowest in the fall (sampling period three) and highest
in the winter (sampling period four). Work at NDW shows nitrate concentrations to be the
lowest in the summer and highest during the winter and early spring. As mentioned earlier,
samples were collected in October for this study. During October the growing season is over
but significant decomposition has probably not occurred. Therefore, results at NDW and this
study agree because nitrate concentrations are the lowest toward the end of the growing

season but before foliage decays. Nitrate concentrations are the highest after foliage has had

138



time to decay and before the plants become highly active.
Temporal Variability
Data

Long-term trends were evaluated by elevation class to include sites with similar
clevations. Table 4-7 shows the elevation classes, the range of elevation included in each,
and the number of sample sites in each elevation class.
Methods of Analysis

Analyses of pH, ANC, conductivity, nitrate, and sulfate data were done to identify
trends over time within the different elevation classes. It was necessary to perform trend
analysis on sites with similar elevations since much of the variability in constituent
concentrations and values can be explained by elevation. This was discussed in Chapters II
and II. The days when samples were collected were identified by the Julian day. To be
consistent with time trends performed on data from NDW, January 1, 1991 was designated
as day number one and each sample was assigned a cumulative Julian day. To account for
seasonal fluctuations that might be present in the trends over time, the sine and cosine
functions were used to model seasonal oscillations. This required transforming the time
variable by determining the fractional portion of ayear that had elapsed when the sample was
collected and multiplying by 2= so that one year would represent one complete period of the
sine and cosine functions. The constituent values, such as pH, were normalized by dividing
the measured value for a particular sampling site by the calculated median value for that site.
Normalizing the data was necessary because of the variability in constituent values between

sites within the same elevation class. The equation used in regressions to model the data and
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Table 4-7. Elevation classes defined for data analysis.

Elevation class  Range of elevation, in meters Number of sampling sites
_ above mean sea level (feet) —
1 less than 305 (1,000) 0
2 305-457 (1,000-1,500) 7
3 457-610 (1,500-2,000) 13
4 610-762 (2,000-2,500) 16
5 762-914 (2,500-3,000) 18
6 914-1,067 (3,000-3,500) 13
7 1,067-1,219 (3,500-4,000) 4
8 1,219-1,372 (4,000-4,500) 6
9 1,372-1,524 (4,500-5,000) 7
10 1,524-1,676 (5,000-5,500) 3
11 _greater than 1,676 (5,500) 3
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identify time trends is as follows:

normalized pH = a + becosd + cesined + det
where normalized pH = predicted normalized pH

0 = 2ne(fraction of a year)

t = cumulative Julian days

To perform the regressions, the following procedure was used for each constituent
and for each elevation class. First, all three independent variables were entered into the
model. If all were determined to be significant (p<0.10), then the process was stopped. If
one was not significant, then the following was done. If the time variable, t, was not
significant, then the model was rerun with time removed. The seasonal variables (cos0 and
sine®) were then reexamined for significance. If they were significant, then the process was
stopped again and the new coefficients were reported. If the first run showed only one ofthe
seasonal variables was insignificant but time was significant, then both seasonal variables
were kept and the coefficients were reported. If both seasonal variables were determined
insignificant after the first run, then they were removed. The model was rerun with only the
time variable and the new coefficient reported. When only one seasonal variable was
insignificant, both were kept in the model because the absence of one affects the phase shift
of the function (Helsel and Hirsch, 1992).
Time trend analyses were performed only for pH, ANC, conductivity, nitrate, and

sulfate because they are more important with respect to affects on biological communities

than other constituents such as sodium and potassium.
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Results

The results of the time trend analyses are summarized in Tables 4-8 through 4-13.
With respect to the constant and the time variable, if the coefficients are reported in the
model, then they are statistically significant (p<0.10). Ifthe coefficients are reported for the
seasonal variables, then at least one of them is statistically significant (p<0.10). In Tables
4-8 through 4-13, the model r-square and the overall model p are also reported. Table 4-14
shows summary statistics for each elevation class and constituent for reference and
comparison.

Table 4-8 shows the results of the analysis for normalized pH. The coefficients of
the slope are negative for six elevation classes, suggesting a decreasing trend in normalized
pH of sampled streams over time.

A similar analysis was performed on normalized hydrogen ion concentrations. Table
4-9 shows the results of the analysis. As expected, the trends are similar to the resuits for
normalized pH. Within five of the elevation classes, the coefficients of the slope are
positive, suggesting an increasing trend in normalized hydrogen ion concentrations over
time.

Table 4-10 shows the results of the time trend analysis on normalized ANC.
Unexpectedly, normalized ANC did not show the same decreasing trend as normatized pH.
Normalized ANC showed no trends over time. This is probably due to greater variability in
normalized ANC from one site to another within the clevation classes. Table 4-14 shows the
standard deviation in ANC values within the elevation classes. Compared to the dispersion

in pH between elevation classes, ANC dispersion is much greater.
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Normalized conductivity showed a decreasing trend over time only within elevation
class five (see Table 4-11). Since the trend was only significant for one elevation class,
whether or not a trend really exists cannot be determined from this analysis with confidence.

Normalized nitrate showed different trends (see Table 4-12). Within two of the
elevation classes (seven and eight) normalized nitrate shows an increasing trend over time.
However, within two elevation classes (six and eleven) concentrations appear to be
decreasing over time.

Normalized sulfate (see Table 4-13) showed a decreasing trend over time within only
one elevation class (three). Since the trend was only significant for one of the elevation
classes, whether or not a trend really exists cannot be determined from this analysis with
confidence.

Discussion of Results

Time trend analysis aims to answer two important questions. Ome is “Are things
getting better or worse?” The next question is more quantitative. If things are found to be
getting worse, one next wants to know by how much and how quickly. The analysis of water
quality data from 1993 to 1998 provides some insight into trends in pH for this period.

Figure 4-13 was generated from the data and the model for elevation class six. The
slope suggests that within elevation class six, normalized pH has decreased 0.74% per year.
This value was obtained by multiplying the coefficient of the time variable by 365 to get
0.0074. Since the constituent values were normalized by division with the median, then pH
has decreased from the median by 0.74% per year. The low r-square value (0.232) indicates

that seasonal and time factors explain only 23% of the statistical variance of normalized pH.
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Normalized pH = 1.036+(-9.153E-03c086)+(-1.498E-025in6)+(-2.016E-05t)

= 0.232
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Figure 4-13. Time trend for pH within elevation class six (914-1,067 meters).
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The remaining 77% of the variance is due to factors unaccounted for in the model. However,
the lack of variability explained by the model does not negate the statistical validity of the
trend found from regression analysis.

The annual percent decrease in normalized pH from the time trend analysis can be
used to estimate when sampled GRSM streams might reach critical pH values mentioned in
earlier chapters (see Table 2-2) and in the analysis of seasonal variability. Table 4-15
summarizes those estimations. Notice that the time required for pH to reach critical pH
values appears to increase with decreases inelevation. Sampling sites between 1,524 meters
and 1,676 meters (5,000 feet to 5,500 feet) above mean sea level might have pH values less
than or equal to 5.50 within four years and less than or equal to 5.00 within 11 years. Atthe
lower elevations, between 305 meters and 457 meters (1,000 feet and 1,500 feet), sampling
sites might have pH values less than or equal to 5.50 within 46 years and less than or equal
to 5.00 within 67 years. When pH is between 5.5 and 6.0 there is a loss of acid sensitive fish
and reduced reproduction (Baker et al., 1996). At5.0, the pH will be below the critical pH
for all species of trout found in GRSM streams. Table 4-15 shows that within 26 years
sampled GRSM streams at the lower elevations (305 meters to 457 meters) might have pH
values near 6.00. The time required for sampling sites at higher elevations (914 meters to
1,067 meters) to reach 6.00 appears to be only four years. Research has shown that at pH
values between 6.0 and 6.5 the water becomes uninhabitable for sensitive benthic
invertebrates (Baker et al., 1996).

The lower elevations probably respond slower due to the presence of geologic

formations at lower elevations which buffer against changes in pH. However, further
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Table 4-15. Summary of time to critical pH values within the elevation classes.

Class Median pH % annual decrease  tto 650 tt06.00 tto5.50 ttoS.00
in nom@g pH |
r‘ 2 6.64 0.37 6 26 46 67
3 6.47 0.58 13 26 39
4 6.39 - 044 14 32 50
5 6.35 0.51 11 26 42
6 6.17 0.74 4 15 26
; oy TR
8 5.85
9 5.95 Sy ;
10 5.80 1.30 4 11
: o Fe T

Note: Time (t) to critical pH values is in years. Shaded regions indicate no significant trend.
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research is required to verify this. Elevation gradients in the flux of sulfates in throughfall
might explain why shorter times to critical pH values are predicted for higher elevations.
Research at high elevations in the GRSM (greater than 1,720 meters) has shown an elevation
gradient to deposition of acidifying species such as sulfate in throughfall. Researchers found
that sulfate fluxes increased by about a factor of two due to higher cloudwater interception
at 1,940 meters versus 1,720 meters (Shubzda et al., 1995).

The results of time trends for normalized hydrogen ion concentrations are consistent
with those found for normalized pH. Figure 4-14 shows the results of the analysis within
elevation class six. The NDW monitoring site lies in elevation class eleven. Tables4-8 and
4-9 show no statistically significant long-term time trends for elevation class eleven. This
is consistent with the research at NDW, which showed no significant changes in pH over
time (McCann, 2000).

The lack of significant slope terms for normalized ANC and conductivity suggest that
values have not changed over the five year period.

Normalized nitrate concentrations showed different trends within different elevation
classes. Research at NDW showed that nitrate concentrations and loads have significantly
decreased over time (McCann, 2000). The author suggests that the decreasing trend in nitrate
concentration is explained by changes in the watershed due to infestation of Frasier firs by
the balsam woody adelgid. The death of many trees in this high elevation watershed resulted
in a drastic reduction of canopy cover. This allowed for increased growth in the understory
and many young Frasier firs were able to grow well because the woody adelgid was unable

to land on the smooth bark. During this period of rapid forest growth, nitrate was taken up
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Figure 4-14. Time trend for hydrogen ion concentration within elevation class six
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rapidly as well (McCann, 2000). Theresults of this analysis are consistent with results found
at Noland. Within elevation class 11, normalized nitrate concentrations show a decreasing
trend over time. The model for this elevation class also has the highest r-square value
(0.464).

Results from this analysis showed a decreasing trend over time for normalized sulfate
concentrations within one of the lower elevation classes. The lack of a consistent trend
within multiple elevation classes leads one to conclude that either a trend does not exist or
it is not revealed by the data and analysis. The researchat NDW supports the conclusion that
a trend does not exist. Regression models on NDW data showed no significant long-term
trend in sulfate loads or concentrations (McCann, 2000). Research on throughfall deposition
at NDW has shown that sulfate concentrations are decreasing over time but loads are not
changing (Shubzda et al., 1995; Nodvin et al., 1995).

Based on the lack of significant trends over time or the lack of consistent trends, it
is not possible to give estimations like those presented for pH for future constituent values
of ANC, conductivity, nitrate, and sulfate.

Conclusions

From the results of the analyses of seasonal variability and long-term trends, the
following conclusions and observations were made:

1. Seasonal trends were found to be statistically significant for pH, ANC,

conductivity, nitrate, chloride, potassium, and sodium. Values for pH, ANC,
conductivity, chloride, potassium, and sodium were higher during the drier

times of the year.
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With respect to ANC and conductivity, similar seasonal trends were found
between sites with contributing areas underlain by predominately unreactive
geologic formations and those with more reactive geologic formations, such
as limestone and dolomite, located in Cades Cove. As expected, the sites
within Cades Cove did show much higher values of conductivity and greater
acid neutralizing capacity than other areas of the GRSM. The sites underlain
by limestone in Abrams watershed show higher ANC (70% difference
between periods with most and least surface water flow) and higher
conductivity (57% difference between periods with most and least surface
water flow) in the drier times of the year. The percent differences between
median ANC values for sites within Abrams watershed and sites not within
Abrams with respect to sampling periods are all greater than 174 percent.
The percent differences between median conductivity values for sites within
Abrams watershed and sites not within Abrams with respect to sampling
periods are all greater than 106 percent.

Nitrate concentrations were highest during sampling period four. Sampling
during November instead of October might show higher concentrations of
nitrate during sampling period three.

Sulfate concentrations did not show seasonal differences.

Time trend analysis revealed a statistically significant decreasing trend in
normalized pH over time. The models used to predict future values of pH in

sampled surface water explain an average of 12% of the variability in the
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data. This means that an average of 88% of the variability is unaccounted for
by the models. However, this in no way negates the statistical validity of the
trends found from regression. The time required for pH to reach critical
values appears to increase with decreases in elevation. Sampling sites
between 1,524 meters and 1,676 meters (5,000 feet to 5,500 feet) above mean
sea level might have pH values less than or equal to 5.50 within only four
years and less than or equal to 5.00 within only 11 years. At the lower
elevations, between 305 meters and 457 meters (1,000 feet and 1,500 feet),
sampling sites might have pH values less than or equal to 5.50 within 46
years and less than or equal to 5.00 within 67 years. At pH values between
5.5 and 6.0, there is a significant loss of acid sensitive fish and reduced
reproduction (Baker et al., 1996). At 5.0, the pH will be just below the
critical pH for all species of trout found in GRSM streams. Within 26 years
sampled GRSM streams at the lower elevations (305 meters to 457 meters)
might have pH values near 6.00. The time required for sampling sites at
higher elevations (914 meters to 1,067 meters) to reach 6.00 appears to be
only four years. Research has shown that at pH values between 6.0 and 6.5
the water becomes uninhabitable for sensitive benthic invertebrates (Baker
et al., 1996).

Unexpectedly, normalized ANC did not show the same decreasing trend over
time as normalized pH. Normalized ANC showed no trends over time. This

is probably due to greater variability in ANC from one site to another within
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the elevation classes.

