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EXECUTIVE SUMMARY
It is the intent of this Oklahoma Water Resources Board (OWRB) report to advance concepts and
principles of the Oklahoma Comprehensive Water Plan (OCWP). Consistent with a primary OCWP
initiative, this and other OWRB technical studies provide invaluable data crucial to the ongoing
management of Oklahoma’s water supplies as well as the future use and protection of the state’s
water resources. Oklahoma’s decision-makers rely upon this information to address specific water
supply, quality, infrastructure, and related concerns. Maintained by the OWRB and updated every
10 years, the OCWP serves as Oklahoma’s official long-term water planning strategy. Recognizing
the essential connection between sound science and effective public policy, incorporated in the
Water Plan are a broad range of water resource development and protection strategies
substantiated by hard data – such as that contained in this report – and supported by Oklahoma
citizens.
The Upper Little River, Upper Kiamichi River, and Mountain Fork River Watersheds are important
natural resources for the state of Oklahoma. Located in southeastern Oklahoma in the Lower Red
River Planning Basin and Ouachita Mountain Ecoregion, the watersheds are not only naturally
beautiful but offer many types of recreation including canoeing, kayaking and angling. Most of the
streams and rivers in this area are designated as High Quality or Outstanding Resource Water, and
the Mountain Fork is an Oklahoma Scenic River (OWRB, 2007). With mostly cool water,
cobble/boulder substrates, and moderate to high gradients, the rivers and streams of the area offer
a diverse habitat and support a rich aquatic community as well as providing critical habitat for the
threatened leopard darter (Percina pantheria).
In Oklahoma’s 2008 Consolidated List, a number of study watershed segments are listed as
category 5 impaired waterbodies (Table 1). They are impaired for various parameters related to
the fish and wildlife propagation beneficial use including pH, turbidity, lead and copper. Impairment
decisions are based on more than a decade of data collected as part of the Oklahoma Water
Resources Board’s (OWRB) Beneficial Use Monitoring Program (BUMP) and the Oklahoma
Conservation Commission’s (OCC) various non-point source monitoring programs. However, does
impairment of aquatic life truly exist?
There are three goals of this study. First, through continuous monitoring and trend analyses,
determine if the cause(s) of low pH values in the Kiamichi, Little and Mountain Fork Rivers are due
to natural or unnatural conditions. Secondly, determine if the concentrations of certain dissolved
metals in segments of the Kiamichi, Little, Glover, and Mountain Fork Rivers are impairing the fish
and wildlife beneficial use. Lastly, collect biological data on all segments to aid in impairment
determinations. By meeting these goals, the decision matrices outlined in Table 2 and Table 3
should be completed. And, in concert with the long-range, statewide planning goals of the OCWP,
this model may be useful in developing management scenarios in other watersheds and other
pollutants of concern. Furthermore, an effective long-term water quality management strategy for
these watersheds can be developed.
For purposes of this study, the Athens Plateau, Western Ouachitas, and Western Ouachita Valleys
of the Ouachita Mountain Ecoregion were included because of low pH values in comparison to
Oklahoma’s Water Quality Standards (OWQS) (OWRB, 2007). Three representative watersheds
were chosen including the upper Mountain Fork of the Little River (Mountain Fork) in the Athens
Plateau, the upper Little River in the Western Ouachitas, and the Kiamichi River in the Western
Ouachita Valley subregion. To determine the potential causes of low pH values, certain water
quality parameters and stream stage were continuously collected at stations in each of the study
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and control watersheds. To supplement data collection efforts for the study, collections were made
for certain metals throughout the study watersheds. Lastly, because criteria for both pH and metals
are included in the fish and wildlife propagation beneficial use of the OWQS (OWRB, 2007), it is
important to quantify ecological health as supplemental analysis to determine if pH or metals are
impairing the fish and wildlife beneficial use. Accordingly, multi-assemblage biological collections
were made at nine stations and are included in this study.
The pH analysis included a three step process. First, descriptive statistics for the historical and
study data were calculated. Secondly, the normal distribution of continuous datasets was
determined. Lastly, at each continuous station, intensive regression analyses were performed to
determine the relationship of pH to conductivity, discharge, stage, and turbidity.
To analyze metals impacts on the fish and wildlife beneficial use, several sets of data were
considered and combined. Primarily, data were collected during the project collection period
(January 2007-December 2008).
At each station, samples were collected for both total
recoverable and dissolved lead, and at the Little River stations, samples were collected for both
total recoverable and dissolved silver. Additionally, total recoverable data collected as part of the
OWRB’s Beneficial Use Monitoring Program were included in the analysis.
Fish data were analyzed using two indices of biological integrity (IBI) that are commonly used in
Oklahoma bioassessment studies. State biocriteria methods outlined in Oklahoma’s Use Support
Assessment Protocols (USAP) (OWRB, 2008) and an IBI commonly used by the Oklahoma
Conservation Commission’s Water Quality Division (OCC) were used to provide an alternative
bioassessment (OCC, 2008). Macroinvertebrate data were analyzed using a Benthic-IBI (B-IBI)
developed for Oklahoma benthic communities (OCC, 2005) and commonly used by the OCC’s
Water Quality Division (OCC, 2008). Historical data from the OCC and OWRB were used to
supplement the analyses.
The Upper Kiamichi, Little, and Mountain Fork River watersheds all have relatively low pH values.
Several potential causes include non-point source impacts from silviculture and low mineral
solubility as a result of geology. Silviculture is prevalent throughout the watersheds and each
watershed does show elevated turbidity during runoff events. Likewise, low conductivity is
characteristic of each watershed and tends to decrease during runoff events. To investigate how
each of these causes potentially relate to pH, a series of multiple regression analyses were
performed. The three objectives of the analyses were to:
1. Determine the best explanatory model for pH using multiple linear regressions (MLR).
2. Based on the MLR and simple linear regression best fits, determine the most predictive
individual variable for each model.
3. Based on the MLR and simple linear regression best fits, determine whether conductivity or
turbidity is the best predictor of pH.
Whole dataset regression models for each test station were relatively consistent. For all three
watersheds, the mean daily pH was predicted by stage, discharge, and conductivity, and turbidity
was also included as an explanatory variable for the Little River and Mountain Fork River
watersheds. Stage was the best predictor. When “runoff” subset MLR models were produced,
conductivity was the most explanatory variable with turbidity carrying some weight at several
stations. However, these models showed relatively poor fit. When considering all analyses, runoff,
conductivity, and turbidity all have some capacity to explain variation in pH. Between conductivity
and turbidity, conductivity has more universal explanatory capacity. Weight of evidence leads to the
conclusion that naturally low capacity for mineralization is the primary cause of low pH values, but
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turbidity does have some explanatory capacity. Overall biological condition was determined to be
excellent in the region. Of the 28 comprehensive site bioassessments conducted, 93% were
considered unimpaired for overall biological condition, while the other 7% earned a ranking of
inconclusive. No fish collections were assessed as impaired, and only two macroinvertebrate
composite collections were assessed as slightly impaired.
Based on all available evidence, low pH is likely the result of a naturally occurring condition. For
the fish and wildlife propagation beneficial use, consideration should be given to removing low pH
(< 6.5) as an impairment cause in the study watersheds. However, a floor should be established for
pH in the region and promulgated as a numerical criterion into the OWQS or written as a narrative
criterion in the USAP. This proposed management strategy will provide a long-term, viable solution
for maintaining goals of both the federal Clean Water Act as well as the OCWP.
An analysis of metals listings in the study watersheds produced mixed results. The Little River is
not impaired for silver. However, all BUMP stations are impaired for lead according to dissolved
water quality criteria. Generally, results and dissolved criteria for lead are near or below sub-part
per billion concentrations. However, concentrations could represent natural background levels
because lead is naturally occurring in small amounts throughout the watersheds (OGS, 2002).
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INTRODUCTION
The Upper Little River, Upper Kiamichi River, and Mountain Fork River Watersheds are important
natural resources for the state of Oklahoma. Located in southeastern Oklahoma in the Lower Red
River Planning Basin and Ouachita Mountain Ecoregion, the watersheds are not only naturally
beautiful but offer many types of recreation including canoeing, kayaking and angling. Most of the
streams and rivers in this area are designated as High Quality or Outstanding Resource Waters,
and the Mountain Fork is an Oklahoma Scenic River (OWRB, 2007). With mostly cool water,
cobble/boulder substrates, and moderate to high gradients, the rivers and streams of the area offer
a diverse habitat and support a rich aquatic community as well as providing critical habitat for the
threatened leopard darter (Percina pantheria).
In Oklahoma’s 2008 Water Quality Assessment Integrated Report (ODEQ, 2008), a number of
study watershed segments are listed as 303(d) category 5 impaired waterbodies (Table 1). They
are impaired for various parameters related to the fish and wildlife propagation beneficial use
including pH, turbidity, lead and copper. The impairment decisions are based on more than a
decade of data collected as part of the OWRB’s Beneficial Use Monitoring Program (BUMP) and
the Oklahoma Conservation Commission’s (OCC) various non-point source monitoring programs.
When compared to criteria assigned in the Oklahoma Water Quality Standards (OWQS), a number
of segments are listed as impaired because pH values fall below the minimum screening level
(OWRB, 2007 and 2008a). Furthermore, some streams are impaired due to exceedance of some
hardness-dependent metals criteria, including those for copper and lead. Historically, pH values
throughout the watersheds have been low during various times of the year, and hardness values
are consistently below 100 ppm. Because streams have formed on sandstone and shale
substrates, carbonates are not readily available and have very little mineralization. As a result, they
cannot buffer against various acidic inputs including acidic soils, organic matter (e.g., pine needles),
and acid rain deposition.
Based on these described conditions, does impairment truly exist? Oklahoma’s Use Support
Assessment Protocol (USAP) provides assessment protocols that address chemical, physical and
biological causes of impairment (OWRB, 2008a). Furthermore, the Oklahoma Department of
Environmental Quality’s (ODEQ) Continuing Planning Process requires that all applicable criteria be
considered for the fish and wildlife use support status to be fully assessed (ODEQ, 2006a).
Inherent in the decision-making process is the concept of independent applicability of each of the
potential categorical causes of impairment. For example, if biological data shows a stream to be
impaired, then the stream is not supporting, regardless of the results of chemical analysis. The
same decision criterion applies to physical and chemical criteria such as pH or metals. Considering
this, the answer to the question will require looking at pH and metals as well as the overall health of
the aquatic community.
According to the OWQS, pH criteria (upper and lower) do not apply when naturally occurring
conditions cause values to be outside the prescribed range of 6.5 – 9.0 units (OWRB, 2007). The
potential causes of low pH values throughout the area can be categorized into 2 primary areas—
natural and unnatural. Three possible causes exist for low pH in the area including unnatural
impacts such as acid rain and runoff from silviculture activities, and natural conditions like low
mineral solubility. Investigating acid rain as a cause is neither cost-effective nor easy, and cannot
be controlled through state regulatory measures. Conversely, the other potential causes can be
investigated by determining if a relationship exists between increased turbidity/decreased
conductivity and decreased pH. To determine whether low pH is naturally occurring, a large