Results of time trend analyses for normalized values of conductivity, nitrate,
and sulfate are less conclusive. Normalized conductivity showed a
decreasing trend over time within only one elevation class. Whether or not
any trends exist cannot be determined with confidence from these analyses.
Normalized nitrate showed conflicting trends, increasing concentrations
within two elevation classes and decreasing within two. Research at NDW,
within elevation class 11, showed that nitrate concentrations and loads have
significantly decreased over time. From the results of this analysis,
normalized nitrate concentrations show a decreasing trend over time within
elevation class 11. The model for this elevation class also had the highest 1-
square value (0.464). Decreasing nitrate concentrations and loads at NDW
have been attributed to forest regrowth. Normalized sulfate concentrations
showed a decreasing trend over time within only one of the lower elevation
classes. The lack of a consistent trend within multiple elevation classes leads
one to conclude that either a trend does not exist or it is not revealed by the
data and analysis. Research at NDW supports the conclusion that a trend

does not exist.
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CHAPTER V. ANALYSIS OF FLOW DATA

Data

Flow information from two United States Geological Survey (U SGS) gaging stations
located within the boundaries of the Great Smoky Mountains National Park (GRSM) was
collected to investigate how well the past and current quarterly sampling program represents
the different flow conditions that have occurred over the years. The gaging stations which
provided the data for the following analysis include Cataloochee Creek near Cataloochee,
North Carolina (USGS#03460000) and Little River above Townsend (USGS#03497300).
The Cataloochee station is located about five kilometers upstream from the boundary of the
GRSM near Waterville Lake (see Figure 2-1). The Little River gaging station is about 0.6
kilometers upstream from the Park boundary along State Road 73 (see Figure 2-2). Data
retrieved from these two stations include the daily mean flow rates for the period of October
1993 to October 1998.
Methods of Analysis

The daily mean flow rates from the two gaging stations were assumed to represent
flow conditions throughout the Park from October 1993 to 1998. All analyses of water
quality constituents in this report have included this time period. Frequency distributions
were generated using the Weibull plotting position formula. It has been used by others for
plotting flow-duration and flood frequency curves (Helsel and Hirsch, 1992). The Weibull

formula used to determine the probability of exceedance is as follows:

Probability of exceedance = m/(n+1)
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where m = rank of flow values

n = total number of observations

To generate the probability plots, the daily mean flow rates are sorted from highest to lowest
and tanked. The formula above determines the probability of exceedance for the
corresponding mean daily flow. The daily mean flow rates are then plotted against the
exceedance probability on log-probability papér. Eight probability plots were generated to
analyze the data since there are four sampling periods and data from two gaging stations.
Separate frequency distributions were generated by using the mean daily flow rates for the
days in which samples were collected. The two distributions, daily mean flow and sampled
flow, were plotted on the same graph and the distributions compared. If the sampled flow
represents the range of flow from the historical records well, then the two distributions
should appear very similar. This also enables one to see what flow rates are not represented
well. As discussed in Chapter IV, most samples (77%) were collected during the months of
March, May, August, and October (see Table 4-1). When constructing the probability plots,
only these months were used. Including other months would place too much weight on mean
daily flow rates for months when much fewer samples were collected.
Results and Discussion

The frequency distributions discussed are shown in Figures 5-1 through 5-8. Figures
5.1 and 5-2 are for samples collected during sampling period one. Figures 5-3 and 5-4 are
for samples collected during sampling period two. Figures 5-5 and 5-6 are for samples

collected during sampling period three and 5-7 and 5-8 for sampling period four. The figures

161



100

——— Daily mean flow from USGS station #03497300
® Sampledflow

Flow, in cubic meters per second

T T T T T T T T T T T T

4 2 5 1 20 30406506070 8 S0 95 98 99
Percentage of time flow was equaled or exceeded

Figure 5-1. Frequency distributions during sampling period one for
the Little River.
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Figure 5-2. Frequency distributions during sampling period one for
Cataloochee Creek.
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Figure 5-3. Frequency distributions during sampling period two for
the Little River.
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Figure 5-4. Frequency distributions during sampling period two
for Cataloochee Creek.
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Figure 5-7. Frequency distributions during sampling period four for
the Little River.
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Figure 5-8. Frequency distributions during sampling period four
for Cataloochee Creek.
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show that samples are usually collected during “average” flow conditions. The exceedance
probabilities appear to be between 0.05 and 0.95 for all sampling periods. This means that
when samples are collected, the percentage of the time that the flow is higher than the flow
at the time of collection is 5% and 95%. These are high flow conditions and low flow
conditions, respectively. The exceedance probabilities are a function of the number of
sampling data points. Sampling periods one, two, and four have 12 sampling data points.
The Weibull plotting method will automatically give 7.7% (1/13) and 92.3% (12/13)
probabilities. As the number of sampling data points increases, the range of flows
represented increases. The figures do show that the higher flow conditions (storm flows) are
not represented by the current sampling strategy. Notice in Figures 5-1 through 5-8 that the
highest daily mean flows are much greater than the highest daily mean flows when samples
were collected. For example, Figure 5-1 shows that the highest daily mean flow is 48.14
cubic meters per second and the highest daily mean flow when samples were collected is
17.81 cubic meters per second. Therefore, the highest daily mean flow is 2.70 times higher
than the highest daily mean flow when samples were collected during sampling period one
on the Little River. For all sampling periods on the Little River, the highest daily mean flows
average 6.73 times larger than the highest daily mean flows when samples were collected.
For all sampling periods on Cataloochee Creek, the highest daily mean flows average 6.50
times larger than the highest daily mean flows when samples were collected. The figures
also show that the extremely low flow conditions do not differ that much from samples
collected during low flow conditions. For all sampling periods on the Little River, the lowest

daily mean flows average 1.20 times smaller than the lowest daily mean flows when samples
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were collected. For all sampling periods on Cataloochee Creek, the lowest daily mean flows
average 1.08 times smaller than the lowest daily mean flows when samples were collected.

Storm flows occur less frequently and therefore the chance of being in the field
collecting a sample during these times is small. It is during these high flow conditions that
stream chemistry could change significantly with respect to the concentration of a particular
constituent and its total flux from the watershed. For example, data from Noland Divide
Watershed (NDW) shows that storm events might account for much of the total flux of
sulfate and nitrate from the watershed (McCann et al., 2000). It is during these high flow
conditions that pH can drop significantly. In soils low in base cations or with a tendency to
conserve base cations, charge balance can be maintained by the leaching of hydrogen ions
and aluminum (Cosby et al., 1985). This could have significant impacts on aquatic life.
Hydrogen ion concentrations could increase during storm events and drop pH to levels which
are harmful to fish and aquatic organisms (see Table 2-2). Elevated concentrations of
aqueous aluminum are potentially harmful to aquatic organisms. The harmful effects of
aluminum are related to its speciation (McAvoy, 1989). When quarterly Park-wide sampling
began in 1993, aluminum was one of the constituents for which analysis was done. That was
stopped for several reasons. The main reason for discontinuing analysis for aluminum was
because most_sites were below detection limits for aluminum. The costs associated with
analyzing for aluminum were not worth the benefits since most of the time aluminum was
either not present or present in very low concentrations. However, this further proves that
the past and current sampling strategy misses the higher storm flow events. This is when the

presence of aluminum in measurable, and sometimes high, concentrations are most likely to
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occur. During a storm event at NDW, aluminum concentrations increased 22.0 micromoles

per liter and reached a maximum of 25.9 micromoles per liter (McCann, 2000).

Conclusions

Based on the results of the analyses presented, the following conclusions and

observations were made:

1.

Frequency distributions of daily mean flow rates when samples were
collected demonstrate that the current sampling strategy misses the higher
flow conditions. For all sampling periods on the Little River, the highest
daily mean flows average 6.73 times larger than the highest daily mean flows
when samples were collected. For all sampling periods on Cataloochee
Creek, the highest daily mean flows average 6.50 times larger than the
highest daily mean flows when samples were collected. It is during the storm
flow conditions that stream chemistry is particularly important with respect
to influences on aquatic life in GRSM streams.

Frequency distributions of daily mean flow rates when samples were
collected demonstrate that the current sampling strategy does a good job of
capturing common flow conditions and even low flow conditions. For all
sampling periods on the Little River, the lowest daily mean flows average
1.20 times smaller than the lowest daily mean flows when samples were
collected. For all sampling periods on Cataloochee Creek, the lowest daily
mean flows average 1.08 times smaller than the lowest daily mean flows

when samples were collected.
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CHAPTER VI. IMPLICATIONS AND RECOMMENDATIONS FOR FUTURE

RESEARCH

The objective of this chapter is to take the results of data analyses presented in

previous chapters and summarize important implications while making recommendations for

future research. They are as follows:

1.

Time trend analysis revealed a statistically significant decreasing trend in
normalized pH over time. The time required for pH to reach critical values
appears to increase with decreases in elevation. If conditions and trend
continue sampling sites between 1,524 meters and 1,676 meters (5,000 feet
to 5,500 feet) above mean sea level might have pH values less than or equal
to 5.50 within only four years and less than or equal to 5.00 within only 11
years. At the lower elevations, between 305 meters and 457 meters (1,000
feet and 1,500 feet), sampling sites might have pH values less than or equal
t0 5.50 within 46 years and less than or equal to 5.00 within 67 years. AtpH
values between 5.5 and 6.0, there is a significant loss of acid sensitive fish
and reduced reproduction (Baker et al., 1996). At 5.0, the pH will be just
below the critical pH for all species of trout found in GRSM streams. Within
26 years sampled GRSM streams at the lower elevations (305 meters to 457
meters) might have pH values near 6.00. The time required for sampling
sites at higher elevations (914 meters to 1,067 meters) to reach 6.00 appears
to be only four years. Research has shown that at pH values between 6.0 and

6.5 the water becomes uninhabitable for sensitive benthic invertebrates
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(Baker et al., 1996). The models used to predict future values of pH in
sampled surface water explain an average of 12% of the variability in the
data. This means that an average of 88% of the variability is unaccounted for
by the models. However, this in no way negates the statistical validity of the
trends found from regression. The use of these models to predict future
values of pH assumes that the factors which are unaccounted for by the
models will not change over time and remain the same as what was observed
during the period which was modeled. Some of the factors which are
unaccounted for include stream flow, precipitation, and deposition rates.
Although it is far from certain that such serious pH declines will occur,
stream pH warrants serious concern and continued monitoring.

The analysis of spatial variability and the investigation for relationships
between water quality and a newly developed data base of basin
characteristics will help to guide future selection of sampling sites and
analytes within the Great Smoky Mountains National Park (GRSM).
Sampling sites which are similar with respect to water quality and basin
characteristics such as elevation, geology, vegetation, and disturbance history
might provide redundant information. As a result, it might be possible to
reduce the number of sampling sites in the future.

Sampling during high flow is not represented well. Storm sampling should
be performed for important constituents such as nitrates, sulfates, hydrogen

ions, monomeric aluminum and other species of concern which are flushed
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from the watersheds. Concentrations and fluxes during storm events can
have significant impacts on water quality and adversely affect aquatic
organisms. Storm sampling from areas affected by Anakeesta debris flows
might be especially interesting.

Regression analysis revealed that Anakeesta Formations can exert a
significant influence on water chemistry, particularly decreased pH. The
influence of Anakeesta Formations is stronger if it has been disturbed and
exposed to weathering by the construction of roads or by natural debris flows.
This reinforces the need to use proper construction methods during road
construction and repair to control acid generation when Anakeesta
Formations are disturbed. Water quality monitoring in areas of human
disturbance of Anakeesta is recommended. Undisturbed Anakeesta
Formations do not appear to be strongly associated with decreased pH.
Regression analysis also revealed that the percentage of limestone in a
drainage basin is a good predictor of alkalinity and conductivity. The water
draining from basins with limestone is less acidic, has higher buffering
capacity against acid input, and has elevated conductivity resulting from
carbonate species. These areas of the Park are expected to be less sensitive
to pH and alkalinity problems. These areas include portions of the Abrams
Creek watershed within and downstream of Cades Cove and lower elevations
of the Little River watershed.

In 1995, monthly sampling was conducted at 160 sites throughout the GRSM.
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The models presented in Chapter III to predict median water quality
constituent values used the 90 sites which have been sampled since the
beginning and are still active sites. Ancillary data (geology, vegetation, and
disturbance) was not collected for the other sites which are currently not
included in the sampling network. Future work should include collecting
ancillary data for discontinued sites and using the datato validate the models
presented in Chapter IIL

Other data should be added as it becomes available. For example, soils data
is currently being collected for the GRSM. Soils types might explain some
of the variability in water quality constituent values.

Fish and benthic data is also collected within the GRSM by other researches.
Multivariate techniques, such as principle component analysis and cluster
analysis, could be used to investigate for relationships between surface water
quality and aquatic organisms. Table 6-1 summarizes the types of data
available for each sample site.

In the past, pH has been recorded in the laboratory. As of August 2001, field
pH was also recorded at the time of sample collection. Measurements of
laboratory pH should continue along with field pH measurements to
understand this relationship and provide insight into how that relationship

affects long-term trends presented in Chapter IV.
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Table 6-1. Matrix summarizing available data for sample sites.

Sample
site
1

Basin physical
properties

Geology

Vegetation

Disturbance
history

Fish site

Benthic site
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X denotes that data is available
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Table 6-1 (continued)

Sample
site

Basin physical
properties

Geology
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Fish site
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APPENDIX Al. MAPS OF MAJOR SAMPLED WATERSHEDS
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Figure A1-5. Cosby Creek watershed.
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Figure A1-8. East Prong
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Meadow Branch

Laurel Creek
Figure A1-10. West Prong Little River watershed.
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APPENDIX A2. CONSTITUENT SUMMARY STATISTICS
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Table A2-1. Summary statistics for pH within the watersheds sampled. Missing values due to small
sample size.