Page 12 of 81

enough data set must be collected over a range of conditions absent any point source inputs. By
relating pH
Table 1. Study area watersheds listed as Category 5 waterbodies

Report
TMDL
Category Date

2008 Impairment
Causes

Rock Creek
Cypress Creek
Pine Creek Lake
Little River
Terrapin Creek
Cloudy Creek
Little River Black
Fork
Broken Bow Lake

5a
5a
5a
5a
5a
5a

2019
2013
2010
2010
2010
2010

pH, turbidity
pH, turbidity
pH
turbidity, lead
pH
pH, turbidity

5a
5a

2013
2010

Mountain Fork River
Buffalo Creek
Big Eagle Creek
Beech Creek
Cow Creek
Lukfata Creek
Glover River
Kiamichi River
Raymond Gary Lake
Ozzie Cobb Lake
Kiamichi River
Dumpling Creek
Tenmile Creek
Pine Creek
Kiamichi River
Carl Albert Lake
Kiamichi River
Billy Creek
Big Cedar Creek
Bolen Creek

5a
5a
5a
5a
5a
5a
5a
5a
5a
5a
5a
5a
5a
5a
5b
5a
5a
5a
5a
5a

2010
2010
2010
2010
2010
2010
2010
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013
2013

pH
pH
turbidity, copper,
lead
pH, turbidity
pH
pH, turbidity
pH, turbidity
pH
turbidity, lead
lead
pH, turbidity
pH, turbidity
copper, lead
pH
pH
pH
lead
pH
pH, lead
pH
pH
pH

Waterbody ID

Waterbody Name

OK410200030010_00
OK410210010070 00
OK410210020020_00
OK410210020140_00
OK410210020150_00
OK410210020300_00
OK410210030020_00
OK410210050020 00
OK410210060010_10
OK410210060020 00
OK410210060160_00
OK410210060320 00
OK410210060350_00
OK410210070010 00
OK410210080010_00
OK410300010010 00
OK410300010040_00
OK410300020220 00
OK410300030010_10
OK410300030210 00
OK410300030270_00
OK410300030580 00
OK410310010010_00
OK410310010220_00
OK410310020010_10
OK410310020070_00
OK410310020100_00
OK410310030090_00
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flux to changes in flow, sediment inputs, seasonality, and duration, the influence of naturally
occurring conditions can be determined. Furthermore, pH has an assigned range within the water
quality standards because of its effect on the physiological processes of aquatic organisms.
Therefore, it is logical to determine the health of the aquatic community when considering whether a
stream is fishable. By considering both types of data, an overall assessment of health can be made
and the necessity of a TMDL can be determined (Table 2).
Table 2. Assessment decision matrix for pH according to application of USAP
Condition of
Biological
Community

303(d) Status

Impairment
Cause

TMDL Status

Not Impaired

N/A

Unnecessary

Supporting

Supporting
Not
Supporting

Impaired

unknown

look for other causes

Not Supporting

Supporting

Impaired

Site or regionally specific
criterion set at natural condition

Not Supporting

Supporting

Impaired

low pH naturally
occurring
low pH not
naturally
occurring

Not Supporting

Not
Supporting

Impaired

Not Supporting

Not
Supporting

Impaired

pH
Supporting

low pH naturally
occurring
low pH not
naturally
occurring

TMDL
UAA to modify beneficial use;
Site or regionally specific
criterion set at natural condition

TMDL

For metals listings, much of the same decision logic applies. Because of low hardness values,
hardness-dependent criteria in the segments are in the part per billion (ppb) to trillion (ppt) range.
When the toxicity curves were developed for hardness-dependent metals such as lead and silver,
criteria in this extremely low range of hardness were extrapolated from the middle portion of the
curve. Therefore, these numbers may be suspect and a water effects ratio (WER) study may be
necessary, from which site-specific criteria could be developed. However, this type of study is very
expensive. A more prudent approach may be to reassess the waterbodies using the dissolved
fraction for these constituents. Because the OWQS provides criteria for total recoverable metals,
the BUMP has not historically sampled for the dissolved metals fraction, but that is what is available
to aquatic organisms for uptake (OWRB, 2007b). To more accurately determine whether aquatic
organisms are at risk, a resampling for dissolved constituents is necessary. In those instances
where a criterion exceedance persists, an assessment of biological integrity would help to
determine if the aquatic community is at risk. Similar to pH, a decision matrix can be formed to
determine what decisions can be made (Table 3). And, in keeping with OCWP goals, this model
may be useful in developing management scenarios in other watersheds as well as for other
pollutants of concern.
There are three goals of the study. Primarily, through continuous monitoring and trend analyses,
determine if the cause(s) of low pH values in the Kiamichi, Little and Mountain Fork Rivers are due
to natural or unnatural conditions. Secondly, determine if the concentrations of certain dissolved
metals in segments of the Kiamichi, Little, Glover, and Mountain Fork Rivers are impairing the fish
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and wildlife beneficial use. Lastly, collect biological data on all segments to aid in impairment
determinations. By meeting these goals, the decision matrices outlined in Table 2 and Table 3
should be completed. Furthermore, in keeping with the over-arching purposes of the OWCP, an
effective long-term management strategy based on sound science and defensible data can be
developed for these watersheds.
Table 3. Assessment decision matrix for metals according to application of USAP

Metals
Concentration

Condition of
Biological
Community

303(d) Status

Impairment
Cause

TMDL Status

Not Impaired

N/A

Unnecessary

Supporting

Supporting
Not
Supporting

Impaired

unknown

look for other causes

Not Supporting

Supporting

Impaired

Site specific criteria, WER,
variance

Not Supporting

Supporting

Impaired

metals naturally
occurring
metals not
naturally
occurring

Not Supporting

Not
Supporting

Impaired

Not Supporting

Not
Supporting

Impaired

Supporting

metals naturally
occurring
metals not
naturally
occurring

TMDL
UAA to modify beneficial use;
Site specific criteria set at
natural condition

TMDL
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MATERIALS AND METHODS
Regional Description.
The study area includes much of the Ouachita Mountain Level III ecoregion located in Oklahoma
(Figure 1). This area encompasses the majority of far southeastern Oklahoma and is defined “by
sharply defined east-west trending ridges, formed through erosion of compressed sedimentary rock
formations.” (Woods et al., 2005). With some stands of native oak-hickory-pine forests, the area is
intensely managed for commercial logging and is mostly covered by loblolly and shortleaf pine.
Lotic waters in the ecoregion flow through channels of mostly gravel, cobble and boulder substrate,
with occasional bedrock. Cool water ecosystems dominate the higher gradient areas and are most
prevalent throughout the ecoregion. However, along the northern and far western edges of the
ecoregion, flowing waters are mostly comprised of valley streams and rivers and warm water
ecosystems become the dominant waterbody type. The ecoregion within Oklahoma is further
subdivided into 5 distinct Level IV ecoregions including the Athens Plateau, Central Mountain
Ranges, Fourche Mountains, Western Ouachitas, and Western Ouachita Valleys (Woods et al.,
2005).
The following geographical and geological references are taken from Oklahoma Geological Survey
(OGS, 1983) with some minor rewording and exclusions. The Ouachita Mountains Ecoregion is
located in the McAlester-Texarkana Quadrangle. The mountains have an average relief of several
hundred feet and local relief that exceed 1,700 feet. Ridges are typically held up by hard, resistant
sandstones, and valleys are carved into soft, easily eroded shale. Upon weathering, these rocks
provide only thin, stony soils with little ability to soak up and store precipitation. Bedrock storage
capacity and discharge depends almost entirely on fractures formed by folding and faulting.
Climate plays an important role in surface hydrology. Annual precipitation ranges from 42 to 56
inches giving the region the greatest precipitation in Oklahoma. Because of the rugged topography
and thin soils, an average of nearly one-third of the total precipitation, approximately 6 million acrefeet, flows off within a short time as surface runoff. During periods of no rainfall, streams are
maintained entirely by springs and seepage from the ground-water reservoir. In the Ouachita
Mountain Ecoregion, where the rocks have limited storage capacity, streams frequently go dry.
Rocks in the area consist mainly of quartz and clay minerals, which have low solubility and
subsequent low mineralization of water. Additionally, low levels of lead, cinnabar, silver, and
copper are deposited throughout the geological profile of the area (OGS, 2002).
Study Watersheds.
For purposes of this study, only the Athens Plateau, Western Ouachitas, and Western Ouachita
Valleys are included because of low pH values in comparison to OWQS (OWRB, 2007). Three
representative test watersheds were chosen including the upper Mountain Fork of the Little River
(Mountain Fork) in the Athens Plateau, the upper Little River in the Western Ouachitas, and the
Kiamichi River in the Western Ouachita Valley subregion (Figure 1). Before selecting these study
watersheds, certain criteria were outlined to help guide the process. Primarily, watersheds should
contain waterbodies listed as category 5 for pH in a previous or current Oklahoma Integrated
Report (ODEQ, 2006b and 2008). As is indicated in Table 1, numerous waterbodies throughout all
three watersheds and of all sizes have been listed in the 2008 Integrated Report. Secondly,
representative geography was considered. Each of the three study watersheds are nearly wholly
contained in their representative Level IV ecoregion and are the largest watersheds in the areas of
interest allowing them to fully integrate the water quality of the respective watersheds. Likewise,
the area has similar geology throughout. Lastly, similar land use and land cover across all three
watersheds was considered an important study control. Each watershed is densely covered by
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Figure 1 . Map depicts features of the study area including location of continuous monitoring
stations, additional metals stations, and overlay of Level IV ecoregions.