Percentiles
Watershed Sample site Mean 10 25 50 75 90

Abrams Creek 156 7.16 6.77 6.85 7.23 7.37 7.57
173 6.68 6.45 6.50 6.66 6.80 7.01
174 7.38 6.81 7.13 7.39 7.69 7.77
183 5.64 4,23 5.58 5.63 6.11 6.33
184 6.23 6.01 6.12 6.21 6.35 6.47
186 6.38 6.11 6.25 6.36 6.50 6.67
200 6.09 5.79 598 6.10 6.24 6.33
201 5.73 543 5.56 5.70 5.97 6.20
488 6.35 5.97 6.29 6.35 6.52 6.65
489 7.37 6.80 7.09 7.44 7.66 7.78
Bunches Creek 291 6.02 5.71 5.80 6.05 6.18 6.28
336 6.38 6.16 6.25 6.36 6.53 6.60
337 6.23 5.96 6.10 6.27 6.36 6.40
Cataloochee 127 6.38 6.11 6.26 641 6.48 6.57
Creek 142 6.48 6.24 6.39 6.51 6.57 6.67
143 6.42 6.27 6.32 6.42 6.52 6.58
144 6.46 6.30 6.37 6.48 6.53 6.60
147 6.60 6.38 6.53 6.60 6.70 6.77
148 6.70 6.56 6.59 6.70 6.79 6.87
149 6.55 6.39 6.44 6.58 6.63 6.69
150 6.56 6.34 6.43 6.58 6.69 6.80
290 5.08 4.64 4.79 5.05 5.21 5.87
293 6.55 6.34 6.48 6.58 6.64 6.69

493 6.46 6.11 6.37 6.46 6.61
Cosby Creek 3 6.50 6.34 6.40 6.54 6.58 6.68
4 6.15 5.76 5.94 6.00 6.53 6.63
114 6.24 5.89 6.18 6.32 6.35 6.48
115 6.20 6.02 6.10 6.20 6.26 6.47
137 5.88 5.61 5.75 5.90 5.94 6.21
138 5.52 5.30 5.40 5.49 5.62 5.81
492 6.14 5.81 6.04 6.12 6.32 6.39
Hazel Creek 221 6.22 5.89 6.07 6.28 6.34 6.48
310 6.52 6.29 6.39 6.49 6.62 6.82
311 6.50 6.28 6.39 6.53 6.57 6.70
479 6.53 6.32 6.41 6.47 6.67 6.85
480 6.56 6.38 6.46 6.53 6,63 6.81
481 6.53 6.25 6.40 6.48 6.67 6.86
482 6.45 6.20 6.31 6.46 6.55 6.77
483 6.54 6.28 645 6.52 6.67 6.82
484 6.46 6.20 6.30 6.48 6.57 6.76
485 6.55 6.27 6.43 6.58 6.70 6.80
Indian Camp 1 6.23 5.93 6.10 6.24 6.38 6.47
Creek 103 5.58 5.30 542 5.62 5.75 5.81
104 572 5.08 5.50 5.69 5.88 6.19
106 6.01 5.78 5.93 6.00 6.12 6.21
107 6.07 5.85 597 6.11 6.17 6.24
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Table A2-1 (continued)

Percentiles

Watershed Sample site Mean 10 25 50 75 90
Middle Prong Little 43 5.94 5.66 5.79 5.96 6.06 6.25
Pigeon River 45 5.55 523 5.39 5.52 5.70 5.84
46 5.76 5.36 5.53 5.80 5.97 6.08

47 5.95 5.68 5.86 6.03 6.08 6.11
49 6.25 5.98 6.10 6.24 6.40 6.49
50 6.36 6.05 6.16 6.36 6.53 6.72
52 6.43 6.20 6.30 6.39 6.60 6.73
West Prong Little 30 6.42 6.20 6.27 6.42 6.53 6.70
Pigeon River 66 6.24 5.82 6.11 6.28 6.38 6.60
71 6.19 5.82 6.09 6.21 6.37 6.45
73 6.23 5.63 6.14 6.32 6.39 6.54
74 6.34 5.94 6.26 6.39 6.49 6.65
233 5.99 5.20 5.83 6.08 6.35 6.55
234 5.89 5.48 5.74 5.88 6.06 6.25
237 4.89 4.69 4.75 4.82 491 5.08
473 6.13 5.48 5.68 6.20 6.47 6.59
Oconaluftee River 251 6.03 5.68 5.86 6.08 6.19 6.32
252 5.34 4.67 4.76 4.92 6.15 6.56
253 6.39 6.08 6.35 6.43 6.49 6.58
266 6.53 6.30 6.42 6.53 6.62 6.82
268 6.48 6.24 6.39 6.48 6.58 6.67
East Prong 13 6.66 6.43 6.55 6.66 6.82 6.92
Little River 14 6.64 6.35 6.47 6.62 6.83 6.86
20 6.55 6.25 6.41 6.53 6.76 6.82
34 6.42 6.26 6.32 6.43 6.49 6.62
209 6.24 5.88 6.19 6.28 6.34 6.40
210 6.38 6.14 6.28 6.40 6.50 6.55
213 6.11 5.82 592 6.16 6.23 6.35
214 6.29 6.10 6.16 6.32 6.39 6.49
215 6.39 6.15 6.30 6.36 6.47 6.64
218 5.10 4.84 4,96 5.05 525 5.60
220 5.32 4.92 5.12 5.28 5.52 5.68
474 6.36 6.18 6.23 6.33 6.46 6.64
475 6.31 6.03 6.22 6.31 6.45 6.52
Middle Prong 23 6.58 6.34 6.40 6.62 6.78 6.86
Little River 190 6.25 6.04 6.16 6.27 6.36 6.40
191 6.11 5.85 5.99 6.12 6.22 6.38
192 6.11 5.88 5.95 6.10 6.22 6.32
193 6.40 6.27 6.29 6.38 6.49 6.64
194 6.38 6.20 6.24 6.32 6.53 6.60
472 6.17 5.89 6.13 6.17 6.24 6.39
West Prong 24 6.74 6.46 6.60 6.71 6.93 7.01

Little River

Other Springs 195 5.74 5.53 5.65 5.74 5.87 5.97
219 493 4,78 4.82 4.88 4.99 548
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Table A2-2. Summary statistics for acid neutralizing capacity within the watersheds sampled. All
units are microequivalents per liter. Missing values due to small sample size.

Percentiles
Watershed Sample site Mean 10 25 50 75 90
Abrams Creek 156 42030 193.37 26163 38543 558.65 729.70
173 135.17 52.16 72.68 9589 151.83 243.99
174 1100.66 484.95 752.79 1223.05 1492.46 1555.78
183 2812 -68.78 3395 3925 4556 56.13
184 3631 2445 2708 3527 4138 55.05
186 5867 3590 3698 4865 69.12 8930
200 29.14 17.02 2030 2780 34.64 4879
201 3588 20.67 3214 3402 3937 50.97
488 50.65 3194 3995 46.18 61.22 8320
489 084.51 333.55 67249 870.48 1441.74 1526.74
Bunches Creek 291 24.88 5.66 13.84 2370 3208 44.16
336 53.62 40.17 4460 5067 5501 67.00
337 42.11 27.04 3238 43.07 4777 5852
Cataloochee 127 4849 3075 3471 4948 5694 76.33
Creek 142 6243 37.69  48.51 5596 72.87 86.14
143 5200 3242 4245 5062 62.67 69.03
144 56.55 29.02 44.05 5538 69.06 79.79
147 8703 56,70 68.82 89.40 106.76 114.12
148 12196 6820 8844 12427 14411 180.78
149 82.73 55.80 6538 83.55 10146 111.85
150 83.81 5333 6769 8431 10518 11244
290 404 2170 -11.88 -5.27 275 24.23
293 8831 6938 77.16 86.77 100.87 111.66
493 69.06  30.55 5223 76.62  85.03
Cosby Creek 3 7994 47.05 6341 7422 10510 116.52
4 44.67 9.35 1399 25.04 7567 118.00
114 3937 2132 3327 41.02 4873 5343
115 39.34 1644 2198 4125 5528 61.27
137 13.08 7.59 10.53 12.40 16.63 19.19
138 4.60 -1.59 -0.19 341 7.81 1141
492 33.91 1733 2199 3130 4520 56.01
Hazel Creek 221 31.55 24.17 2584 2945 3523 4475
310 7155 5244 6775 73.01 86.47 103.88
311 7500 4975 6052 67.30 8582 11192
479 7126 45.10 60.17 6925 85.15 97.14
480 87.60 67.51 76.51 8790 10128 105.88
481 97.38  65.61 7899 91.59 111.88 14803
482 10246 71.89 7680 99.89 11726 155.43
483 04.10 6494 7442 8516 10527 152.01
484 6431 4248 5049 5838 69.68 12591
485 78.19  53.93 61.50  70.65 01.49 124.93
Indian Camp 1 39.02 2122 2757 3197 4491 5526
Creek 103 4.04 2.34 0.51 3.90 7.24 12.12
104 28.40 -3.89 2.59 7.72 1470 9147
106 18.33 8.02 12.30 17.01 21.10  26.55
107 2249 1299 1761 2142 2457 2834
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Table A2-2 (continued)

Percentiles
Watershed Sample site  Mean 10 25 50 75 90
Middle Prong Little 43 18.16 3.87 7.22 11.86 20.55 39.74
Pigeon River 45 5.20 -2.29 0.08 348 8.91 18.06
46 10.67 -0.85 2.03 6.43 12.63  19.71
47 21.30 7.98 9.18 11.65 18.64 66.92
49 45.17 1436 2131 3230 52770 103.00
50 55.57 15.51 2626 47.15 7446 12846
52 5476 2630 3598 50.04 7482  86.05
West Prong Little 30 65.86 30.64 47.15 5889 9276 100.34
Pigeon River 66 40.25 1040 2733 3688 5220 63.90
71 3537 12.80 19.76 26,70 42.00 54.58
73 34.65 4,90 18.86 30.78 5344  62.56
T4 60.08 1144 3031 50.15 94.81 115.96
233 27.67  -1.63 1349 3182 4164 5421
234 21.17 8.10 14.59 17.81 2085 47.72
237 1273 -19.04 -17.01 -13.68 -10.80 -2.44
473 44.13 4.92 8.60 2990 64.00 137.20
Oconalufiee River 251 19.79 3.31 1142 20,57 2647 33.00
252 10.89 -9.64 -7.39 -3.43 23.58 74.07
253 7973 6457 7279 82.08 89.25  95.07
266 7976 4763 5687 7116 101.14 12247
268 70.89  40.31 5376  68.21 8192 101.41
East Prong 13 116.62 5572 77.16 11640 157.08 189.68
Little River 14 10935 48:14 7553 103.07 131.77 187.88
20 86.00 47.09 62.83 84,13 109.89 121.38
34 7046 40.13 4345 63.18 9322 12236
209 3595 2334 3138 3606 4155 47.18
210 5480 3227 4206 4975 59.68 67.07
213 23.51 12.50 1645 23.64 2946  33.75
214 3961 2276 3086 38.06 5025 54.10
215 5391 3330 3738 5050 5847  68.09
218 8.69 -4.41 -0.95 7.51 20.19 2648
220 i1.21 -1.45 0.38 344 1393 2531
474 57.54 28.06 4331 57.08 66,18 91.94
475 3998 22.77 26.83 3327 51.00 66.35
Middle Prong 23 10446 37.75 56.11 102.54 150.72 188.72
Little River 190 33.51 1850 2244 31.34 3854  40.63
191 21.13 11.40 13.76 20.85 27.15 3029
192 22.22 8.16 14.11 2022 3128 38.27
193 5571 2882 3678 5729 7077 8778
194 5064 25.02 3273 4654 6485 7157
472 3902 1860 25.64 37.03 53.17  67.18
West Prong 24 15131 79.59 105.59 145.56 201.01 225.44
Little River
Other Springs 195 30.11  21.88 27.05 30.69 3328 36.52
219 -045 -9.53 -7.22 -1.20 3.90 14.03
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Table A2-3. Summary statistics for conductivity within the watersheds sampled. All units are
microsiemens per centimeter. Missing values due to small sample size.

Percentiles
Watershed Sample site Mean 10 25 50 75 90
Abrams Creek 156 4926 29.25 3635 4545 6223  75.75
173 19.49 12.88 15.01 1758 22.80 25.62
174 108.53 50.88 7490 12640 14955 160.12
183 12.94 8.01 8.23 9.11 12.89 31.50
184 13.73 11.50 12.14 1347 15.08 16.45
186 14.09 11.42 12.30 13.08 15.67 19.11
200 12.42 10.56 11.00 12.49 13.29 14.92
201 11.21 9.18 10.02 11.22 12.61 13.54
488 11.73 9.16 10.69 11.73 12.76 13.83
489 9879 39.99  73.95 8745 136.65 141.90
Bunches Creek 291 13.70 11.58 12.06 13.55 15.05 16.69
336 11.90 10.54 11.10 11.77 1234 14.14
337 12.07 8.15 10.84 11.85 13.12 15.41
Cataloochee 127 11.50 9.38 10.56 11.60 12.63 13.38
Creek 142 10.95 8.99 9.89 10.96 12.17 12.91
143 11.08 9.00 9.85 11.22 12.31 13.06
144 11.14 9.33 9.61 10.78 12.78 13.37
147 14.51 11.58 12.54 14.63 16.50 17.04
148 17.21 13.29 14.13 16.86 20.03 21.71
149 1447 12.36 12.80 14.61 16.08 16.90
150 14.38 11.98 12.61 13.90 15.86 17.15
290 16.58 13.01 13.97 16.15 1727  22.62
293 16.49 13.72 15.14 16.20 18.35 18.95
493 12.21 9.60 11.27 11.82 13.82
Cosby Creek 3 16.93 14.10 14.97 16.49 1823 2130
4 13.63 11.55 12.64 13.90 15.21 16.62
114 18.81 14.81 16.38 18.00 19.82 25.70
115 16.00 12.84 14.16 15.48 1827 2042
137 15.05 12.69 13.85 15.20 16.30 17.41
138 13.73 11.73 1291 13.79 14.47 15.60
492 17.39 14.53 16.27 17.03 1870 21.11
Hazel Creek 221 10.63 9.14 9.59 10.42 11.29 12.75
310 12.81 10.02 10.90 12.62 14.66 15.41
311 11.78 9.27 10.16 12.05 13.43 13.86
479 11.70 7.99 10.71 12.03 12.68 14.38
480 13.46 10.54 12.12 13.54 14.98 15.74
481 16.78 1441 15.52 16.32 17.89 20.64
482 13.73 11.28 12.48 13.94 14.89 15.79
483 14.08 11.71 13.17 13.83 15.42 16.44
484 10.70 9.02 9.97 10.66 11.78 12.25
485 1147 9.40 10.25 11.61 12.97 13.62
Indian Camp 1 15.03 11.76 13.87 15.77 16.22 17.79
Creek 103 19.91 16.41 18.15 2045 2183 2283
104 20.03 15.74 17.38 18.36 20.75 2356
106 17.72 1540 16.73 17.72 1823  20.32
107 16.29 14.33 14.82 16.10 17.22 19.11
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Table A2-3 (continued)