Table 4. Stations for continuous collections of pH, stage, conductivity, and water temperature to be
used in regression analyses. (* denotes BUMP station)
Waterbody ID

Waterbody Name

Billy Creek near Muse
Glover River near Glover*
Kiamichi River near Big Cedar*
OK410210020140_00 Little River near Cloudy*
OK410210060010_10 Mountain Fork River near Smithville*
OK410310020070_00
OK410210080010_00
OK410310020010_10

County

Type of Station

Segment
Position

LeFlore
McCurtain
LeFlore
Pushmataha
McCurtain

Control-Unimpacted
Control-Impacted
Test
Test
Test

Lower
Lower
Upper to Middle
Lower
Middle to Lower

some form of forest including native oak-hickory-pine forests or managed shortleaf-loblolly pine
forests (Figure 2), and all three are managed in some form for commercial logging. The second
highest form of land use appears to be a mixture of grazinglands, managed pastures, or hay fields.
In the Kiamichi River watershed, the secondary land use is nearly nonexistent. Additionally,
developed areas cover less than 5% of the watersheds and cultivated cropland is practically
nonexistent. Moreover, permitted discharges and animal feeding operations are not present.
Incidentally, no watersheds are impacted by upstream reservoirs (MRLC, 2001).
In addition to the three test watersheds, two control watersheds were chosen for the pH study—the
Billy Creek and Glover River watersheds. The primary objective of the study is to determine the
cause of low pH values throughout the area. As was discussed in the introductory material, causes
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Figure 2 . Land use category percentages calculated for each test watershed (MRLC, 2001).

Portion of Total Land Use (%)

Upper Kiamichi River Watershed
Land Use Category Percentages
60.00
50.26
50.00
40.75
40.00
30.00
20.00
10.00

5.20

1.47

1.26

0.98

0.09

0.00

Portion of Total Land Use (%)

Upper Little River Watershed
Land Use Category Percentages
40.00

35.94
32.20

35.00
30.00
25.00
20.00
15.00

11.61

11.01

10.00
5.00

0.19

2.65

2.97

2.82
0.06

0.03

0.00

0.50

0.03

0.00

Portion of Total Land Use (%)

Upper Mountain Fork River Watershed
Land Use Category Percentages
45.00

42.47

40.00
35.00
30.00

26.65

25.00
20.00

14.10

15.00
8.02

10.00
5.00

3.58
0.29

0.51

0.06

0.01

0.03

0.65

3.44
0.06

0.14

0.01

0.00
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can be categorized into 2 primary areas—natural and unnatural. A primary candidate for natural
causes is area geology which is similar throughout the study area. The low conductivity values
described in the historical data review are indicative of the prevalence of low mineral solubility.
The suspected unnatural causes include acid rain and silviculture. Isopleth maps produced by the
National Atmospheric Deposition Program (NADP, 2009) indicate that the study area has
atmospheric pH in the range of 4.9-5.2 units (Figure 3). This is lower than the rest of Oklahoma
and relates more closely to atmospheric pH values measured in the Midwestern and Southeastern
portions of the United States. Although acid rain is a likely candidate because of prevailing climates,
it cannot be inexpensively tested or controlled through state policy. Conversely, increased
deforestation and subsequent management practices likely leads to the increased inclusion of
acidic soils to waterbodies during periods of runoff, and with low natural buffering capacity in the
watersheds, could cause decreases in pH. This cause is most effectively evaluated by including
two additional control watersheds. One watershed should be intensely managed for commercial
logging, while the other has little or no commercial logging present. Additionally, the watersheds
should be similar in all other characteristics including geography and land use patterns (MRLC,
2001). The Glover River is a tributary of the Little River and lies along one of the more intensely
managed areas of the Ouachita Mountains (Figure 4). The watershed does have some permitted
animal feeding operations. Billy Creek is a tributary of the Kiamichi River and is one of the least
managed watersheds in the area with very little active commercial logging. The Billy Creek
watershed is smaller than the test watersheds.
Figure 3. Map depicts atmospheric pH as measured by the National Atmospheric Deposition
Program (NADP, 2009).
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Figure 4 . Land use category percentages calculated for each control watershed (MRLC, 2001).

Portion of Total Land Use (%)

Billy Creek Watershed
Land Use Category Percentages
74.06

80.00
70.00
60.00
50.00
40.00
30.00
16.08

20.00
10.00

3.91

2.33

0.06

2.99

0.57

0.01

0.00

Portion of Total Land Use (%)

Lower Glover River Watershed
Land Use Category Percentages
60.00

53.50

50.00
40.00
30.00
17.51

20.00

11.05
5.82

10.00
0.13

5.25
0.26

0.01

0.01

0.70

5.34
0.01

0.37

0.04

0.00

pH Monitoring.
To determine the cause of low pH values, certain water quality parameters and stream stage were
continuously collected at stations in each of the study and control watersheds (Table 4). At each
location, a data collection platform (DCP) was installed consisting of a Design Analysis Waterlog®
datalogger and high data rate GOES radio (OWRB, 2004a). Water quality data were collected
using a YSI® 6000EDS multiparameter instrument (sonde) with probes for measuring water
temperature, pH, specific conductance, and turbidity (OWRB, 2005b). Using perforated drag tubes
made of high-density polyethylene (HDPE), instruments were installed on the downstream side of
the bridge near the center channel. To decrease fouling and keep probe surfaces free of foreign
material, EDS (extended deployment system) sondes were used because they incorporate a central
universal wiping system. Stream stage was collected two different ways. At the Glover, Kiamichi,
and Mountain Fork stations, the United States Geological Survey (USGS) manages DCP’s as part
of the Oklahoma–USGS cooperative agreement.
For these stations, stage data and
stage/discharge ratings maintained by the USGS were used. More information for these sites and
their equipment can be found at the USGS Oklahoma Water Science Center
(http://ok.water.usgs.gov/). At the Little River and Billy Creek stations, stage data were collected
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by the OWRB using self contained gas bubbler technology, and the stage/discharge ratings were
established by the OWRB using internally collected discharge data (OWRB, 2005a). Data were
logged on 15-minute intervals and transmitted hourly via GOES satellite telemetry. Transmitted
data were then captured by the United States Army Corps of Engineers (USACE) and redisplayed
for public use on the USACE Water Control Homepage.
Calibration and maintenance of the YSI® sondes was performed on alternating two week-three
week intervals (OWRB, 2005b). During these service events, several sets of data were collected
so that final water quality records could be shifted to account for drift from two sources—fouling and
calibration. Initially, all probes (except water temperature) were cleaned with a pre-cleaning and
post-cleaning value recorded. The percentage difference between these two readings was applied
to all data in the service interval as a fouling correction. After the sensor was cleaned, a calibration
check was performed with calibration occurring as needed. When calibration was necessary, a
calibration correction was applied to all data in the service interval. To correct data, the sum of the
fouling and calibration corrections was applied as a two-point shift over the service interval with the
assumption that drift occurred at a constant rate over that interval. The 15-minute corrected data
were then averaged into hourly data for further analyses.
Metals Collections.
To supplement data collection efforts for the study, collections were made for certain metals
throughout the study watersheds (Table 5). Additionally, hardness values were collected during
each sampling event so that metals criteria could be calculated. At each site, five to six collections
were made to represent different seasons as well as different flow regimes. Each collection was
analyzed for both the total recoverable concentration of the analyte as well as the dissolved
fraction.
Table 5. Stations for metals analyses. (* denotes BUMP station)

Waterbody ID

Waterbody Name

County

Segment
Position

OK410210080010 00

Glover River near Bethel
Glover River near Glover*
Kiamichi River near Big Cedar*
Kiamichi River near Muse
Little River near Nashoba
Little River near Cloudy*
Mountain Fork River near Zafra
Mountain Fork River near Smithville*

McCurtain
McCurtain
LeFlore
LeFlore
Pushmataha
Pushmataha
McCurtain
McCurtain

Upper to Middle
Lower
Upper to Middle
Lower
Upper to Middle
Lower
Upper
Middle to Lower

OK410210080010_00
OK410310020010_10
OK410310020010_10
OK410210020140_00
OK410210020140_00
OK410210060010_10
OK410210060010 10

Samples were collected by one of three methods—composite, grab, or combination (OWRB,
2006b). The default and most representative method is the composite sample, which accumulates
a composited sample made up of 5-10 sub-samples collected across the horizontal and the vertical
profile of the stream. The method accounts for both the horizontal and vertical variability in moving
waters by using a combination of the depth integration (D-I) method (vertical profile) and the equalwidth increment (EWI) method (horizontal profile). The EWI method divides the stream into at 5 to
10 equal increments, depending on wetted width. At each increment, a subsample is collected
using the D-I method. The sub-sample is representative of the vertical profile because it collects
through the water column at a consistent rate. As the sub-sample is collected, air in the container is
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compressed so that the pressure balances the hydrostatic pressure at the air exhaust and the
inflow velocity is approximately equal to the stream velocity. Each subsample is collected into a
clean polyethylene collection bottle attached to a sediment sampler—the US D-95 for bridge
collections or the US DH-81 for wading—and composited into a bagged polyethylene splitter churn.
From this composite water, separate aliquots were collected into 1-liter polyethylene bottles for
total recoverable and dissolved fraction analyses. Samples were returned to the ODEQ State
Environmental Laboratory for both filtering and preservation. All analyses were done in accordance
with the ODEQ’s Quality Management Plan (QTRACK No. 00-182) (ODEQ, 2007). While at the
site, a separate aliquot was collected from the churn and total hardness was analyzed using a
Hach© digital titrator and test kit.
Biological Collections.
Criteria for both pH and metals are included in the fish and wildlife propagation beneficial use of the
OWQS (OWRB, 2007). For that reason, it is important to quantify ecological health as
supplemental analysis to determine if pH or metals are impairing the use. Accordingly, multiassemblage biological collections were made at nine stations and are included in this study (Table
6). Assemblages include aquatic macroinvertebrates and fish and were collected in accordance
with Oklahoma’s Rapid Bioassessment Protocols (RBP) (OWRB, 1999) and the OWRB’s biological
collection protocols (OWRB, 2004 and 2006a). Collections were made on either a 400- or 800meter reach depending on an averaged wetted width.
Table 6. Stations sampled for overall biological health analyses. (* denotes BUMP station)
Waterbody ID

Waterbody Name

County

Segment Position

OK410310020070_00

Billy Creek near Muse
Glover River near Bethel
Glover River near Glover*
Kiamichi River near Big Cedar*
Kiamichi River near Muse
Little River near Cloudy*
Little River near Nashoba
Mountain Fork River near Smithville*
Mountain Fork River near Zafra

LeFlore
McCurtain
McCurtain
LeFlore
LeFlore
Pushmataha
Pushmataha
McCurtain
McCurtain

Lower
Upper to Middle
Lower
Upper to Middle
Lower
Lower
Upper to Middle
Middle to Lower
Upper

OK410210080010_00
OK410210080010_00
OK410310020010_10
OK410310020010 10
OK410210020140_00
OK410210020140 00
OK410210060010_10
OK410210060010_10