Percentiles

Watershed Sample site  Mean 10 25 50 75 90
Middle Prong Little 43 15.54 12.61 13.66 16.06 16.75 17.66
Pigeon River 45 19.37 15.40 17.27 19.33 2085 22.20
46 17.01 13.55 15.46 16.94 18.52 19.93
47 12.49 10.35 11.31 12.13 12.81 15.39
49 16.18 12.29 13.82 15.67 1724  22.55
50 16.12 13.00 14.19 15.80 18.06 20.20
52 16.21 13.15 14.83 15.99 17.71 19.21
West Prong Little 30 20.47 17.55 18.95 2040 2215 2400
Pigeon River 66 19.58 16.89 18.58 19.07 21.00 22.60
71 16.04 14.00 15.09 16.10 16.94 17.25
73 20.59 17.27 18.52 2050 2290 24.02
74 24.44 19.11  21.38 2430 2890 30.41
233 23.13 1743 2093 2295 2550  28.55
234 16.05 14.86 15.40 16.11 16.81 17.32
237 19.78 17.35 17.84 20.10 2120 2244
473 21.03 17.85 18.13 20.65 24,15 25.02
Oconaluftee River 251 29.34 11.42 2823 30.90 3428 37.85
252 4454 2070 2920 46.80 5520  69.65
253 26.25 19.49 2170 23.50 2530 29.02
266 13.85 10.73 12,22 13.82 15.62 16.38
268 13.68 11.14 12.35 13.04 14.69 16.76
East Prong 13 18.62 13.69 14.75 18.30 22.10 25.34
Little River 14 18.72 14,01 15.03 17.78 2275 26.04
20 15.61 11.50 13.40 15.53 17.43 19.91
34 14.53 10.01 11.85 14.43 16.55 2034
209 11.58 8.28 9.30 10.87 11.40 12.86
210 15.73 12.54 13.27 14.68 15.52 16.19
213 11.58 10.07 10.29 11.36 12.08 13.44
214 12.16 9.65 10.14 11.16 12.10 13.93
215 15.33 10.54 12.46 13.40 15.50 17.22
218 21.99 1492 2010 2270 2470 2746
220 17.81 13.57 16.01 17.29 19.71  21.58
474 13.05 11.35 11.93 13.31 13.86 14.44
475 11.71 10.07 10.46 12.20 12.66 13.40
Middle Prong 23 16.85 11.04 12.77 16.44 21.00 26.04
Little River 190 12.15 10.30 11.28 11.95 12.93 13.49
191 10.87 947 10.08 10.90 11.48 12.56
192 13.33 10.97 12.05 12.93 14.78 15.62
193 12.10 9.36 9.90 11.60 1424 16.01
194 14.14 9.93 10.76 12.40 15.12 17.82
472 12.32 10.64 11.23 12.35 13.35 14.03
West Prong 24 22.94 15.96 17.73 2250 26.78 32.05

Little River

Other Springs 195 8.43 6.82 743 7.98 9.19 11.22
219 34.49 1270 23.10 2450 26.50 28.02
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Table A2-4. Summary statistics for nitrate within the watersheds sampled. All units are micro-
equivalents per liter. Zeroes denote below detection limit. Missing values due to small sample size.

Percentiles
Watershed Sample site  Mean 10 25 50 75 90
Abrams Creek 156 297 0.00 0.00 3.07 4.63 7.17
173 5.53 0.00 1.84 5.95 8.48 11.16
174 12.05 9,44 11.09 12.30 13.28 15.95
183 6.57 0.00 3.50 5.75 7.19 16.35
184 25.63 1729 2134 2594 29.12 3379
186 17.23 5.64 14.59 1745 2044  26.46
200 25.46 12.64 2057 25.16 2999 3530
201 16.42 9.63 12.42 16.41 1794  30.10
488 10.31 2.11 5.63 10.62 1297 23.36
489 11.39 9.63 10.65 11.14 11.88 13.97
Bunches Creek 291 3935 31.68 34.80 3927 41.69  46.96
336 26.38 19.63 23.85 2528 2889 34.73
337 24,92 1739 22.10 2599 2930  31.67
Cataloochee 127 15.13 2.62 11.10 16.55 19.63 24.21
Creek 142 6.88 0.41 4.84 7.40 9.47 12.40
143 7.86 0.70 6.44 8.48 11.09 13.13
144 7.05 0.42 4.53 7.13 10.16 11.96
147 6.77 0.00 292 6.81 11.02 12.85
148 3.43 0.00 0.00 441 5.83 6.53
149 6.98 0.00 0.87 7.90 10.39 14.10
150 747 0.00 0.00 8.72 10.58 16.56
290 5057 3390 4307 5177 6054  68.77
293 17.04 7.69 13.53 1762 2074 2556
493 6.57 0.00 1.19 7.80 10.69
Cosby Creek 3 17.36 523 12.70 17.31 2202 27.29
4 19.42 1.09 4.86 2239  29.53 37.78
114 39.16 23.81 36.88 39.35 4432 49.34
115 29.21 12.32 19.06 22.16 3971 54.28
137 3547 2643 2876 3235 4032 53.14
138 3782 2539 3104 36.09 42.06 5732
492 48.04 4223 45.14 45.53 51.51 59.26
Hazel Creek 221 23.08 14.65 1765 2294 26381 31.95
310 3.47 0.00 0.00 2.81 6.12 8.41
311 3.76 0.00 0.37 443 5.73 7.09
479 2.59 0.00 0.42 2.81 4.48 4,67
480 1.51 0.00 0.00 2.15 2.69 3.09
481 0.75 0.00 0.00 0.00 1.65 2.50
482 2.77 0.00 0.00 2.92 4.62 6.27
483 1.54 0.00 0.00 2.05 2.77 3.52
484 5.84 0.00 0.00 7.16 8.63 12.42
485 2.32 0.00 0.00 2.70 3.94 4.89
Indian Camp 1 24.49 7.56 1772 2459 3240 3494
Creek 103 50.15 38.51 4277 4872 5774 6345
104 4487  26.08 38.11 47.02  53.53 58.47
106 4254 32.64 3402 4214 5013 53.71
107 3523 2740 2948 3553 41.03  43.13
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Table A2-4 (continued)

Percentiles
Watershed Sample site  Mean 10 25 50 75 90
Middle Prong Little 43 7446 13.48 2197 2492 2963 33.01
Pigeon River 45 3255 2124 2885 3217 3494 42.00
46 2820 1848 2463 2890 32.78 3454
47 24.07 12.66 16.84 21.05 2815 3239
49 18.11 9.24 15.32 1843 2250 26.84
50 17.60 4.59 11.48 15.16 2549  33.28
52 16.97 7.28 1291 1620 24.01  27.03
West Prong Little 30 25.43 1344 2090 2506 31.18 35.66
Pigeon River 66 3420 2324 29.12 33.08 3726 4347
71 3262 2281 2775 3191 3711 4212
73 34.58 2347 30.13 3340 3841 4322
74 3285 2339 2899 3235 3821 4031
233 36.59 2555 2917 3415 4381 5129
234 57.87 49.75 55.73 59.69 63.00 66.21
237 3476 2428 2775 3373 3927  46.87
473 3320 2092 2796 3279 3823  46.46
Oconaluftee River 251 36.69 1846  35.61 3696 39.59 49.86
252 5572  43.01 48.02 5424 5881 78.13
253 5924 4994  53.13 57.54 60.18 7391
266 6.44 0.00 0.68 5.03 9.62 17.42
268 11.38 1.89 5.72 7.24 11.94 21,51
East Prong 13 7.15 . 0.00 4.19 6.33 11.32 13.06
Little River 14 8.07 0.00 4.62 6.28 12.02 15.60
20 9.46 0.00 5.32 7.87 13.02 17.38
34 8.86 0.00 1.75 11.03 13.05 15.58
209 6.87 0.00 3.48 6.58 9.68 12.53
210 14.63 347 11.65 14,18 1827 23.45
213 20.49 7.50 17.89 2119 2590 31.48
214 14.58 2.99 11.53 14.81 1939 22.84
215 12.78 3.84 11.25 1226 15.66 18.77
218 5239 3443 4561 4666 56,68  80.74
220 6248 3774 48.71 6741 7449 87.14
474 11.58 0.00 491 13.03 16.15 21.21
475 13.14 0.36 3.70 15.75 18.73 22.30
Middle Prong 23 8.12 0.00 5.91 8.62 1145 13.30
Little River 190 16.56 4.64 15.32 1731 2049  23.07
191 21.63 8.04 1191 2043 2542 3827
192 23.95 13.41 18.71 23.76 28.66 34.90
193 6.24 0.00 5.33 7.00 9.03 9.62
194 9,92 0.00 9.12 10.60 13.36 15.50
472 15.70 5.52 13.27 17.28 1924 21.14
West Prong 24 441 0.00 2.19 5.69 6.46 6.92
Little River
Other Springs 195 3.87 2.66 3.38 3.93 427 5.08
219 7979 3356 7253 88.04 9422 100.08
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Table A2-5. Summary statistics for sulfate within the watersheds sampled. All units are micro-

equivalents per liter. Missing values due to small sample size.

Percentiles
Watershed Sample site Mean 10 25 50 75 90

Abrams Creek 156 4338 37.46  39.53 4302 4598 50.74
173 2090 20.89 2334 27.85 30.59 4443
174 5020 4417 45.70 52.32 55.03 61.78
183 17.72 6.14 7.20 9.06 25.29 53.11
184 28.88 20,76 26.14 28,31 30.67 41.02
186 30.74 2425 2664 2907 3146  43.62
200 27.52 19.25  25.12 2736 2977 3645
201 15.54 12.07 13.31 14.72 17.16 19.15
488 22.04 1421 2027 22.53 25.06 26.46
489 46.37 3837 42.55 46.36 49.21 58.11
Bunches Creek 291 25.99 1842  20.15 23.76 28.32 44.09
336 10.60 6.87 7.76 9.07 10.60 18.05
337 16.91 11.05 13.41 14.53 18.28 25.79
Cataloochee 127 20.31 16.21 18.26 19.43 2146 27.64
Creek 142 17.14 12.75 13.61 15.46 1934  23.37
143 21.07 13.56 17.75 2120 2226 3191
144 18.67 14.64 15.30 1736 2037 28.05
147 20.33 9.64 18.46 21.09 2201 29.20
148 21.16 14.40 17.13 19.19 2249 35.25
149 22.59 17.89 18.95 21.66 2591 29.72
150 21.13 17.08 17.96 2025 22.19 29.73
290 24.84 13.77 15.75 20.97 2832 5213
293 23.64 18.08 2161 23.86 24.65 2846

493 18.24 14,71 15.93 17.64 19.24
Cosby Creek 3 3528 25.58 30.63 35.01 40.63 4537
4 36.10 17.10  20.16 40.91 4786  50.51
114 44.21 3622 4198 4379 47.07 5148
115 48.45 35.94 4031 44.16 5532 71.55
137 5341 4463 46.73 49.86 56.14 71.40
138 39.73 3442 3591 3796 40.09 51.17
492 3997 34.87 37.70 40.81 4248  46.06
Hazel Creek 221 16.90 12.58 14.74 16.74 1970  21.96
310 21.30 16.86 18.18 21.04 2337 28.33
311 18.07 14.59 16.53 17.49 1944 2294
479 16.77 9.62 16.32 17.75 18.40 19.75
480 20.62 17.37 18.71 19.97 21.80 2698
481 4426  30.63 37.53 41.01 54.81 61.17
482 2043 18.40 1945 20.56 21.51 22.11
483 26.68 20.03 24.04 26.80 30.39 31.39
484 17.00 14.15 15.75 16.52 1799  21.30
485 15.92 12.74 13.88 14.84 17.06 22.85
Indian Camp 1 4550 30.21 37.83 47.53  49.83 55.58
Creek 103 68.39 64.12 65.97 6799 71.60 74.90
104 59.98 51.47 55.08 57.31 61.07 81.92
106 58.74 51.57 54.81 57.86 61.11 68.07
107 52.80 47.23 50.45 53.07 55.27 57.90
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Table A2-5 (continued)

Percentiles
Watershed Sample site  Mean 10 25 50 75 90
Middle Prong Little 43 62.85 47.97 5484 63.04 75.68 78.88
Pigeon River 45 8990 71.33 77.19 8739 100.77 111.30
46 7474  57.55 6225 73.87 90.58 93.03
47 4737  32.59 36.88 41.87 48,55 51.50
49 53.17 41.05 4553 5220  60.61 65.71
50 48.71 37.07 4120 4763 5458 6259
52 4942 3798 4330 4892 5457 5855
West Prong Little 30 62.23 53.16 59.12 63.02 67.17 7119
Pigeon River 66 69.76  61.18 64.41 70.03 7479  81.89
71 4973 3870 42.82 4485 49.62 5223
73 7849 61.06 68.63 7791 82.84 92.79
74 86.77 68.81 76.95 8699 96.78 106.84
233 103.83 83.08 9195 10488 11513 121.00
234 27.44 18.86 2507 27.83 2895 31.28
237 69.69 58.79 63.60 6845 7630  85.61
473 81.72 68.23 71.49 80.02 92.57 96.90
Oconaluftee River 251 15552 37.37 143.01 17274 19421 215.37
252 281.82 88.39 13222 31323 37447 456.40
253 4197 3449 36.13 4212 44.70  52.52
266 23.79 17.62 21.01 23.82 26.69 2929
268 3036 20.80 2320 2729 3226 4991
East Prong 13 38.17 29.74  33.65 36.56 38.64 52.87
Little River 14 37.31 2990 3206 35.73 4138 49.55
20 35.55 2549 31.97 3392 36.70 48.07
34 33.13 2457 30.76 3272 3623 41.51
209 2697 2048 2262 2476 2825 32.16
210 4125 36.63 38.50 39.95 4241 51.66
213 3020 25.85 2758 2949 3137 34.69
214 24.67 18.41 20.75 23.02 25.12 3255
215 3649 2574 3174 3524 3817 4828
218 58.71 4743 54.14 58.05 66.10 71.71
220 3362 2247 2567 29.62 3327 6196
474 3446 29.81 3229 3330 36.64 43.04
475 2943 24.71 25.83 28.76 3198 38.05
Middle Prong 23 3424 2633 2084 3164 3513 4249
Little River 190 3293  26.51 29.19 3244 3460 39.88
191 30.86 2092 2352 2649 3038  40.28
192 4254  33.63 38.91 4148 44.86 53.51
193 25.59 19.63 22.87 24.11 27.88 3455
194 3042 2574 2740 29.00 33.07 3930
472 3228 2797 29.63 3239 3534  36.53
West Prong 24 4372 36.83 3928 4294 4642 5438
Little River
Other Springs 195 8.01 6.58 7.62 8.10 8.53 9.12
219 5545 3232 52.19 58.59 6221 66.37
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Table A2-6. Summary statistics for chloride within the watersheds sampled. All units are micro-

equivalents per liter. Missing values due to small sample size.