A representative fish collection was made at seven of the study sites. Fish were primarily collected
using a pram or boat electrofishing unit depending on wadeability. Each fishing unit consisted of a
Smith-Root 2.5 generator powered pulsator (GPP) attached to a 3000W Honda generator, and were
operated with AC output current at 2-4 amps. Using two netters with ¼ inch mesh dipnets,
collections were made in an upstream direction with a target effort of 2000-4000 units depending on
reach length. When habitats existed that could not be effectively electrofished, supplemental
collections were made using 6’ X 10’ seines of ¼ inch mesh equipped with 8’ brailes. Fish were
processed at several intervals during each collection. Fish that were too large for preservation
and/or readily identifiable were field identified to species and enumerated along with appropriate
photodocumentation and representative vouchers. All other fish were preserved in a 10% formalin
solution and sent to the University of Oklahoma Sam Noble Museum of Natural History
(OUSNMNH) for identification to species and enumeration.
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During the summer index period, a representative aquatic macroinvertebrate collection was made at
seven of the study sites. Each sampling event targeted three habitats—streamside vegetation,
wood, and rocky riffles—that theoretically should be species rich. The streamside vegetation and
wood collections were semi-qualitative samples collected over flowing portions of the reach for total
collection times of three and five minutes, respectively. The streamside sample was collected using
a 500-micron D-frame net to agitate various types of fine structure sample including fine roots,
algae, and emergent and overhanging vegetation. Likewise, the wood sample was collected using
a 500-micron D-frame net to agitate, scrape, and brush wood of any size in various states of decay.
Additionally, wood that could be removed from the stream was scanned for additional organisms
outside the 5-minute sampling time. The riffle collection was a quantitative sample compositing
three kicks representing slow, medium and fast velocity rocky riffles within the reach. Each subsample was collected by fully kicking one square meter into a 500-micron Zo seine. All samples
were field post-processed in a 500-micron sieve bucket to remove large material and silt in an effort
to reduce sample size to fill no more than ¾ of a quart sample jar. Additionally, all nets and
buckets were thoroughly scanned to ensure that no organisms were lost. After processing, each
sample type was preserved independently in quart wide mouth polypropylene jars with ethanol and
interior and exterior labels were added. Prior to taxonomic analysis, all samples were laboratory
processed to obtain a representative 100-count subsample (OWRB, 2006a). After sorting, the
“100-count subsample” was sent to EcoAnalysts, Inc. for identification and enumeration, and the
large and rare sample was identified and enumerated by OWRB staff. Taxonomic data for each
sample were grouped by EcoAnalysts and metrics were calculated. In general, most organisms are
identified to genera with midges identified to tribe.

Page 23 of 81

RESULTS
Continuous Data Collection Analysis—All Daily Data.
The primary objective of the study is to determine the cause of low pH values throughout the area.
As is noted in Table 1, twenty-two waterbodies throughout the study area are listed for pH as
category 5a waterbodies in Oklahoma’s 2008 Integrated Report (ODEQ, 2008), including 2 study
stations—the Kiamichi River (OK410310020010_10) and Little River (OK410210020140_00).
Additionally, eight of the waterbodies listed for pH are co-listed for turbidity. Three possible causes
exist for low pH in the area including acid rain (Figure 3), runoff from silviculture activities, and low
mineral solubility. Investigating acid rain as a cause is neither cost-effective nor easy, and cannot
be controlled through state regulatory measures. Conversely, the other potential causes can be
investigated by determining if a relationship exists between increased turbidity or decreased
conductivity and decreased pH.
As a precursor to regression analysis, it is important to perform some basic analyses of the
continuous datasets as well as some historical discrete collections. Recent and available discrete
data from all of the lotic stations listed for pH were compiled and descriptive statistics calculated
(Table 7). Continuous data were analyzed in a similar fashion. For each of the continuous
parameters, both mean and median daily values were calculated from the averaged hourly pH,
conductivity, stage, turbidity, and water temperature data. Only mean daily values were calculated
for discharge. For each station, descriptive statistics were calculated for all daily parameter means
and medians (Table 8). Several of the results are of interest to this study. First of all, the protocol
for listing pH requires greater than 10% of all values fall below the minimum criterion of 6.5 (OWRB,
2008a). Both the 10 h and 25th percentile of pH data indicate that multiple listings are probable for
much of the watershed, and that the study stations on the Kiamichi River, Little River, and Billy
Creek regularly experienced pH values below the criterion. Secondly, the protocol for listing
turbidity requires that only 10.6% of all values fall above the criterion of 10 NTU for cool water
aquatic communities (CWAC) and 50 NTU for warm water aquatic communities (WWAC) (OWRB,
2008a). Both the mean and 75th percentile of turbidity data indicated that multiple listings are
probable. For CWAC stations on the Glover River, Little River, and Mountain Fork River, both
median and 75th percentile indicate turbidity values were above the allowable level of 10 NTU.
Conversely, WWAC watersheds (Kiamichi River and Billy Creek) do not approach impairment
status, but the Billy Creek upper quartile and median are similar to the CWAC study stations.
Thirdly, the interquartile range of conductivity for both datasets is somewhere in the area 10 – 65
uS/cm, which is indicative of low mineralization throughout the watersheds. Lastly, stage and
discharge data at continuous stations indicate that most of the region received some elevated runoff
during the study period.
Table 7. Descriptive statistics of chemical variables considered for historical data review.
Statistic
n
mean
p10
p25
p50
p75
min
max

pH (units)

Conductivity (uS) Turbidity (NTU)
403.00
7.07
6.33
6.69
7.07
7.46
5.01
8.75

210.00
31.22
10.00
10.78
27.05
42.75
10.00
102.00

210.00
13.84
3.00
5.00
8.00
15.00
1.00
173.00

Water
Temperature
(oC)
430.00
17.61
8.00
10.60
16.50
24.50
3.10
34.11
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Table 8. Descriptive statistics calculated for all daily continuous data collected at all study stations.

Glover River near
Glover

Billy Creek near Muse

Mountain Fork River
near Smithville

Little River near
Cloudy

Kiamichi River near
Big Cedar

Station

Statistic
n
me an
p10
p25
p50
p75
min
ma x
n
me an
p10
p25
p50
p75
min
ma x
n
me an
p10
p25
p50
p75
min
ma x
n
me an
p10
p25
p50
p75
min
ma x
n
me an
p10
p25
p50
p75
min
ma x

pH Mean pH Me dian Stage Me an Stage Median Discharge Turbidity
Turbidity
Daily
Daily
Daily
Da ily
Mean Daily Mea n Daily Median Daily
371
6.63
6.43
6.54
6.65
6.75
6.07
7.02
373
6.89
6.56
6.74
6.96
7.06
6.08
7.31
371
7.03
6.81
6.92
7.06
7.16
6.31
7.73
370
6.70
6.48
6.60
6.73
6.82
6.18
7.07
373
7.12
6.92
7.03
7.13
7.24
6.55
7.56

371
6.62
6.42
6.53
6.63
6.73
6.06
7.02
373
6.88
6.56
6.73
6.95
7.05
6.07
7.30
371
7.02
6.80
6.92
7.04
7.14
6.31
7.54
369
6.68
6.46
6.58
6.70
6.79
6.16
7.09
373
7.11
6.90
7.01
7.11
7.23
6.54
7.57

371
3.64
3.05
3.21
3.46
3.84
2.53
8.14
373
4.62
3.45
3.74
4.17
4.93
3.26
15.84
371
7.64
6.47
6.88
7.31
8.14
5.98
14.81
370
6.29
5.82
5.93
6.10
6.44
5.61
10.77
373
4.06
3.06
3.39
3.72
4.34
2.87
9.75

37 1
3.6 2
3.0 5
3.2 1
3.4 6
3.8 4
2.5 4
8.2 5
37 3
4.6 1
3.4 5
3.7 4
4.1 7
4.9 1
3.2 6
18.4 2
37 1
7.6 2
6.4 7
6.8 7
7.2 8
8.1 1
5.9 8
13.4 1
37 0
6.2 7
5.8 2
5.9 3
6.1 0
6.4 3
5.6 1
11.1 5
37 3
4.0 3
3.0 6
3.3 8
3.7 2
4.3 2
2.8 6
10.5 8

371
87.00
1.50
4.60
21.00
74.50
0.04
29 00.00
373
5 94.49
19.10
55.60
1 42.70
3 81.80
3.30
163 95.20
371
5 75.16
18.00
61.50
1 53.00
4 92.50
1.30
136 00.00
370
45.55
1.32
1.79
5.63
27.82
0.91
12 52.05
373
6 19.01
26.20
68.00
1 61.00
4 95.00
3.80
96 80.00

371
6 .97
2 .54
3 .90
6 .16
8 .03
1 .47
82 .50
373
19 .77
3 .96
7 .79
11 .54
26 .23
1 .96
161 .70
371
11 .88
2 .51
3 .88
7 .01
12 .91
0 .05
123 .40
370
11 .38
4 .56
5 .47
8 .17
14 .04
1 .18
96 .51
373
13 .72
2 .54
3 .72
9 .92
15 .73
0 .05
141 .46

371
6.55
2.50
3.80
6.00
7.78
1.50
3 7.45
373
1 8.76
3.90
7.60
1 1.20
2 5.99
1.55
13 8.50
371
1 0.72
2.35
3.60
6.80
1 2.18
0.02
11 8.55
370
1 0.63
4.40
5.30
7.98
1 3.58
1.00
5 1.30
373
1 3.06
2.40
3.60
9.60
1 5.20
0.80
13 7.00

Temp era ture
Mean Daily
371
16.46
6.89
9.97
17.33
22.48
2.45
28.68
373
18.10
6.31
10.89
18.95
25.12
3.17
32.05
371
17.98
6.26
10.65
18.76
25.09
2.04
32.66
370
16.82
6.56
10.11
18.28
23.39
2.40
28.18
362
18.38
6.79
11.30
19.28
25.05
2.97
32.95

Tem perature
Me dian Da ily
371
16.34
6.76
9.92
17.13
22.45
2.45
28.75
373
18.09
6.34
10.87
19.07
25.20
3.23
32.05
371
17.91
6.21
10.52
18.58
24.95
2.00
32.63
370
16.75
6.59
10.03
18.18
23.31
2.36
28.24
362
18.40
6.84
11.37
19.36
25.13
0.00
32.75

Conductivity
Mean Daily
371
24.09
19.09
20.33
22.46
25.81
17.51
42.02
373
40.29
31.77
35.86
39.33
43.68
20.50
68.88
371
39.30
31.99
34.00
38.66
44.79
25.71
51.00
370
46.74
34.29
38.14
43.89
53.39
16.23
81.21
373
54.85
41.42
45.09
51.41
62.00
6.77
97.98

Conduct vity
Median Daily
3 71
23.98
19.00
20.00
22.05
26.00
17.00
42.00
3 73
40.29
31.96
36.00
39.00
44.00
20.07
69.00
3 71
39.33
32.00
34.00
39.00
45.00
26.00
51.00
3 70
46.57
34.27
38.00
44.00
53.00
16.04
80.00
3 73
54.73
41.00
45.00
51.00
62.00
7.21
100.00

Page 25 of 81

At each continuous station, intensive regression analyses were performed to determine the
relationship of pH to conductivity, discharge, stage, and turbidity. The three objectives of the
analyses were to:
•
•
•

Determine the best explanatory model for pH using multiple linear regressions (MLR).
Based on the MLR and simple linear regression best fits, determine the most predictive
individual variable for each model.
Based on the MLR and simple linear regression best fits, determine whether conductivity or
turbidity is the best predictor of pH.