Percentiles

Watershed Sample site Mean 10 25 50 75 90
Abrams Creek 156 22.31 15.53 1739  20.00 2542 37.46
173 19.53 12.34 13.81 15.99 19.54  40.29
171 23.20 17.00 19.33 20.71 2441 3035
183 16.65 9.54 12.18 14.13 18.58 21.33
184 18.65 13.69 14.49 16.48 2254 26.17
186 16.70 1231 14.03 16.38 19.23  21.69
200 17.57 10.69 13.82 1572 2005 2462
201 12.05 9.63 10.06 11.39 13.77 15.84
488 17.69 1235 12.84 14.05 17.87 42.19
489 24,97 16.38 18.03 20.16 24.51 61.58
Bunches Creek 291 16.43 10.35 12.34 14.82 17.43 2443
336 17.60  10.38 14.00 16.67 1735 3048
337 15.74 10.17 11.30 13.74 16.37  26.56
Cataloochee 127 18.72 1097 12.81 15.42 18.16  41.77
Creek 142 15.65 9.93 11.42 12.79 1540 33.62
143 14.86 10.76 12.57 13.62 17.23 19.67
144 16.77 10.49 11.42 12.91 15.61 31.03
147 13.86 9.82 11.12 12.93 15.71 18.37
148 16.31 10.04 11.00 13.66 16.63  36.67
149 15.25 10.73 11.86 13.53 1795 23.88
150 15.52 9.94 11.52 14.80 16.18 24.33
290 16.77 1142 13.64 16.34 18.77 23.87
293 16.49 10.94 12.22 1446 17.08 27.66

493 18.21 9.31 11.39 13.58 24.32

Cosby Creek 3 14.24 9.31 10.60 12.08 1523  24.07
4 12.90 8.98 10.32 11.75 14.15 15.49
114 20.07 10.71 11.40 15.06 2459 4417
115 19.17 10.23 11.07 15.02 2399 4223
137 16.00 10.13 11.67 13.59 16.77 2042
138 16.81 10.46 11.93 14.13  20.70 2743
492 16.64 10.75 11.70 14.45 16.70  37.72
Hazel Creek 221 17.09 11.11 11.33 13.93 19.20  30.46
310 16.62 10.23 11.62 13.94 17.08  28.26
311 18.24 11.33 11.82 13.67 1623 47.33
479 16.68 7.10 11.82 13.42 15.50 4130
480 15.15 10.24 10.99 12.37 16.19 33.79
481 15.99 10.37 10.84 12.36 1580 39.34
482 16.38 9.86 11.60 13.79 16.05 41.29
483 14.63 11.00 11.46 12.94 1530 26.87
484 16.90 10.77 11.78 14.55 17.11  40.30
485 15.86 10.32 11.32 13.03 17.41 33.03
Indian Camp 1 13.18 9.74 10.80 12.98 1520 16.82
Creek 103 15.55 10.03 12.25 13.78 1827 24.64
104 15.23 11.14 11.73 13.08 15.04  26.65
106 13.58 8.99 10.55 13.25 15.77  20.07
107 12.47 9.09 10.81 11.49 1226 17.26
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Table A2-6 (continued)

Percentiles

Watershed Sample site__Mean 10 25 50 75 90
Middle Prong Little 43 13.96 10.03 10.68 12.80 14.70 18.76
Pigeon River 45 15.87 10.43 11.18 13.69 17.07 26.84
46 14.52 10.13 11.23 12.57 17.61  24.17
47 15.01 8.55 9.83 12.01 15.30 2993
49 14.24 10.21 11.36 12.77 14.03  24.77
50 16.95 994 12.01 15.49 1943 29.96
52 16.47 10.37 11.05 12.39 18.16  30.50
West Prong Little 30 17.21 12.33 13.09 15.40 1823 25.36
Pigeon River 66 1564 11.78 12.74 14.17 1599 23.21
71 17.21 10.62 11.61 14.62 18.88 31.10
73 16.18 12.47 13.46 15.21 17.01  20.89
74 15.89 12.04 12.60 14.55 1590 23.52
233 16.93 1222  13.67 14.87 1745 2648
234 18.01 12.75 13.61 1638 20.03  26.15
237 13.74 9.79 10.48 12.29 1424 2652
473 15.85 11.15 12.93 14.27 16.76  26.54
Oconaluftee River 251 18.70 9.74 14.79 16.68 18.68 22.92
252 20.10 14.33 15.29 1648 20.58 2393
253 23.19 14.60 15.69 16.94 23.19 42.82
266 16.08 9.64 10.64 12.02 16.29 3842
268 17.99 9.61 11.30 14.00 18.09  36.05
East Prong 13 15.25 11.10 12.53 13.41 1691 22.84
Little River 14 1444 1091 1145 1290 1581 24.19
20 14.75 9.72 11.55 12.52 15.54 23.10
34 18.23 1094 1192 13.97 20,67 37.87
209 14.80 1036 1177 1294 1522 2772
210 13.69 9.56 10.75 11.69 14.59 2328
213 1405 1095 11.88 12.83 14.02 18.57
214 16.35 10.95 12.04 14.65 1739  26.84
215 15.97 11.03 11.82 14.36 17.84 2524
218 20.83 10.63 13.37 16.11 26.10  40.87
220 12.91 9.41 10.65 11.73 12.37 15.40
474 16.51 11.31 12.61 12.98 17.00 32.77
475 17.86 12.06 13.85 15.53 17.00  33.73
Middle Prong 23 1716 11.54 12,59 13.14 16.88  34.55
Little River 190 14.12 10.16  12.36 13.17 15.17 17.93
191 15.50 10.47 11.15 15.11 17.15  23.65
192 13.68 9.00 10.38 12.31 1398 23.15
193 14.28 9.70 11.84 13.51 16.85 17.24
194 14.82 10.74 1141 14.06 16.31 21.14
472 16.30 10.89 11.16 13.55 19.06  30.39
West Prong 24 15.58 11.49 12.83 14.66 16.07 20.08

Little River

Other Springs 195 1497 11.09 11.60 14.20 16.75  23.56
219 13.85 10.05 12.57 13.76 15.78 17.11
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Table A2-7. Summary statistics for s
equivalents per liter. Missing values

odium

within the watersheds sampled. All units are micro-
due to small sample size.

Percentiles
Watershed Sample site Mean 10 25 50 75 90

Abrams Creek 156 5272 35.12 4596 53.03 60.11 6797
173 4492 2891 3651 4199 54.63  60.08
174 5534 4459 49.02 5545 64.12 65.52
183 3063 2022 21 67 30.66 36.96 4242
184 3953 2489 3 1.01 3839 48.61 53.97
186 39.85 1799 3164  40.77 45.10 57.36
200 33.11  20.73 2835 3256  39.15 45,88
201 26.56 19.87 2402 2676 28.70 3234
488 3893 27.70 3572 3896  42.30 49.18
489 5558 4541 50.14 56.02 _ 59.68 66.33
Bunches Creek 291 34.15 25.64 3039 3375 39.87 42.74
336 4052 3279 3772 4015 4189  46.52
337 3591 25.74 3236 3723 3942 42.36
Cataloochee 127 3733 2566 31 34 3689 4437 49.65
Creek 142 36,74 3032 3175 3539 4424  46.59
143 37.19  26.76 30.11  39.33 4348 47.16
144 38.52 2832 3219 38.68 45.88 49.62
147 4710 2534 3892 4663 5983 64.98
148 67.04 3892 5677 69.58 8047 87.11
149 4857 30.13 4350 49.62 5845 62.38
150 4779 3022 4144 4793 5745 6180
290 30.58  20.69 2560 29.60 3626 42.81
293 5233 3428 4732 5386 61.53  66.55

493 43.08 3179 3419 4178 52.85
Cosby Creek 3 52.10 38.99 43.50 5061 5929  67.66
4 3900 2563 2817 33.43 4845 6443
114 3548 23.14 3370 36.61 3895 4197
115 33.55 21.51 12996 3195 39.76 46.73
137 31.81 26.14 2738 30.19  36.62 39.69
138 27.83 18.64 25.19  27.66 31.09 3693
492 3632 2847 1968 3677 4223 45.16
Hazel Creek 221 33.81 2466 29.84 32.17 38.66 4420
310 3977 2476 3 1.82 40.80 46.49 52.83
311 4056 2174 3413 4170 4548 5138
479 39.57 1454 36.32 4081 47.17  52.68
480 4592 3413 4136 46.17 50.54  56.38
481 4439 3598 39.61 4378 49.86  53.37
482 4596 3944 424 4496 5050 53.04
483 4774 3885 42.83 47.65 53.65 58.74
484 37.88 3092 3435 3737 4068 47.18
485 39.54 24.18 3640 3797 4771 49,16
Indian Camp 1 35.57 2614 50.83 3508 3881 46.37
Creek 103 3020 23.88 2571 2951 3240 4081
104 3090 2077 2473 2809 3125 45.16
106 2726 2092 2239 28.16 3124 3459
107 1687 2070 2429 26.85 30.50 32.24
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Table A2-7 (continued)

Percentiles

Watershed Sample site  Mean 10 25 50 75 90
Middle Prong Little 43 25.06 18.10 21.94 2421 30.43 31.84
Pigeon River 45 22.81 16.65 18.82 2196 27.13 31.12
46 2628 2125 2262 2417 3155 34.03
47 24.32 17.63 21.15 23.40 28.00 3117
49 3203 2478  25.87 30.35 37.66 4181
50 3542 24.03 28.53 35.17 4238 4720
52 3645 27.33 30.82 36.60 42.91 47.93
West Prong Little 30 32.96 14.82 27.80 3448 39.84 4562
Pigeon River 66 23.75 15.78 1946 2400 27.02 2933
71 7783 218 2262 2776 31.89  33.05
73 23.17 17.92 19.31 22.73 26.68 28.00
74 2348 14.27 19.64 2276 28.56  30.83
233 23.04 1697 20.18 22.88 25.68 28.93
234 33.57 2136 29.80 35.04 38.05 4290
237 17.29 12.43 15.25 17.60 19.21 22.82
473 22.17 17.22 1887 2296 24.62  26.77
Oconalufiee River 251 3002 24.56 3208 4062 4642 5037
252 5172 4060 4457 47.83 5923 67.28
253 54.62 3898  48.93 54.63 60.74 65.83
266 4427 2939 37.74 4358 5425 5837
268 39.77 25,95 33.33 42,08 46.75 50.21
East Prong 13 42.03 30.73 34.06 4120 4634  55.57
Little River 14 4044 2920 32.87 40.17 5040 5215
20 38.14 2726 3147 3932 4361 50.03
34 36.91 23.83 29.39 3641 4495 53.01
209 3238 2503 2947  32.01 37.02 3925
210 30.75 2481 27.05 31.33 3457 3597
213 2772 2089 2427 2839 3148 3349
214 31.49 1446 2734 3093 37.64 4194
215 33.94 17.11 31.73 3509 40.18 42,74
218 3194 1745 2187 2644 3923 4753
220 24.58 14.88 23.05 26.13 26.66  29.69
474 32.33 17.58 2722  33.03 3745 42.83
475 29.97 9.60 2670 30.82 35.05 4085
Middle Prong 23 3639 2357  29.63 3398 4534 4931
Little River 190 3220 2479  26.63 30.00 39.76 42.95
191 29.21 18.51 2296  28.13 3178 3395
192 24.31 16.78 20.86  23.13 2927 31.46
193 3362 21.69 2727 3410 4124 4402
194 33.50 2027 2623 30.66 41.16 49.01
472 33.39 11.66 2639 30.86 41.01 61.02
West Prong 24 52.61 38.81 4555 5138 59.12 66.15

Little River

Other Springs 195 24.44 17.75 2207 2490 26.15 31.25
219 23.05 14.28 18.91 21.83 2730 29.77
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Table A2-8. Summary statistics for potassium within the watersheds sampled. All units are micro-

equivalents per liter. Missing values due to small sample size.