Before regression progressed, data were analyzed to determine what data to use and in what form.
The pH data were evaluated to verify that data were normally distributed, and then to determine
whether daily means and/or medians should be used in the model. To investigate data distribution,
a series of probability plots were created for daily mean and median pH data at each station (Figure
5 and Figure 6). With the exception of the Muse station, all plots show near normal distributions for
both daily means and medians. The data fall outside of the 95% confidence interval at both lower
and upper tails, but the tailings of the distributions tend to hold even when data are lognormally
transformed. Muse is the only exception with daily median data showing a highly abnormal
distribution, which could not be lognormally transformed by the statistical package. Several other
data transformations were performed with the same end result (not graphically included but
available upon request). Based on this analysis, it was determined that data transformation was
unnecessary and would not add to a better fit regression model. To determine whether daily means
and/or medians should be used in the analysis, box plots of both data sets were created for all
stations (Figure 7). With few minor exceptions, daily mean and median data sets were nearly equal
for all stations. This is further visualized by comparing the descriptive statistics in Table 8.
Differences between the mean and median data are most often in the hundredths of a unit. The
minor exceptions to this rule include a higher maximum value for Smithville daily mean and a
slightly tighter interquartile range for the Muse daily median. Assuming that the data used to create
these distributions are temporally equivalent, only one of the daily pH data sets should be required
in analysis. This assumption was vetted by performing side by side regressions with the daily mean
and median data sets in early regression analyses (data analysis available upon request).
Typically, regression models produced near equivalent results for both daily data sets. For some
analyses, the mean daily data produced a better fit model, presumably because the use of the
median muted the effects of days with some more extreme pH swings. Therefore, non-transformed
mean daily pH data were used to calculate all regression models. The Minitab© version 15.0
(2007) software was used to produce all probability plots and boxplots as well as run all subsequent
regression analyses, including model selection and development.
A logical follow-up to the pH data analyses was to expose predictor variables to the same scrutiny.
The possible number of predictors available for analysis was 18. This included 5 variables (stage,
discharge, conductivity, turbidity, and water temperature) with both daily mean and median values
(except discharge) of which each could be transformed or non-transformed. To investigate data
distribution, a series of probability plots were created for all variable daily mean and median data at
each station (Figures 8-12). All non-transformed data appear to have some abnormality in
distribution. This is further visualized in the box plots provided for stage (Figure 13), conductivity
(Figure 16), turbidity (Figure 14), and water temperature (Figure 15). The cause of abnormality for
stage, conductivity, and turbidity is largely influenced by values tailing to the right of the distribution.
Conversely, water temperature is largely influenced by an extended interquartile range resulting in
a platykurtic distribution. Discharge demonstrates a typical leptokurtic distribution with large tails to
the left and right of the median. Discharge, conductivity, and turbidity tend toward a more normal
distribution when data are log transformed. On the other hand, stage continues to tail in both
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Figure 5. Probability plots represent the normal and lognormal distributions of pH mean and
median dailies for the Kiamichi River near Big Cedar, Little River near Cloudy, and Mountain Fork
River near Smithville.
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Figure 6. Probability plots represent the normal and lognormal distribution of pH mean and median dailies for the Glover River near
Glover and Billy Creek near Muse.
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Figure 7. Boxplots represent daily pH means and medians for all continuous data.
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directions, while water temperature remains influenced by the right tail of the distribution. Based on
this analysis and in the interest of a fair and equitable vetting of all data, each predictor remained as
a possible model predictor for the study.
Before the best multiple linear regression models could be selected for each station, several steps
were taken to select the best model predictors for each station. Helsel and Hirsch (1995)
recommend “a cost-benefit analysis” to aid in determining whether variables “sufficiently improve(s)
the model.” First, a best subsets analysis was performed. Free predictors included all possible
parameters including mean and median dailies that have been log-transformed and nontransformed. No variables were used as a predictor in all models. Subsets were run for all possible
predictor combinations with the top five combinations at each grouping level graphically displayed in
the model output. Each subset produced several statistics including the R2 value and the standard
error (s). Additionally, several overall measures of quality were calculated to assist in evaluating
the subsets, including the adjusted R2 and Mallow’s Cp. The adjusted R2 accounts for the number
of explanatory predictors in each subset. The closer it is to R2, the better the model.
Mallow’s Cp accounts for two of the competing desires in model selection—explaining variation and
minimizing the standard error. Typically, the Mallow’s Cp value can be evaluated by looking for the
lowest value of all the predicted subsets or by looking for the value that is closest to the number of
predictors plus the constant. Because of the sheer volume of information, best subset regression
outputs are not included in the report but are available upon request. A second procedure used to
aid in selection of best predictors was stepwise regression. The process adds and removes
individual predictors testing for significance (preset at 0.15) as an individual predictor and in the
context of the growing model (Helsel and Hirsch, 1995). Several measures of quality are produced
for each model, including the adjusted R2, Mallow’s Cp, the prediction sum of squares (PRESS),
and the predicted R2. The PRESS and predicted R2 assess overall model fit. As the predicted R2
moves closer to R2 and adjusted R2 and as PRESS becomes lower, a model is considered to have
better predictive ability. The resulting predictor analyses led to variable results for study stations,
and in some cases produced erratic results from the two models, specifically for water temperature.
Inevitably, a matrix of all model predictors was created. Multiple linear regressions were run for all
combinations of predictor groups, and best predictive models were chosen.
With the best predictive models chosen for each station, final regression analyses were ran in a 2step process for each study station. First, simple linear regression was performed for individual
parameters versus mean daily pH. The best fit lines for parameters not included in MLR models are
available upon request. For parameters used in the best-fit MLR models, best fit lines are
presented and discussed in the main body of the report.
Secondly, the general linear model for regression was performed using best predictors. The model
included several outputs to account for predictor and model significance as well as demonstrate the
overall model fit. To verify that intercept and slope coefficients were not equal to zero, a t-ratio was
calculated for each term, and only those with p-values < 0.05 were considered significant. To
evaluate individual predictor fit, the procedure calculated the sequential sum of squares and
variance inflation factor (VIF). Generally, the higher sequential sum of squares value indicated
more predictive ability and was compared between predictors (Minitab, 2007). The VIF was used to
determine predictor multi-collinearity or the inflation of term’s predictive ability because of some
degree of correlation to another predictor. Though undocumented in statistical texts, a VIF greater
than 10 is generally considered worrisome and predictors should be evaluated (Minitab, 2008).
Model significance (p-value < 0.05) was evaluated using analysis of variance (ANOVA). The R2 and
adjusted R2 were calculated to demonstrate the amount of variance explained by the model. Model
fit was evaluated using predicted R2, Mallow’s Cp, and PRESS.
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Figure 8. Probability plots represent the normal and lognormal distributions of variable mean and
median dailies for the Kiamichi River near Big Cedar. Variables include stage, discharge (mean
only), turbidity, water temperature, and specific conductivity.
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Figure 9. Probability plots represent the normal and lognormal distributions of variable mean and
median dailies for the Little River near Cloudy. Variables include stage, discharge (mean only),
turbidity, water temperature, and specific conductivity.
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Figure 10. Probability plots represent the normal and lognormal distributions of variable mean and
median dailies for the Mountain Fork River near Smithville. Variables include stage, discharge
(mean only), turbidity, water temperature, and specific conductivity.
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Figure 11. Probability plots represent the normal and lognormal distributions of variable mean and
median dailies for the Glover River near Glover. Variables include stage, discharge (mean only),
turbidity, water temperature, and specific conductivity.
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Figure 12. Probability plots represent the normal and lognormal distributions of variable mean and
median dailies for Billy Creek near Muse. Variables include stage, discharge (mean only), turbidity,
water temperature, and specific conductivity.
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Figure 13. Boxplots represent daily stage means and medians for all continuous data at all stations.
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Figure 14. Boxplots represent daily turbidity means and medians for all continuous data at all stations

Page 37 of 81

Figure 15. Boxplots represent daily water temperature means and medians for all continuous data at all stations.
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Figure 16. Boxplots represent daily conductivity means and medians for all continuous data at all stations.
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After exhaustive evaluation, the best fit multiple linear regression models were determined for all
study and control stations. The model for the Kiamichi River near Big Cedar is presented in Table
9. The model is significant and has fair predictive capacity with an R2 of 40.5. It also has an
excellent fit with a Mallow’s Cp of 4.0 and PRESS of 5.9. The mean daily pH is best fit by stage,
discharge, and conductivity. Stage is the best predictor as evidenced by a high sequential sum of
squares of 5.8 compared to 1.0 for other predictors. It also shows good fit as an individual term in
simple regression (Figure 17). Although conductivity produces a better model, it is poor as an
individual predictor. The likely explanation is that data are heavily distributed to the left tail.
However, log normalizing data did not produce a better fit. When turbidity was included in the
model, a nearly equivalent amount of variance was explained, but the term was insignificant (p =
0.856).
Two equally predictive models were created for the Little River near Cloudy. Both models are
significant. The main difference between the models is inclusion of discharge as a predictor in
model 2 (Table 11). Both models display excellent predictive ability and fit. However, model 2
explains slightly more variation with an R2 of 71.1 versus 65.5 for model 1 (Table 10). Conversely,
both models appear to be equally well fit. In model 2, multi-collinearity of stage and discharge may
be of some concern. For both models, stage is the best predictor. The sequential sum of squares
are much higher than other terms, and when considering simple regression (Figure 18), stage
displays a much better fit. Conductivity appears to be a better predictor than turbidity. The terms
have equivalent sequential sum of squares in model 2 but the same predictor of fit in model 1 is
more than double for conductivity. Furthermore, when considered as individual terms, conductivity
demonstrates a much better explanatory ability with an R2 of 46.2 as compared to 33.6 for turbidity.
Results of regression analysis for the Mountain Fork River near Smithville are presented in Table
12. The model is significant with relatively good predictive capacity (R2 = 57.1) and excellent fit
(Mallow’s Cp = 5.1 and PRESS = 5.7). The mean daily pH is best fit by stage, discharge, turbidity,
and conductivity. As with the other study stations, stage is the best predictor as evidenced by a
relatively high sequential sum of squares of 6.9, which is more than 34 times higher than the
nearest value. Stage also has high individual explanatory capacity in simple regression (R2 = 53.7)
(Figure 19). Conductivity and turbidity look as if they have identical predictive capacity as
evidenced by similar sequential sum of squares and nearly equivalent R2 values.
The mean daily pH for the Glover River near Glover is best predicted by stage, discharge,
conductivity, and turbidity (Table 13). The model is significant but has relatively poor predictive
capacity (R2 = 26.3). Likewise, the fit is suspect. The Mallow’s Cp (5.0) is excellent, but the
PRESS is relatively high (8.0) and the predicted R2 (21.7) is far below the R2 value. Again, stage is
the best predictor although less so than with the other 3 test stations. The sequential sum of
squares is relatively low (1.56) as is the R2 of 15.2 (Figure 20). Comparing conductivity and
turbidity presents a mixed bag of results. The R2 values are nearly equivalent. However, the
sequential sum of squares is over 4 times higher for conductivity (0.60) than for turbidity (0.14).
Lastly, data from the regression analysis for Billy Creek near Muse are presented in Table 14. As
with Glover, the model is significant but has the poorest predictive capacity of all stations with an R2
of 21.8. However, the fit appears to be much better than with the Glover station. The Mallow’s Cp
(4.3) is excellent, as is the predicted R2 of 20.3. However, the PRESS is still relatively high at 8.4.
Discharge, conductivity, and turbidity are the best model predictors. Conspicuously, stage is
missing from the model. When included, the overall R2 drops to 16.5. Conductivity (R2 = 10.2) is a
much better predictor than turbidity (R2 = 0.1) in simple regression analysis (Figure 21).
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Table 9. Results generated from multiple linear regression analysis for best whole dataset predictors of mean daily pH at the Kiamichi
River near Big Cedar. The best fit predictive equation is: pH Mean Daily = 7.76 - 0.0908 Stage Mean Daily - 0.124 Discharge Mean Daily
Log10 - 0.0267 Conductivity Mean Daily. (*** = significant at an alpha < 0.01)