Percentiles
Watershed Sample site  Mean 10 25 50 75 90

Abrams Creek 156 16.67 10.05 14.43 16.32 19.09 22.72
173 13.58 9.71 10.17 11,79 1685 20.84
174 1844 1196 1324 1599 1825 24.19
183 7.44 3.83 5.00 6.42 9.25 12.18
184 11.88 6.83 9.38 1127 1270 1891
186 10.97 7.09 1052 1096 1244  13.57
200 10.56 6.86 8.18 1029 1234 14.68
201 8.86 4.75 6.84 9.25 10.69 11.63
488 9.98 7.35 9.31 10,09 1099 11.80
489 1520 11.87 13.04 1519 1729 18.71
Bunches Creek 291 9.96 6.23 8.88 10.00 10.81 14.04
336 13.31 9.98 11.13 12.62 15.14  18.15
337 10.34 6.70 9.25 1026 12.14  13.79
Cataloochee 127 11.32 6.83 9.15 11.11 1420 1552
Creek 142 11.67 7.93 10.24 1197 1311 14.82
143 11.54 9.02 9.36 10.76 1333 1643
144 12.87 9.72 10.60 1231 14.31 17.68
147 13.07 494 1192 1346 1660 1740
148 15.67 7.95 13.13 16.78 18.87 20.46
149 14.57 9.01 1326 1466 1752 1840
150 14.56 8.29 11.71 13.55 1649 22.82
290 7.84 4.57 6.00 7.76 9.55 11.67
293 14.31 9.18 1200 13.66 1508 17.83

493 11.99 8.91 9.75 12.01 14.03
Cosby Creek 3 10.48 1.65 8.17 1049 1252 14.82
4 9.79 5.32 7.13 9.47 1243 13.69
114 10.25 5.74 7.78 9.85 1129 16.67
115 7.70 4.00 5.76 7.60 9.84 11.63
137 8.48 491 6.19 826 1032 1262
138 8.60 5.23 6.36 8.77 10.72 1239
492 8.92 7.74 7.83 8.16 9.27 12.98
Hazel Creek 221 11.07 7.05 7.71 9.68 12.88  18.85
310 9.80 540 8.09 9.61 11.90 14.07
311 10.96 7.07 9.80 1043 1303 15.17
479 11.04 2.38 9.92 11.00 1338 16.26
480 12.19 8.90 1136 11.83 1366 1555
481 13.21 11.08 1225 12.78 1455 16.56
482 11.44 9.00 10.21 1129 1237 1481
483 1417 1136 12.0t 1266 1635 19.10
484 10.48 7.50 8.88 9.86 12.52 1495
485 11.30 6.88 9.87 11.41 12.70 16.25
Indian Camp 1 12.57 7.66 9.45 10.53 1194 23.35
Creek 103 11.27 5.92 8.95 1062 1271 16.94
104 12.70 7.80 8.86 12.02 1597 1931
106 13.10 11.02 1165 13.12 1473 15.67
107 11.81 7.78 9.86 11.19 1272 17.13
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Table A2-8 (continued)

Percentiles
Watershed Sample site Mean 10 25 50 78 90
Middle Prong Little 43 6.12 4.10 4.82 5.79 6.68 942
Pigeon River 45 4.80 2.81 3.19 4,08 6.16 8.41
46 4,15 241 3.36 3.91 476 6.53
47 8.92 5.75 7.91 8.67 10.70 11.69
49 7.56 5.23 6.12 7.08 8.50 10.27
50 10.09 6.74 8.02 8.90 10.79 17.75
52 13.77 5.99 7.14 8.28 9.26 10.94
West Prong Little 30 8.71 5.00 791 8.78 10.47 11.83
Pigeon River 66 6.55 4,12 6.08 6.58 7.59 8.29
71 8.50 6.74 7.87 8.21 9.02 10.81
73 5.16 3.64 417 4.99 591 8.08
74 5.08 3.18 3.70 4,58 573 8.02
233 4.45 272 3.71 4.10 524 7.03
234 6.41 4,79 5.30 5.90 7.46 8.28
237 3.76 2.28 2.49 3.17 4.44 6.53
473 5.39 4.11 4.29 522 6.42 7.52
Oconaluftee River 251 9.97 6.49 9.04 10.42 11.17 12.64
252 12.90 9.16 10.56 12.00 16.27 18.00
253 9.11 5.63 7.20 9.06 10.21 12.51
266 12.02 8.27 10.33 11.78 13.80 16.24
268 10.59 6.28 9.26 11.13 12.41 13.56
East Prong 13 12.70 9.15 11.16 12.26 13.94 16.11
Little River 14 13.88 10.46 11.63 13.46 16.11 18.20
20 12.02 7.03 10.45 11.90 1442 1582
34 13.29 9.86 10.58 12.24 16.70 18.10
209 9.79 7.71 8.83 941 1096 13.16
210 10.39 7.42 9.04 10.50 11.58 13.40
213 8.77 6.09 7.69 8.17 9.58 12.55
214 9.54 6.26 7.85 9.94 1099 13.12
215 8.97 6.49 7.70 9.09 10.29 10.76
218 14.92 8.84 11.04 14.33 18.02 2391
220 12.54 7.66 10.53 11.91 14.17 15.10
474 11.10 6.20 9.61 10.51 12.25 17.77
475 11.94 8.83 3.89 10.45 12.77 21.66
Middle Prong 23 10.62 6.99 8.36 10.30 12.33 14.13
Little River 190 8.06 5.60 6.55 8.09 9.26 10.56
191 9.11 5.81 7.46 8.52 9.37 11.53
192 6.16 4,01 4.98 6.00 7.43 8.76
193 9.60 4.90 7.92 9.74 10.69 13.99
194 9.48 6.00 7.57 8.93 11.21 14.79
472 9.02 3.40 6.66 8.43 11.20 17.03
West Prong 24 13.21 8.16 11.07 13.16 15.12 18.50
Little River
Other Springs 195 5.89 4.43 5.50 5.89 6.44 7.07
219 13.22 6.43 9.25 11.38 1450 24.23
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Table A2-9. Summary statistics for ammonium within the watersheds sampled. All units are micro-
equivalents per liter. Zeroes denote below detection limit.

Percentiles

Watershed Sample site Mean 10 25 50 75 90
Abrams Creek 156 0.81 0.00 0.00 0.00 0.75 3.85
173 0.00 0.00 0.00 0.00 0.00 0.00
174 0.51 0.00 0.00 0.00 0.00 3.39
183 0.16 0.00 0.00 0.00 0.00 0.00
184 0.71 0.00 0.00 0.00 0.00 3.30
186 0.20 0.00 0.00 0.00 0.00 0.00
200 0.16 0.00 0.00 0.00 0.00 0.68
201 0.65 0.00 0.00 0.00 0.00 4.65
488 0.20 0.00 0.00 0.00 0.00 1.65
489 0.00 0.00 0.00 0.00 0.00 0.00
Bunches Creek 291 0.00 0.00 0.00 0.00 0.00 0.00
336 1.15 0.00 0.00 0.00 0.00 7.01
337 027 0.00 0.00 0.00 0.00 2.27
Cataloochee 127 0.55 0.00 0.00 0.00 0.00 2.19
Creek 142 0.00 0.00 0.00 0.00 0.00 0.00
143 1.74 0.00 0.00 0.00 0.00 6.84
144 0.06 0.00 0.00 0.00 0.00 0.00
147 0.00 0.00 0.00 0.00 0.00 0.00
148 0.00 0.00 0.00 0.00 0.00 0.00
149 0.00 0.00 0.00 0.00 0.00 0.00
150 0.39 0.00 0.00 0.00 0.00 2.32
290 0.26 0.00 0.00 0.00 0.00 1.72
293 0.00 0.00 0.00 0.00 0.00 0.00
493 0.00 0.00 0.00 0.00 0.00 0.00
Cosby Creek 3 0.32 0.00 0.00 0.00 0.00 1.62
4 0.08 0.00 0.00 0.00 0.00 0.00
114 0.24 0.00 0.00 0.00 0.00 1.13
115 0.00 0.00 0.00 0.00 0.00 0.00
137 0.23 0.00 0.00 0.00 0.00 0.00
138 0.50 0.00 0.00 0.00 0.00 3.29
492 0.58 0.00 0.00 0.00 0.00 5.12
Hazel Creek 221 0.55 0.00 0.00 0.00 0.00 3.40
310 0.37 0.00 0.00 0.00 0.00 1.27
311 0.30 0.00 0.00 0.00 0.00 1.62
479 0.00 0.00 0.00 0.00 0.00 0.00
480 0.00 0.00 0.00 0.00 0.00 0.00
481 0.00 0.00 0.00 0.00 0.00 0.00
482 0.00 0.00 0.00 0.00 0.00 0.00
483 0.00 0.00 0.00 0.00 0.00 0.00
484 0.00 0.00 0.00 0.00 0.00 0.00
485 0.00 0.00 0.00 0.00 0.00 0.00
Indian Camp 1 0.26 0.00 0.00 0.00 0.00 0.00
Creek 103 0.30 0.00 0.00 0.00 0.00 1.66
104 0.41 0.00 0.00 0.00 0.00 2.02
106 0.07 0.00 0.00 0.00 0.00 042
107 0.14 0.00 0.00 0.00 0.00 0.40
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Table A2-9 (continued)

Percentiles
Watershed Sample site Mean 10 25 50 75 90
Middle Prong Little 43 0.24 0.00 0.00 0.00 0.00 0.00
Pigeon River 45 0.31 0.00 0.00 0.00 0.00 0.00
46 0.24 0.00 0.00 0.00 0.00 0.00
47 1.09 0.00 0.00 0.00 0.00 551
49 0.00 0.00 0.00 0.00 0.00 0.00
50 0.59 0.00 0.00 0.00 0.00 4.11
52 0.00 0.00 0.00 0.00 0.00 0.00
West Prong Little 30 0.13 0.00 0.00 0.00 0.00 0.80
Pigeon River 66 0.17 0.00 0.00 0.00 0.00 0.00
71 0.33 0.00 0.00 0.00 0.00 1.21
73 0.14 0.00 0.00 0.00 0.00 0.26
74 0.27 0.00 0.00 0.00 0.00 0.29
233 0.18 0.00 0.00 0.00 0.00 0.00
234 031 0.00 0.00 0.00 0.00 2.40
237 0.54 0.00 0.00 0.00 0.00 3.00
473 0.00 0.00 0.00 0.00 0.00 0.00
Oconaluftee River 251 0.33 0.00 0.00 0.00 0.00 1.09
252 0.18 0.00 0.00 0.00 0.00 0.74
253 0.00 0.00 0.00 0.00 0.00 0.00
266 0.19 0.00 0.00 0.00 0.00 0.93
268 0.25 0.00 0.00 0.00 0.00 0.00
East Prong 13 0.07 0.00 0.00 0.00 0.00 0.00
Little River 14 0.57 0.00 0.00 0.00 0.00 2.61
20 0.46 0.00 0.00 0.00 0.00 1.79
34 328 0.00 0.00 0.00 1.69 10.09
209 0.11 0.00 0.00 0.00 0.00 0.00
210 0.00 0.00 0.00 0.00 0.00 0.00
213 0.08 0.00 0.00 0.00 0.00 0.00
214 0.76 0.00 0.00 0.00 0.00 4.16
215 0.18 0.00 0.00 0.00 0.00 0.00
218 1.57 0.00 0.00 0.00 2.30 6.79
220 0.77 0.00 0.00 0.00 0.00 2.86
474 0.32 0.00 0.00 0.00 0.00 2.69
475 2.81 0.00 0.00 0.00 0.00 21.40
Middle Prong 23 0.09 0.00 0.00 0.00 0.00 0.00
Little River 190 0.04 0.00 0.00 0.00 0.00 0.00
191 0.28 0.00 0.00 0.00 0.00 1.94
192 0.21 0.00 0.00 0.00 0.00 0.88
193 0.55 0.00 0.00 0.00 0.00 0.00
194 0.15 0.00 0.00 0.00 0.00 0.00
472 0.00 0.00 0.00 0.00 0.00 0.00
West Prong 24 0.21 0.00 0.00 0.00 0.00 0.27
Little River
Other Springs 195 0.00 0.00 0.00 0.00 0.00 0.00
219 0.00 0.00 0.00 0.00 0.00 0.00

212




APPENDIX A3. BASIN CHARACTERISTICS DATA
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Table A3-1. Basin characteristics data.

Elevation Mean Max Channel| Basin
Site # (m) |elevation (m)[UTM X{UTM Y Order| length (km) | length (km) Azimuth
1 671 1314 29411213959340{ 3 6.54 52 157.6
3 511 1032 29953013961990| 4 8.62 6.4 179.6
4 634 1241 300148(3959520{ 2 5.23 4.8 215.5
13 335—|——979——|254281-{3950270| 42.76 19.3 _ 1261
14 347 1041 254908(3949370] 4 41.62 18.2 125.1
20 518 1116 260417]3951334] 4 28.85 15.8 143.1
23 351 1003 254675(3949105] 5 19.11 11.5 116.7
24 351 748 254640(3949060| 4 14.02 9.8 177.9
30 436 1221 2704353952120 4 21.17 14.1 113.5
34 597 1176 263830(3949494| 4 22.54 12.4 151.1
43 713 1306 283051{3950990| 4 7.19 5.6 173.1
45 975 1366 282954 |3948628| 2 3.38 2.8 195.3
46 838 1291 2830783949670 3 5.52 4.3 171.8
47 732 1329 282901(3950920, 2 4.89 4.5 230.1
49 509 1186 284467|3953929| 4 11.03 8.6 184.5
50 507 1245 284408(3954070] 5 13.93 11.9 90.1
52 411 1145 281477|3957410f 5 19.24 15.3 102.4
66 817 1460 27408213946370] 4 13.60 9.2 89.9
71 1036 1515 276295(3946000] 3 6.06 5.4 182.5
73 1024 1505 276387(3946037] 3 10.36 6.9 87.5
74 1164 1523 2780283945370 2 7.91 5.3 80.1
103 1320 1614 295879(3956207| 1 1.70 1.5 126.1
104 1280 1578 2952383955875 1 1.62 1.4 136.4
106 1170 1555 294556{3955908| 3 2.35 2.0 133.8
107 927 1458 294025(3957028] 3 3.90 3.2 141.2
114 765 1201 3010013958091} 3 3.79 3.0 210.5
115 1170 1332 30253913957367] 1 0.63 0.6 67.5
127 908 1386 3072673945845 3 6.46 5.3 324.1
137 838 1320 299580(3957849] 2 3.35 3.2 225.3
138 1058 1435 2986043957465 2 2.34 2.3 2154
142 1006 1351 305727(3945447] 3 6.92 5.4 285.9
143 1000 1422 305779(3945513] 2 6.43 4.9 324.4
144 911 1359 307056(3945790| 3 8.58 6.6 279.6
147 750 1214 3123743948770 4 19.26 12.0 260.5
148 754 1152 3123743949020, 4 7.44 5.8 309.3
149 777 1227 312075(3946490| 4 16.44 11.5 271.5
150 799 1245 3111403944770 4 14.03 10.8 280.9
156 338 745 2341533944350] 5 31.27 19.2 105.1
173 523 918 2414393942129 4 11.04 7.9 188.3
174 523 773 241490(3942219] 4 15.35 11.5 105.6
183" 1305 | 249188{3938782| 1

Note: Geology, vegetation, and disturbance data expressed as percent of basin area.
Shaded cells represent information that is either not available or is not applicable.