Predictors
Constant
Mean Conductivity
Mean Turbidity
Mean Stage Log10

7.7555
-0.0908
-0.1240
-0.0267

Regression Statistics
Statistic
S
R2
2

R -adjusted
R-Sq(predicted)
Mallows Cp
PRESS

Standard
Error of
Coefficient

Regression
Coefficients

Value

0.0782
0.0166
0.0239
0.0028

T Statistic
Value

P-value

99.19
-5.46
-5.20
-9.45

***
***
***
***

Results of Analysis of Variance
Degrees of Sum of
Source
Freedom
Squares
0.13 Regression
Residual
40.5 Error
40.0 Total
39.5
4.0
5.9

Sequential
Sum of
Squares
5.8170
1.0435
1.1414

Mean Square

3

3.9537

1.3179

367

5.8170

0.0159

370

9.7707

Variance
Inflation
Factor
3.90
10.97
5.54

F Statistic
Value

Pvalue

83.15 * * *
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Figure 17. Best fit regression lines represent best whole dataset predictors of mean daily pH at the Kiamichi River near Big Cedar. Best
fit lines are depicted for mean daily pH vs. mean daily stage, log10 of mean daily discharge, and mean daily conductivity.
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Table 10. Results generated from multiple linear regression analysis for best whole dataset predictors of mean daily pH at the Little River
near Cloudy (Model 1). The best fit predictive equation is: pH Mean Daily = 5.54 - 0.0538 Stage Mean Daily - 0.00238 Turbidity Mean
Daily + 1.03 Conductivity Median Daily Log10. (*** = significant at alpha < 0.01)

Predictors
Constant
Mean Conductivity
Mean Turbidity
Mean Stage Log10

5.5403
-0.0538
-0.0024
1.0293

Regression Statistics
Statistic
S
R2
2

R -adjusted
R-Sq(predicted)
Mallows Cp
PRESS

Standard
Error of
Coefficient

Regression
Coefficients

Value

0.2141
0.0066
0.0004
0.1223

T Statistic
Value

P-value

25.88
-8.21
-5.79
8.42

***
***
***
***

Results of Analysis of Variance
Degrees of Sum of
Source
Freedom
Squares
0.13 Regression
Residual
65.5 Error
65.2 Total
63.9
4.0
7.0

Sequential
Sum of
Squares
10.933
0.508
1.290

Mean Square

3

12.7310

4.2437

369

6.7188

0.0182

372

19.4498

Variance
Inflation
Factor
2.42
1.57
1.77

F Statistic
Value

Pvalue

233.06 * * *
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Table 11. Results generated from multiple linear regression analysis for best whole dataset predictors of mean daily pH at the Little River
near Cloudy (Model 2). The best fit predictive equation is: pH Mean Daily = 6.79 - 0.168 Stage Mean Daily + 0.0000944 Discharge Mean
Daily - 0.00193 Turbidity Mean Daily + 0.538 Conductivity Median Daily Log10. (*** = significant at alpha < 0.01)

Predictors
Constant
Mean Conductivity
Mean Turbidity
Mean Stage Log10

6.7887
-0.1679
0.0001
-0.0024

Regression Statistics
Statistic
S
R2
2

R -adjusted
R-Sq(predicted)
Mallows Cp
PRESS

Standard
Error of
Coefficient

Regression
Coefficients

Value

0.2447
0.0147
0.0000
0.0004

T Statistic
Value

P-value

27.75
-11.44
8.52
-5.07

***
***
***
***

Results of Analysis of Variance
Degrees of Sum of
Source
Freedom
Squares
0.12 Regression
Residual
71.1 Error
70.8 Total
70.3
5.1
5.8

Sequential
Sum of
Squares
10.9330
2.3035
0.3230

Mean Square

4

13.8378

3.4595

368

5.6120

0.0152

372

19.4498

Variance
Inflation
Factor
14.46
9.76
1.60

F Statistic
Value

Pvalue

226.85 * * *
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Figure 18 . Best fit regression lines represent best whole dataset predictors of mean daily pH at the Little River near Cloudy. Best fit lines
are depicted for mean daily pH vs. mean daily stage, mean daily discharge, mean daily turbidity, and the log10 of median daily
conductivity.
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Table 12. Results generated from multiple linear regression analysis for best whole dataset predictors of mean daily pH at the Mountain
Fork near Smithville. The best fit predictive equation is: pH Mean Daily = 6.604 - 1.1112 Stage Mean Daily + 0.0993 Discharge Mean
Daily Log 10 - 0.1003 Turbidity Mean Daily Log10 + 0.7225 Conductivity Median Daily. (*** = significant at alpha < 0.01)

Predictors
Constant
Mean Conductivity
Mean Turbidity
Mean Stage Log10

6.6040
-1.1112
0.0993
-0.1003

Regression Statistics
Statistic
S
R2
2

R -adjusted
R-Sq(predicted)
Mallows Cp
PRESS

Standard
Error of
Coefficient

Regression
Coefficients

Value

0.3325
0.0116
0.0249
0.0203

T Statistic
Value

P-value

19.86
-9.63
4.00
-4.95

***
***
***
***

Results of Analysis of Variance
Degrees of Sum of
Source
Freedom
Squares
0.12 Regression
Residual
57.1 Error
56.7 Total
56.2
5.1
5.7

Sequential
Sum of
Squares
6.9509
0.0281
0.1917

Mean Square

4

7.4013

1.8503

366

5.5524

0.0152

370

12.9537

Variance
Inflation
Factor
5.03
8.88
2.16

F Statistic
Value

Pvalue

121.97 * * *
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Figure 19. Best fit regression lines represent best whole dataset predictors of mean daily pH at the Mountain Fork near Smithville. Best fit
lines are depicted for mean daily pH vs. mean daily stage, the log10 of mean daily discharge, log10 of mean daily turbidity, and the log 10
of median daily conductivity.
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Table 13. Results generated from multiple linear regression analysis for best whole dataset predictors of mean daily pH at the Glover
River near Glover. The best fit predictive equation is: pH Mean Daily = 6.98 - 1.83 Stage Mean Daily Log 10 + 0.261 Discharge Mean
Daily Log 10 - 0.0725 Turbidity Mean Daily Log10 + 0.419 Conductivity Median Daily Log10. (*** = significant at alpha < 0.01)

Predictors
Constant
Mean Conductivity
Mean Turbidity
Mean Stage Log10

6.9750
-1.8334
0.2609
-0.0725

Regression Statistics
Statistic
S
R2
2

R -adjusted
R-Sq(predicted)
Mallows Cp
PRESS

Standard
Error of
Coefficient

Regression
Coefficients

Value

0.1550
0.2413
0.0383
0.0260

T Statistic
Value

P-value

45.00
-7.60
6.81
-2.79

***
***
***
***

Results of Analysis of Variance
Degrees of Sum of
Source
Freedom
Squares
0.14 Regression
Residual
26.3 Error
25.5 Total
21.7
5.0
8.0

Sequential
Sum of
Squares
1.5565
0.4001
0.1442

Mean Square

4

2.7011

0.6753

368

7.5650

0.0206

372

10.2661

Variance
Inflation
Factor
10.61
12.88
2.26

F Statistic
Value

Pvalue

32.85 * * *
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Figure 20. Best fit regression lines represent best whole dataset predictors of mean daily pH at the Glover River near Glover. Best fit
lines are depicted for mean daily pH vs. log10 of mean daily stage, the log10 of mean daily discharge, log10 of mean daily turbidity, and
the log 10 of median daily conductivity.
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Table 14. Results generated from multiple linear regression analysis for best whole dataset predictors of mean daily pH at Billy Creek
near Muse. The best fit predictive equation is: pH Mean Daily = 5.54 - 0.000456 Discharge Mean Daily + 0.602 Conductivity Mean Daily
Log10 + 0.195 Turbidity Mean Daily Log10. (*** = significant at alpha < 0.01)

Predictors
Constant
Mean Conductivity
Mean Turbidity
Mean Stage Log10

5.5387
-0.0005
0.6018
0.1945

Regression Statistics
Statistic
S
R2
2

R -adjusted
R-Sq(predicted)
Mallows Cp
PRESS

Standard
Error of
Coefficient

Regression
Coefficients

Value

0.1692
0.0001
0.0912
0.0356

T Statistic
Value

P-value

32.73
-6.57
6.60
5.46

***
***
***
***

Results of Analysis of Variance
Degrees of Sum of
Source
Freedom
Squares
0.15 Regression
Residual
21.8 Error
21.1 Total
20.3
4.3
8.4

Sequential
Sum of
Squares
1.1331
0.4952
0.6749

Mean Square

3

2.3032

0.7677

366

8.2757

0.0226

369

10.5789

Variance
Inflation
Factor
1.31
1.42
1.59

F Statistic
Value

Pvalue

33.95 * * *
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Figure 21. Best fit regression lines represent best whole dataset predictors of mean daily pH at Billy Creek near Muse. Best fit lines are
depicted for mean daily pH vs. mean daily discharge, the log 10 of mean daily conductivity, and the log10 of mean daily turbidity.
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Continuous Data Collection Analysis—Hourly Data Related to Runoff Events.
Like all watersheds, the chemical and physical properties of the study watersheds will change during
runoff events. Using the Little River near Cloudy station as a representative of the watershed, time
series graphs demonstrate these changes. Generally, as runoff increases, turbidity (Table 23)
increases while both pH (Table 22) and conductivity (Figure 24) decrease. Because of these
relationships, it is important to determine the predictor/response relationships during runoff events.
For this portion of analysis, hourly data were compiled for each station. Parameters included pH,
conductivity, turbidity, and stream stage. Discharge was excluded because the upper end of the rating
for Billy Creek near Muse is not fully developed. The station was only gauged during the 1-year study
period and an inadequate number of high flow measurements were acquired to construct a rating that is
comparable to other stations in the study. High flow data were separated from the entire dataset
through both a visualization and simple statistical process. Relative percent differences were calculate
along the stage time series. When a greater than 1% rise occurred in stage, data were pulled from the
main data set and added to a “runoff” dataset. These data were then compared to time series graphs
and runoff events were further refined with some data being further excluded from the analysis. The
dataset was terminated on the downward slope of each runoff event when a zero percent change in
stage occurred in the time series data.
To investigate data distribution of the “runoff” subset, probability plots were created for each
parameter showing the normal and lognormal distribution of each at each station. All nontransformed and log-transformed data appear to have some abnormality in distribution, with extent
of abnormality varying between stations and parameters. Furthermore, the tailing of the data that
is effect the distribution is also not consistent across the datasets. Based on the inconsistent
patterns of distribution and in the interest of a fair and equitable vetting of all data, each predictor
(both non-transformed and log-transformed) remained as a possible model predictor for the study.
Also, to remain consistent with the prior analysis of all daily data, non-transformed pH was the only
response variable used in this analysis.
Before the best multiple linear regression models could be selected for each station, several steps
were taken to select the best model predictors for each station (Helsel and Hirsch, 1995). First, a
best subsets analysis was performed. Free predictors included all possible parameters including
log-transformed and non-transformed values. No variables were used as a predictor in all models.
Subsets were run for all possible predictor combinations with the top five combinations at each
grouping level graphically displayed in the model output. Each subset produced several statistics
including the R2 value and the standard error(s). Additionally, several overall measures of quality
were calculated to assist in evaluating the subsets, including the adjusted R2 and Mallow’s Cp. The
adjusted R2 accounts for the number of explanatory predictors in each subset. The closer it is to
R2, the better the model. Secondly, stepwise regression was used to aid in the selection of the
best predictors.
From these analyses, the best predictor variables were chosen and final regression analyses were
ran in a 2-step process for each study station. First, simple linear regression was performed for
individual parameters versus mean daily pH. The best fit lines for parameters not used in the final
MLR models are available upon request. For parameters used in the best-fit MLR models, best fit
lines are presented and discussed in the main body of the report.
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Figure 22. Time Series represents mean daily stage and pH at the Little River near Cloudy.

Figure 23. Time Series represents mean daily stage and turbidity at the Little River near Cloudy.
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Figure 24. Time Series represents mean daily stage and conductivity at the Little River near
Cloudy.

Secondly, the general linear model for regression was performed using the best predictors. The
model included several outputs to account for predictor and model significance as well as
demonstrate the overall model fit. To verify that intercept and slope coefficients were not equal to
zero, a t-ratio was calculated for each term, and only those with p-values < 0.05 were considered
significant. To evaluate individual predictor fit, the procedure calculated the sequential sum of
squares and variance inflation factor (VIF). Model significance (p-value < 0.05) was evaluated
using analysis of variance (ANOVA). The R2 and adjusted R2 were calculated to demonstrate the
amount of variance explained by the model. Model fit was evaluated using predicted R2, Mallow’s
Cp, and PRESS.
The model for the Kiamichi River near Big Cedar is presented in Table 15. The model is significant
but has relatively low predictive capacity (R2=19.2) when compared with model for all daily data
(R2=40.5). It also has a poor fit with a Mallow’s Cp of 88.7. The mean daily pH is best fit by
conductivity, turbidity, and log10 stage. Turbidity is the best predictor as evidenced by the higher
sequential sum of squares of 4.2 compared to < 1.0 for other predictors. However, turbidity
demonstrates poor predictive capacity as an individual term in simple regression (Figure 25). Both
conductivity and stage are very poor predictors.
The MLR model for the Little River near Cloudy showed both good predictive ability and fit (Table
16). The model is significant with a relatively high R2 of 66.4 and is comparable to the whole
dataset models (R2= 71.1 and 65.5). As with the whole dataset model, stage is the best predictor
with a simple regression R2 of 56.1 (Figure 26). The R2 values produced by simple regression also
indicate that conductivity (R2= 38.9) is a better predictor than turbidity (R2= 24.5). This is further
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evidenced by the conductivity sequential sum of squares of 33.6 compared to 14.9 for turbidity, and
is similar to results for the whole dataset MLR model. However, the subset model does show poor
fit with a Mallow’s Cp of 104.8 and a PRESS of 29.2.
Results of regression analysis for the Mountain Fork River near Smithville are presented in Table
17. Unlike the whole dataset model (R2 = 57.1), the subset model has relatively low predictive
capacity with an R2 of 21.0. The difference is model fit is also apparent. The whole data model
had excellent fit (Mallow’s Cp = 5.1 and PRESS = 5.7) compared to the subset model, which had a
Mallow’s Cp of 42.8 and a PRESS of 71.4. Conductivity appears to be a better predictor than
turbidity, but both have very poor predictive capacity as indicated by simple regression (Figure 27).
Although significant in the MLR model, stage has very little predictive capacity with an R2 of 1.2 in
simple regression.
Conversely, the “runoff” subset model for the Glover River near Glover (Table 18) has relatively
high predictive capacity (R2 = 45.0) as compared to the whole data model (R2 = 26.3). However,
the fit is much poorer than what was produced by the whole data model (Mallow’s Cp = 5.0 and
PRESS = 8.0). Comparative values for the subset model are a Mallow’s Cp > 150.0 and PRESS of
55.5. Conductivity (R2 = 36.7) and turbidity (R2 = 38.9) are nearly equal as predictors in simple
regression (Figure 28). However, conductivity potentially demonstrates more predictive capacity
with a much higher sequential sum of squares of 36.6 compared to 8.1 for turbidity. Stage is a very
poor predictor (R2 = 0.1).
Lastly, data from the regression analysis for Billy Creek near Muse are presented in Table 19.
Unlike the whole data model (R2=21.8), the subset model has relatively high predictive capacity with
an R2 of 64.7. However, the fit is more suspect with a Mallows Cp of 31.4 compared to 4.3 and a
PRESS of 13.8 compared to 8.4. Conductivity (R2=49.9) and stage (R2=49.6) are the best model
predictors in simple regression (Figure 29), but conductivity may have better predictive capacity as
evidenced by a much higher sequential sum of squares of 19.3 compared to 5.6 for stage.
Although significant in the MLR model, turbidity (R2 = 3.2) showed little predictive capacity in simple
regression analysis.
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Table 15. Results generated from multiple linear regression analysis for best “runoff” subset predictors of mean daily pH at the Kiamichi
River near Big Cedar. The best fit predictive equation is: mean pH = 6.96 - 0.0128 Mean Conductivity - 0.027 Mean Turbidity + 0. 271
log10 Mean Stage. (*** = significant at an alpha < 0.01)

Predictors

Regression
Coefficients

Constant
Mean Conductivity
Mean Turbidity
Mean Stage Log10

6.9561
-0.1278
-0.0265
0.2712

Regression Statistics
Statistic
S
R2
2

R -adjusted
R-Sq(predicted)
Mallows Cp
PRESS

Standard
Error of
Coefficient

Value

0.0472
0.0012
0.0018
0.0433

T Statistic
Value

P-value

147.46
-11.03
-14.65
6.27

***
***
***
***

Results of Analysis of Variance
Degrees of Sum of
Source
Freedom
Squares
0.14 Regression
Residual
19.2 Error
19.0 Total
18.6
88.7
22.67

Sequential
Sum of
Squares
0.2325
4.2922
0.8215

Mean Square

3

5.3463

1.7821

1076

22.5125

0.0209

1079

27.8588

Variance
Inflation
Factor
1.62
1.62
1.02

F Statistic
Value

Pvalue

85.18 * * *
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Figure 25. Best fit regression lines represent best “runoff” subset predictors of mean daily pH at the Kiamichi River near Big Cedar. Best
fit lines are depicted for mean pH vs. mean conductivity, mean turbidity, and mean stage log10.
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Table 16. Results generated from multiple linear regression analysis for best “runoff” subset predictors of mean daily pH at the Little River
near Cloudy. The best fit predictive equation is: pH Mean Daily = 7.06 + 0.011 Mean Conductivity - 0.190 Mean Turbidity Log10 - 0.676
Mean Stage Log10. (*** = significant at an alpha < 0.01)

Predictors

Regression
Coefficients

Constant
Mean Conductivity
Mean Turbidity Log 10
Mean Stage Log10

7.0504
0.0105
-0.1904
-0.6755

Regression Statistics
Statistic
S
R2
2

R -adjusted
R-Sq(predicted)
Mallows Cp
PRESS

Standard
Error of
Coefficient

Value

0.0420
0.0007
0.0116
0.0320

T Statistic
Value

P-value

167.99
15.81
-16.41
-21.11

***
***
***
***

Results of Analysis of Variance
Degrees of Sum of
Source
Freedom
Squares
0.14 Regression
Residual
66.4 Error
66.3 Total
66.2
104.8
29.27

Sequential
Sum of
Squares
33.643
14.942
8.845

Mean Square

3

57.429

19.143

1466

29.109

0.020

1469

86.538

Variance
Inflation
Factor
1.67
1.22
1.95

F Statistic
Value

Pvalue

964.10 * * *
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Figure 26. Best fit regression lines represent best “runoff” subset predictors of mean daily pH at the Little River near Cloudy. Best fit lines
are depicted for mean pH vs. mean conductivity, mean turbidity log10, and mean stage log10.
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Table 17. Results generated from multiple linear regression analysis for best “runoff” subset predictors of mean daily pH at the Mountain
Fork River near Smithville. The best fit predictive equation is: pH Mean Daily = 4.77 + 1.12 Mean Conductivity Log10 - 0.003 Mean
Turbidity + 0.578 Mean Stage Log10. (*** = significant at an alpha < 0.01)