Blank cells represent a value of zero.
These sites are within Hazel watershed and geology information is not available.
bThese sites are high elevation springs and some information is not applicable.
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Table A3-1 (continued)

Basin Stream density | Average basin| Channel Basin | Basin
Site # | area (ha)| Stream km (km/km’) slope (%) | slope (%) | width (km)| shape

1 866 12.9 1.5 49,1 18.3 1.7 3.1
3 2664 63.6 2.4 433 10.5 4.1 1.5
4 378 8.4 2.2 52.5 19.7 0.8 6.2
13 27528 489.7 1.8 42,0 19 143 1.4
14 15592 284.7 1.8 41.7 2.0 8.6 2.1
20 13154 2214 1.7 422 2.6 8.3 1.9
23 7152 115.1 1.6 43.7 4.8 6.2 1.8
24 4670 86.1 1.8 39.9 6.2 4.8 2.1
30 6267 84.7 14 492 5.8 4.4 3.2
34 11067 177.7 1.6 429 34 8.9 1.4
43 2564 35.1 1.4 61.7 11.2 4.6 1.2
45 377 4.8 1.3 72.1 16.5 14 2.1
46 867 11.7 14 65.3 13.1 2.0 2.1
47 506 7.1 14 54.1 224 1.1 4.0
49 4664 63.7 1.4 55.1 8.7 5.4 1.6
50 9717 134.4 1.4 50.3 11.1 8.2 1.5
52 11778 240.0 2.0 49.0 3.4 7.7 2.0
66 3770 494 1.3 53.5 5.7 4.1 2.2
71 893 11.6 1.3 45.4 13.9 1.7 3.2
73 2361 33.0 1.4 54.3 5.3 3.4 2.0
74 1069 14.3 1.3 514 6.3 2.0 2.6
103 131 1.0 0.7 52.2 31.2 0.9 1.7
104 54 1.1 2.1 505 35.7 04 3.7
106 233 4.5 1.9 54.4 33.6 1.1 1.8
107 642 10.5 1.6 53.0 25.5 2.0 1.6
114 597 9.5 1.6 56.6 18.4 2.0 1.5
115 25 0.2 0.6 55.0 49,7 0.4 1.3
127 1115 204 1.8 45.2 10.7 2.1 2.5
137 320 6.6 2.1 58.0 26.3 1.0 3.2
138 155 3.1 2.0 46.8 30.4 0.7 33
142 1149 14.6 1.3 41.6 6.9 2.1 2.6
143 847 14.6 1.7 43.5 11.7 1.7 2.8
144 2183 30.9 1.4 43.0 6.8 3.3 2.0
147 12742 199.1 1.6 41.4 3.2 10.7 1.1
148 2188 34.0 1.6 40.8 10.6 3.8 1.5
149 12156 188.9 1.6 41.4 3.9 10.5 1.1
150 11157 168.5 1.5 41.9 4.5 10.3 1.1
156 15775 277.0 1.8 33.6 1.4 8.2 23
173 4290 62.1 1.4 36.6 7.1 5.4 1.5
174 5056 93.7 1.9 31.2 3.7 4.4 2.6
183° -
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Table A3-1 (continued)

Thunderhead| Pigeon |Roaring Fork| Rich Butt Cades | Metcalf
Site #| Sandstone | Siltstone| Sandstone | Sandstone| Limestone Sandstone | Phyllite
1 815 4.5 7.7 6.3
3 33.7 24.6 17.7 4.0
4 83.2 10.1 1.7
13 51.5 04 1.8 11.2
14 64.3 1.0 7.8
20 66.9 2.6
23 45.2 0.7 4.0
24 19.8 2.3 5.9 31.9
30 49.3 11.8
34 68.2
43 46.6
45 3.8
46 24.8
47 97.1
49 48.7 0.9
30 67.3 0.6
52 56.1 1.3 15.0
66 43.4
71 114
73 222
74 7.9
103 100.0
104 100.0
106 100.0
107 100.0
114 97.0 3.0
115 100.0
127 98.3 1.7 0.1
137 99.7 0.3
138 100.0
142 538 394
143 98.3 1.7
144 74.6 219
147 60.3 194 0.5
148 14.3 33.9 28.7
149 63.2 194 0.5
150 67.9 20.5 0.6
156 0.2 6.9 332 11.1
173 0.9 1725 11.7
174 0.7 21.0 13.5 25.5
183° : :
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Table A3-1 (continued)

Elkmont Unnamed Great Smoky | Basement | Longarm

Site # | Sandstone| Anakeesta | sandstone | Metadiorite Group complex | Quartzite
1

3

4

13 15.8 14.5 3.4 0.3 0.9

14 11.8 13.0 1.0 0.5 0.6

20 12.6 154 1.2 0.6 0.7

23 9.5 27.7 11.0 0.0 1.9

24 39.4 0.6

30 4.8 34.0

34 10.6 18.3 1.5 0.7 0.9

43 534

45 96.2

46 752

47 2.9

49 13.8 36.6

50 9.4 22.7

52 8.9 18.7

66 56.5

71 22.5 0.1

73 77.8

74 92.1

103

104

106

107

114

115

127

137

138

142 6.3 0.5

143

144 3.3 0.3

147 13 17.9

148 04 22.3

149 1.3 14.9

150 0.7 10.2

156 34.4 0.8

173 67.8 2.0

174 38.5 0.8

183°
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Table A3-1 (continued)

Site #

Wading Branch

Formation

Cochoran

Nichols

|Formation| Shale

Nebo
Quartzite

Hesse
Quartzite

Wilhite
Formation

Wilhite Formation
Coarse

1

3

4

13

14

20

23

24

30

34

43

45

46

47

49

50

52

66

71

73

74

103

104

106

107

114

115

127

137

138

142

143

144

147

0.6

148

149

0.6

150

0.2

156

0.8

0.2

0.3

0.5

3.8

1.5

173

174

183°
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Table A3-1 (continued)

Spruce| Northern| Cove |Mesic|Mixed Mesic Tulip Heath| Xeric
Site#| Fir |Hardwood/Hardwood| Oak | Hardwood |Poplar|Pine| Bald Oak
1 10.2 22.5 46.8 1.5 16.1 0.6 1.1 | 1.2
3 0.6 13.6 36.6 4.3 22.9 3.5 |11.0] 19 | 45
4 2.1 20.6 53.3 1.3 16.3 2.8 191 09 04
13 1.4 7.9 38.2 4.5 12.4 76 121 1.4 | 125
14 2.5 7.9 41.4 49 13.0 62 1104} 1.5 | 10.5
20 3.0 9.4 47.7 5.8 12.8 60 | 52| 17 7.6
23 10.6 43.1 6.0 1.5 103 | 9.1 | 1.7 | 10.5
24 4.1 20.8 1.0 17.9 85 |21.7] 0.5 | 22.1
30 14.0 15.7 39.7 24 10.0 65 | 54| 1.8 3.5
34 3.6 11.1 524 6.5 10.7 51 | 25] 2.1 5.8
43 15.5 9.7 52.1 4.9 9.4 35 |03 3.2 1.0
45 22.9 94 54.5 3.2 5.6 1.1 2.4
46 15.3 10.0 59.0 4.4 4.2 6.2 0.8
47 8.6 11.7 42.8 10.7 9.7 0.8 1.0] 92 5.2
49 10.7 9.8 50.2 4.2 11.4 60 | 12| 23 3.9
50 10.6 10.9 53.3 3.6 94 66 (084 14 | 29
52 8.7 9.1 46.7 3.5 13.0 7.5 |42 1.2 5.0
66 22.8 24.3 43.1 1.6 3.0 19 02| 25 0.2
71 21.8 38.1 35.8 0.5 2.2 0.5 1.0 0.1
73 27.1 23.4 40.4 1.0 2.3 1.6 | 02| 32
74 31.1 32.2 33.2 1.1 0.2 02 |02} 09
103 | 13.0 37.3 48.4 1.2
104 | 23.1 36.9 38.5 1.5
106 | 24.8 35.7 39.5
107 | 14.0 28.9 51.5 2.0 2.2 0.1 1.3
114 0.5 22.2 56.1 5.7 12.1 0.4 3.0
115 233 60.0 13.3 3.3
127 2.0 7.0 68.4 14.3 6.8 01 |01]| 03 0.9
137 2.5 22.6 60.4 1.5 9.9 1.5 1.0 | 0.5
138 3.1 28.0 57.5 8.8 1.0 1.6
142 0.4 223 57.2 18.4 1.2 04 | 02
143 2.9 11.8 60.3 20.2 3.5 0.4 0.9
144 14 16.3 57.2 19.1 4.3 03 | 03] 0.5 0.5
147 1.0 9.4 45.1 9.9 2.3 05 (44| 02 1.2
148 0.1 0.7 314 29.7 33.3 02 | 39 0.6
149 1.1 9.8 46.0 10.0 26.2 0.5 |42 02 1.1
150 1.2 10.6 46.7 10.6 24.7 04 |37 02 1.1
156 3.7 12.8 2.2 14.9 3.2 |28.7 26.5
173 5.6 25.1 5.9 20.9 42 [20.1 15.4
174 5.1 12.8 1.5 14.4 3.0 |23.7 21.3
183" : :
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Table A3-1 (continued)

Grape Grassy Light| Selective |Heavy
Site # | Pine-Oak | Thicket | Treeless | Bald |[Undisturbed| cut [ cut cut | Settlement

1 68.5 38 [ } 217

3 0.9 56.9 15.7 0.1 27.2
4 0.4 89.5 7.3 32
13 1.5 04 0.1 8.5 11.9 9.9 53.1 16.6
14 1.3 0.2 0.1 9.4 16.5 12,7 51.4 9.9
20 0.6 0.1 0.1 10.7 12.1 10.0 57.1 10.1
23 0.6 0.6 8.1 2.1 4.8 474 371.7
24 2.8 0.5 0.1 6.1 10.0 8.5 68.5 6.8
30 0.6 0.1 0.2 70.2 9.0 1.2 44 15.2
34 0.2 0.1 119 6.7 8.4 63.6 9.3
43 0.1 0.1 0.1 93.5 0.5 6.1
45 0.2 0.9 100.0 0.0
46 0.1 87.7 12.3
47 0.2 0.2 914 1.5 7.1
49 0.1 0.2 0.1 80.6 4.7 0.2 14.5
50 0.2 0.2 84.5 3.3 0.1 12.1
52 0.8 0.4 71.8 9.0 0.1 19.0
66 0.1 0.4 95.9 1.8 0.1 2.2
71 99.9 0.1

73 0.1 0.7 99.0 1.0
74 0.2 0.8 98.0 2.0
103 96.9 3.1
104 100.0
106 100.0
107 82.6 17.4
114 87.3 0.1 0.1 124
115 40.0 60.0
127 1.7 13.1 | 425 38.9 3.8
137 100.0
138 96.9 3.1
142 0.3 6.8 548 | 238 14.3
143 3.9 193] 24.1 52.7
144 0.1 1.7 11.1 | 46.6 33.1 7.5
147 0.2 0.3 0.5 35.8 3.0 39.5 10.2 114
148 0.1 1.1 71.1 2.1 254
149 0.1 0.3 0.5 37.5 3.2 37.4 10.7 11.2
150 0.2 0.3 0.5 40.9 3.5 33.0 11.6 11.0
156 24 0.2 5.3 0.1 13.1 11.1 61.6 0.2 14.0
173 1.3 0.3 1.2 0.1 29.5 7.0 54.1 9.4
174 2.0 0.4 15.7 0.2 14.5 257 | 26.1 0.7 33.0
183°
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Table A3-1 (continued)

Elevation Mean Mazx Channel Basin
Site # (m) |elevation (m)|UTM X| UTM Y| Order length (km) | length (km) Azimuth
184 863 1236 250035[3940686] 1 2.60 24 147.9
186 599 1076 24893813943420] 3 6.66 5.8 140.7
190 646 1160 257963 (3943598| 3 6.66 5.4 215.2
191 975 1299 259185(3910688] 2 2.99 2.4 120.7
192 975 1273 2500483940640 2 2.49 2.0 250.7
193 585 1140 258194]3944580] 4 7.69 6.0 148.2
194 518 1109 257404]3945020] 5 11.79 7.5 98.9
195° 1466 | 252227|3938660] 1
200 1012 1299 251622]3940392] 2 2.09 1.8 149.2
201° 1463 2525003938900 1
209 823 1047 270133]3944860] 1 2.89 2.1 54.6
210 835 1350 2701153944500 3 3.78 7.0 122.0
213 1018 1406 267389(3942250] 3 5.98 43 148.8
214 1049 1332 267355(3941710] 2 3.78 3.1 176.4
215 1030 1249 2671683942380 2 2.14 1.8 298.0
218° 1658 267205|3938475| 1 '
219° 1679 © o |269546(3938460] 1
220° 1676 2695443938500 1
2212 1219 1449 2658483936490 2 2.99 2.7 35.9
233 1297 1596 2801583944116 2 5.14 3.7 54.7
234 1524 1621 2780283943220 1 0.52 0.4 93.8
237 1378 1636 281103 (3944736 2 4.04 2.6 54.8
251 1222 1442 281187(3942310] 2 2.71 2.3 289.4
252 1426 1550 279516(3942840] 1 0.87 0.5 299.6
253 1451 1562 279409 (3942860 1 0.73 0.4 304.8
266 614 1150 290926 |3932586] S 22.02 15.3 358.3
268 666 1205 2906593936607] 5 16.74 113 359.5
290° 1689 302388(3942220] 1
291 1603 1716 302974 |3938635] 1 0.93 0.9 346.7
293 840 1231 308549]3944140] 3 10.62 15 233.5
310° 683 1093 256885/3931580] 3 10.52 8.0 18.0
311° 657 1129 2561063930916 4 16.57 13.7 54.3
336 1451 1559 303075]3935992] 1 3.29 2.7 344.0
337 1445 1598 303536(3936519] 2 3.45 3.1 344.8
472 671 1165 258365/3943535] 3 6.52 5.0 143.9
473 1106 1506 27698213946187 3 9.65 6.2 88.9
474 732 1267 2685083947601 4 15.04 9.2 172.0
475 899 1305 2691533943285 4 9.07 4.8 173.9
479* 530 1089 253245(3928614 4 23.86 17.4 53.3
480° 666 970 2560903931024 3 7.59 6.4 3374
481° 774 942 2543333931940 1 1.70 1.8 333.9
482° 774 937 254311/3931919] 2 2.12 1.2 306.6
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Table A3-1 (continued)

Basin Stream density | Average basin| Channel Basin Basin
Site # | area (ha)| Stream km (km/km”) slope (%) | slope (%) | width (km)| shape
184 168 2.1 1.2 44.7 243 0.7 3.5
186 1038 15.1 1.5 44.6 12.5 1.8 33
190 1133 11.4 1.0 49.8 14.3 2.1 2.6
191 288 4.5 1.6 449 16.8 1.2 2.0
192 245 34 1.4 53.8 17.0 1.2 1.6
193 2358 30.3 1.3 50.4 11,2 3.9 1.5
194 5539 75.0 1.4 45.0 6.7 7.4 1.0
195" ' - :
200 183 3.2 1.8 44.8 23.1 1.0 1.8
201°
209 145 2.7 1.9 414 12.7 0.7 3.1
210 3536 50.4 14 47.9 11.8 5.1 1.4
213 735 13.7 1.9 43.5 10.8 1.7 2.6
214 342 4.8 1.4 44.7 14.0 1.1 2.8
215 169 2.7 1.6 451 12.6 0.9 2.0
218° '
219°
220° :
221° 299 3.2 1.1 42.9 15.8 1.1 24
233 594 7.6 1.3 51.2 8.3 1.6 2.2
234 16 0.0 0.0 384 20.7 0.4 0.9
237 429 43 1.0 50.0 9.2 1.7 1.5
251 211 3.7 1.8 459 13.5 0.9 2.4
252 29 0.2 0.6 44.6 20.3 0.5 1.0
253 22 0.0 0.0 42.5 17.9 0.5 0.9
266 14030 228.5 1.6 49.9 2.9 92 1.7
268 10574 172.8 1.6 51.3 3.8 9.4 1.2
290° : ] :
291 34 0.2 0.5 34.6 24.0 0.4 2.3
293 2735 37.7 14 43.9 6.8 3.6 2.1
310" 3088 50.1 1.6 46.6 5.1 3.9 2.1
311* | 10062 155.0 1.5 45.2 4.5 7.3 1.9
336 160 2.4 1.5 25.3 4.3 0.6 44
337 306 4.2 14 31.3 9.3 1.0 3.1
472 1071 15.8 1.5 51.5 11.1 2.1 2.3
473 2152 30.1 14 54.7 5.5 3.4 1.8
474 7930 128.1 1.6 46.0 4.9 8.6 1.1
475 2737 45.4 1.7 45.6 7.4 5.7 0.9
479% | 11556 182.8 1.6 449 3.5 6.6 2.6
480° 1310 21.2 1.6 44.1 9.5 2.1 3.1
481° 59 14 2.5 42.9 22.1 0.3 5.3
482° 212 3.2 1.5 43.6 9.7 1.7 0.7
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Table A3-1 (continued)

Thunderhead| Pigeon

Roaring Fork| Rich Butt

Cades | Metcalf

Site #| Sandstone | Siltstone| Sandstone | Sandstone| Limestone | Sandstone Phyllite
184

186 3.3 0.9
190 584
191

192

193 43.3
194 46.9
195°

200 18.9
201° 2
209 76.0
210 81.7
213 83.1
214 96.6
215

218"

219°

220

221°

233

234

237

251 48.8
252 313
253 22.2
266 75.2
268 75.7
290°

291 100.0
293 60.5 34.4
310° '
311°

336 100.0
337 100.0
472 19.2
473 16.8
474 76.4
475 66.8
479°

480°

481°

482*
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Table A3-1 (continued)

Elkmont Unnamed Great Smoky | Basement | Longarm

ngte #| Sandstone| Anakeesta | sandstone | Metadiorite Group complex | Quartzite

184 93.4 6.6

186 92.1 3.7

190 39.1 2.5

191 6.4 77.2 16.4

192 67.5 21.9 10.6

193 40.0 12.4 4.3

194 0.7 35.7 14.2 2.5

195° ' '

200 71.8 9.3

201°

209 24.0

210 15.5 2.1 0.8

213 15.3 1.7

214 3.4

215 91.4 8.6

218"

219°

220°

221° :

233 100.0

234 100.0

237 100.0

251 51.2

252 63.8

253 77.8

266 16.4 4.7

268 20.9 3.4

290°

291

293 5.1

310° |

311°

336

337

472 46.8 27.2 6.8

473 83.2 0.0

474 0.5 18.9 2.0 0.9 1.2

475 24.8 5.9 2.5

479°

480*

481°

482°
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Table A3-1 (continued)

184

Wading Branch

Site # Formation

Cochoran
Formation

Nichols
Shale

Nebo
Quartzite

Hesse
Quartzite

Wilhite
Formation

Wilhite Formation
Coarse

186

190

191

192

193

194

195°

200

201°

209

210

213

214

2135

218°

219°

220°

221° |

233

234

237

251

252

253

266

268

290°

291

293

310°

311°

336

337

472

473

474

475

479*

480°

431°

482 |
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Table A3-1 (continued)

Spruce | Northern| Cove | Mesic|Mixed Mesic Tulip Heath| Xeric
Site#| Fir [Hardwood/Hardwood| Oak | Hardwood |Poplar|Pine| Bald | Oak
184 446 | 316 15.5 1.9 |05
186 18.8 35.7 4.7 19.6 50 |[104] 02 | 44
190 23.0 47.7 8.6 2.0 5.0 44 | 9.0
191 35.3 53.3 7.8 3.3
192 28.1 42.4 24.5 5.0
193 19.4 49.0 8.5 43 58 [13] 34 | 7.8
194 13.7 52.7 7.7 5.7 84 [17] 22| 75
195° ’ .

200 36.6 52.9 4.8 22 0.9 0.4
201" :

209 73.2 4.5 6.1 50 |45 28 | 3.9
210 | 9.5 15.1 61.4 3.8 1.7 5.4 27 | 0.2
213 | 74 26.8 54.9 2.4 1.0 2.5 47 | 01
214 | 14 36.9 48.0 8.7 1.7 0.2 3.1
215 1.4 64.3 23.3 0.5 3.8 57 | 1.0
218"

219°

220°

221" 812 14.0 4.8

233 | 41.2 29.3 24.6 1.4 0.3 03 (03] 1.4
234 | 45.0 50.0 5.0

237 | 49.7 26.7 20.0 0.8 0.2 04 [02] 1.1
251 | 6.2 27.3 54.6 6.9 0.4

252 | 18.8 28.1 43.8

253 | 222 29.6 40.7

266 | 2.9 13.6 45.6 16.5 13.2 04 [08] 02 | 12
268 | 3.7 17.1 51.0 15.6 9.8 05 |04 03 | 08
290"

291 | 51.2 14.0 34.9

203 | 2.3 10.7 374 8.3 34.9 06 [30] 03] 12
310° 10.4 40.8 21.6 17.0 08 (04| 04 | 82
311° 16.0 427 18.1 15.4 06 [07] 02 | 59
336 | 2.5 58.5 27.0 11.0 0.5

337 | 102 28.1 47.1 13.6 0.8

472 18.5 53.4 9.5 6.2 a6 | 1.7] 2.8 | 3.1
473 | 27.2 23.9 40.6 1.0 1.5 15 [ 02] 33 | 0.0
474 | 5.0 14.8 59.3 6.2 5.0 46 03] 27 | 1.7
475 | 22 22.6 55.4 8.6 3.2 28 (01| 40 [ 12
479" 14.0 39.7 16.6 18.3 05 (23] 02 | 66
480° 0.8 24.8 18.6 36.8 1.1 |25 13.7
481° 8.5 15.5 43.7 42 25.4
482° 21.3 16.0 42.2 0.8 {23 12.5
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Table A3-1 (continued)

Grape Grassy Light| Selective | Heavy

Site # | Pine-Oak | Thicket | Treeless | Bald |[Undisturbed| cut cut cut | Settlement
184 89.2 3.3 6.6 0.9
186 0.9 0.1 0.4 70.0 47 16.5 8.9
190 0.3 35.6 0.1 0.1 29.5 34.8
191 0.3 6.1 25.8 17.5 50.6
192 51.0 2.6 6.3 21.5 18.5
193 0.1 0.3 243 1.1 3.9 31.3 39.5
194 0.1 0.3 104 2.6 6.1 34.6 46.4
195° ' '

200 22 88.1 1.3 3.5 7.0
201° )
209 0.6 99 4
210 0.2 24.9 5.6 0.3 68.0 1.2
213 0.1 31.0 1.8 32 63.7 0.3
214 36.6 6.5 56.6 0.2
215 100.0

218° '

219°

220°

221° 94.1 24 3.5
233 14 99.0 1.0
234 100.0
237 0.9 99.8 0.2
251 4.6 83.1 15.8 1.2
252 94 100.0
253 7.4 100.0
266 1.3 0.4 29.8 24.0 1.0 25.8 15.5
268 0.5 0.3 37.9 16.2 1.3 31.8 12.8
290° | 1
291 2.3 97.7
293 0.3 0.4 0.7 53.9 33.2 12.9
310° 0.4 0.1 90.5 9.4
311° 04 71.0 0.3 13.6 15.0
336 0.5 73.5 13.0 13.5
337 0.3 0.3 13.9 82.9 2.9
472 0.1 0.2 0.1 16.0 2.3 8.4 30.5 429
473 0.1 0.7 98.9 1.1
474 0.1 0.1 16.7 4.3 3.7 69.6 5.7
475 0.1 0.1 16.0 5.0 10.1 63.6 0.3
479* 1.8 74.8 0.3 11.8 13.1
480° 1.7 82.3 17.7
481° 2.8 100.0

482" 49 100.0
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Table A3-1 (continued)

Elevation Mean Max Channel] Basin
Site # (m) |elevation (m)|UTM X| UTM Y| Order length (km) le_____ggth (km) | Azimuth
483° 707 903 255541]3931564f 2 3.78 2.8 314.1
484" 754 1211 258786]3931903| 4 13.01 11.0 50.8
485° 872 1184 261409(3933962] 2 7.06 5.3 357.4
488 546 1034 243151]3941241] 3 7.95 6.8 109.7
489 521 839 241408]3942175f 5 15.79 11.6 105.3
492 832 1260 301162(3957637] 1 3.28 2.7 218.7
493 866 1332 308073 (3945282] 4 10.14 7.7 281.9
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Table A3-1 (continued)

Basin Stream density | Average basin| Channel Basin | Basin

Site # | area (ha)| Stream km (km/km”) slope (%) | slope (%) | width (km)| shape
483" | 430 6.4 1.5 43.2 12.6 1.5 1.8
484° | 5281 77.6 1.5 44.8 5.5 4.8 2.3
485° 752 10.5 1.4 43.0 7.7 1.4 3.8
488 1095 15.4 14 38.6 11.7 1.6 4.2
489 | 9356 155.8 1.7 33.6 3.6 8.1 1.4
492 255 2.4 0.9 52.3 19.5 0.9 2.3
493 3756 59.1 1.6 43.4 6.2 4.9 1.6
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Table A3-1 (continued)

Thunderhead| Pigeon |Roaring Fork| Rich Butt Cades | Metcalf
Site#| Sandstone | Siltstone| Sandstone |Sandstone|Limestone|Sandstone| Phyllite
453" . = : = ==
484°
485" ST s
488 2.3 5.0
489 0.4 11.7 13.6 18.4
492 100.0
493 72.8 22.5 1.6
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Table A3-1 (continued)

Elkmont Unnamed Great Smoky | Basement | Longarm
Site # | Sandstone | Anakeesta | sandstone | Metadiorite Group complex | Quartzite
P : = :

484"

485° | v, G )

488 90.4 24

489 54.6 1.4

492

493 1.9 1.1

231



Table A3-1 (continued)

Wading Branch

Site #
483°

Formation

Cochoran
Formation

Nichols

Nebo

Shale | Quartzite

Hesse | Wilhite

Wilhite Formation

434"

Quartzite | Formation

Coarse

485°

488

489

492

493
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The following explains the software and procedures used to extract basin physical
characteristics from the National Park Service GIS database. The information presented here
was contributed by Richard R. Schulz, GIS specialist for the Great Smoky Mountains
National Park. Richard was responsible for extracting the information presented in this

thesis. Also explained are problems encountered and how they were handled.

Software

. ArcView 3.1

. ArcView Spatial Analyst 1.1

. Hydrologic Modeling Sample Extension v1.1 which comes with ArcView
. ArcInfo 7.2.1 GRID module

Procedures

Digital Elevation Model (DEM) preparation was done with ArcInfo GRID. The
DEM data came from 30 meter square pixels using USGS 1:24,000 topographical maps.
This data was mosaiced to cover the entire Great Smoky Mountains National Park. All sinks
were filled using the GRID FILL command. A flow direction grid was created using the
GRID FLOWDIRECTION command. To create the contributing area polygons to each of
the sampling sites, the sampling sites were first imported from an Excel file into ArcInfo
using the UTM X and UTM Y coordinates of the sampling sites to create an event theme
shapefile. The shapefile of the sampling site locations was then converted into a grid. The
GRID WATERSHED command was used to create a grid of all 90 contributing areas. The
resulting grid was converted into a polygon shapefile and examined in ArcView. If any
polygons did not reasonably portray the known contributing areas, the corresponding

sampling site was moved or manually edited in ArcView and the process explained above
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