Predictors

Regression
Coefficients

Constant
Mean Conductivity Log10
Mean Turbidity
Mean Stage Log10

4.7723
1.1196
-0.0034
0.5776

Regression Statistics
Statistic
S
R2
2

R -adjusted
R-Sq(predicted)
Mallows Cp
PRESS

Standard
Error of
Coefficient

Value

0.1503
0.0762
0.0003
0.0719

T Statistic
Value

P-value

31.76
14.70
-10.50
8.03

***
***
***
***

Results of Analysis of Variance
Degrees of Sum of
Source
Freedom
Squares
0.20 Regression
Residual
21.0 Error
20.9 Total
20.7
42.8
71.4

Sequential
Sum of
Squares
11.806
4.549
2.571

Mean Square

3

18.926

6.309

1786

71.169

0.040

1789

90.094

Variance
Inflation
Factor
1.12
1.09
1.03

F Statistic
Value

Pvalue

158.32 * * *
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Figure 27. Best fit regression lines represent best “runoff” subset predictors of mean daily pH at the Mountain Fork River near Smithville.
Best fit lines are depicted for mean pH vs. mean conductivity log10, mean turbidity, and mean stage log10.
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Table 18. Results generated from multiple linear regression analysis for best “runoff” subset predictors of mean daily pH at the Glover
River near Glover. The best fit predictive equation is: pH Mean Daily = 6.02 + 0.721 Mean Conductivity Log10 - 0.175 Mean Turbidity
Log10 + 0.007 Mean Stage. (*** = significant at an alpha < 0.01)

Predictors

Regression
Coefficients

Constant
Mean Conductivity Log10
Mean Turbidity Log10
Mean Stage

6.0224
0.7209
-0.1751
0.0069

Regression Statistics
Statistic
S
R2
2

R -adjusted
R-Sq(predicted)
Mallows Cp
PRESS

Standard
Error of
Coefficient

Value

0.1009
0.0531
0.0110
0.0027

T Statistic
Value

P-value

59.67
13.58
-15.87
2.61

***
***
***
***

Results of Analysis of Variance
Degrees of Sum of
Source
Freedom
Squares
0.18 Regression
Residual
45.0 Error
44.9 Total
44.6
> 150.0
55.5

Sequential
Sum of
Squares
36.683
8.118
0.221

Mean Square

3

45.022

15.007

1690

55.060

0.033

1693

100.082

Variance
Inflation
Factor
1.91
1.91
1.02

F Statistic
Value

Pvalue

460.64 * * *
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Figure 28. Best fit regression lines represent best “runoff” subset predictors of mean daily pH at the Glover River near Glover. Best fit
lines are depicted for mean pH vs. mean conductivity log10, mean turbidity log10, and mean stage.
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Table 19. Results generated from multiple linear regression analysis for best “runoff” subset predictors of mean daily pH at Billy Creek
near Muse. The best fit predictive equation is: pH Mean Daily = 7.70 + 0.006 Mean Conductivity + 0.209 Mean Turbidity Log10 – 1.89
Mean Stage Log10. (*** = significant at an alpha < 0.01)

Predictors

Regression
Coefficients

Constant
Mean Conductivity
Mean Turbidity Log10
Mean Stage Log10

7.696
0.006
0.209
-1.894

Regression Statistics
Statistic
S
R2
2

R -adjusted
R-Sq(predicted)
Mallows Cp
PRESS

Standard
Error of
Coefficient

Value

0.0846
0.0005
0.0190
0.0972

T Statistic
Value

P-value

90.92
11.86
10.96
-19.49

***
***
***
***

Results of Analysis of Variance
Degrees of Sum of
Source
Freedom
Squares
0.12 Regression
Residual
64.7 Error
64.6 Total
64.3
31.4
13.8

Sequential
Sum of
Squares
19.327
0.065
5.668

Mean Square

3

25.061

8.354

916

13.672

0.015

919

38.733

Variance
Inflation
Factor
1.98
1.78
3.00

F Statistic
Value

Pvalue

559.67 * * *
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Figure 29. Best fit regression lines represent best “runoff” subset predictors of mean daily pH at Billy Creek near Muse. Best fit lines are
depicted for mean pH vs. mean conductivity, mean turbidity log10, and mean stage log10.
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Metals Analysis.
Metals were also collected along the various segments included for the pH study. As is noted in
Table 1, the Glover River (OK410210080010_00), Kiamichi River (OK410310020010_10), Little
River (OK410210020140_00), and Mountain Fork River (OK410210060010_10) are all listed for
lead as category 5a waterbodies in Oklahoma’s 2008 Integrated Report (ODEQ, 2008).
Additionally, in previous versions of the report (ODEQ, 2006), the Little River was also listed for
silver and that analysis is also included in this report. It should be noted that the copper listing for
the Mountain Fork River is not analyzed as a part of this report because it was a new listing in 2008.
To analyze metals impacts on the fish and wildlife beneficial use, several sets of data were
considered and combined. Primarily, data were collected during the project collection period
(January 2007-December 2008).
At each station, samples were collected for both total
recoverable and dissolved lead, and at the Little River stations, samples were collected for both
total recoverable and dissolved silver. Additionally, total recoverable data collected as part of the
OWRB’s Beneficial Use Monitoring Program were included in the analysis (OWRB, 2008b).
Numerical criteria are prescribed for total recoverable metals in OAC 785:45:Appendix G: Table 2
entitled “Numerical Criteria to Protect Beneficial Uses and All Subcategories Thereof” (OWRB,
2007). The toxicity of both lead and silver is affected by waterbody hardness concentrations.
Because of this, criteria are calculated using an algorithm with average hardness concentration as a
factor. Numerical criteria for the dissolved fraction is calculated using conversion factors contained
in OAC 785:45:Appendix G: Table 3 entitled “Conversion Factors for Total to Dissolved Fractions“
(OWRB, 2007). To determine use support, sample values are compared to both acute and chronic
criterion in accordance with the USAP (OWRB, 2008a) described in OAC 785:46-15-5(c). Tests for
both support and non-support are included. The Fish and Wildlife Propagation beneficial use is fully
supported if no more than one of the sample concentrations from any individual toxicant parameter
exceeds the acute criterion and if not more than 1 sample concentration or not more than 10% of
the sample concentrations exceeds the chronic criterion. Conversely, the use is not supported if
more than one of the sample concentrations from any individual toxicant parameter exceeds the
acute criterion or if more than 10 % of the sample concentrations from the waterbody exceed
chronic criterion.
Data considered for metals analysis are summarized below. All stations are not supporting for the
total recoverable lead chronic criterion (Table 20). Similarly, BUMP stations are not supporting for
the dissolved lead chronic criteria, but supplemental segment stations are (Table 21). These
stations were reported at a higher detection limit, which may account for the difference in results.
The lower Kiamichi River station is also not supporting the total recoverable and dissolved lead
acute criteria, while the lower Little River station is not supporting the dissolved lead acute criterion.
For silver, both the upper and lower Little River stations are not supporting the total recoverable
silver acute criteria (Table 22). However, both stations are supporting the dissolved silver acute
criteria.
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Table 20. Results generated from total recoverable lead analysis for all study stations.
supporting per OWQS and NS = not supporting per OWQS or USAP)

Station Name
Glover River near Bethel (Upper)
Glover River near Glover (Lower)
Kiamichi River near Muse (Lower)
Kiamichi River near Big Cedar (Upper)
Little River near Nashoba (Upper)
Little River near Cloudy (Lower)
Mountain Fork River near Zafra (Upper)
Mountain Fork River near Smithville (Lower)

Total Recoverable Lead
# Samples
Exceeding Acute
Support
Acute
Acute
Status
Criterion Criterion
4.04
9.55
1.75
5.21
2.52
4.37
17.78
5.24

0
0
5
0
1
3
0
1

S
S
NS
S
S
NS
S
S

Chronic
Criterion
0.16
0.37
0.07
0.20
0.10
0.17
0.69
0.20

(S =

# Samples
Chronic
Exceeding
Support
Chronic
Criterion (%) Status
6 (100%)
NS
19 (79%)
NS
6 (100%)
NS
21 (91%)
NS
5 (83%)
NS
23 (100%)
NS
6 (100%)
NS
21 (95%)
NS

Table 21. Results generated from dissolved lead analysis for all study stations. (S = supporting
per OWQS and NS = not supporting per OWQS)

Station Name
Glover River near Bethel (Upper)
Glover River near Glover (Lower)
Kiamichi River near Muse (Lower)
Kiamichi River near Big Cedar (Upper)
Little Riv er near Nashoba (Upper)
Little Riv er near Cloudy (Lower)
Mountain Fork River near Zafra (Upper)
Mountain Fork River near Smithville (Lower)

Dissolved Lead
# Samples
Exceeding
Acute
Acute
Criterion Criterion
4.58
9.90
2.15
5.77
2.99
4.92
17.17
5.79

0
0
4
0
0
1
0
0

Acute
Support
Status
S
S
NS
S
S
S
S
S

Chronic
Criterion
0.18
0.39
0.08
0.22
0.12
0.19
0.67
0.23

# Samples
Chronic
Exceeding
Support
Chronic
Criterion (%) Status
0
S
2 (40%)
NS
0
S
4 (100%)
NS
0
S
4 (100%)
NS
0
S
4 (100%)
NS

Table 22. Results generated from total recoverable and dissolved silver analysis for Little River
segment OK410210020140_00. (S = supporting per OWQS and NS = not supporting per OWQS)

Station Name
Little Riv er near Nashoba (Upper)
Little Riv er near Cloudy (Lower)

Total Recoverable
# Samples
Exceeding
Acute
Acute
Criterion Criterion
0.04
0.08

5
12

Silver
Acute
Support
Status
NS
NS

Dissolved Silver
# Samples
Exceeding
Acute
Acute
Acute
Support
Criterion Criterion
Status
0.03
0.07

0
0

S
S
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Biological Analysis.
Fish data were analyzed using two indices of biological integrity (IBI) that are commonly used in
Oklahoma bioassessment studies. Primarily, state biocriteria methods are outlined in Oklahoma’s
Use Support Assessment Protocols and for the Ouachita Mountain Ecoregion are specifically
housed in OAC 785:46-15-5(j) (OWRB, 2008a). In addition, an IBI commonly used by the
Oklahoma Conservation Commission’s Water Quality Division (OCC) was used to provide an
alternative bioassessment (OCC, 2008). All metrics and IBI calculations were made using the
OWRB’s “Fish Assessment Workbook”, an automated calculator built in Microsoft Excel.
Oklahoma’s biocriteria methodology uses a common set of metrics throughout the state (Table 23).
Each metric is scored a 5, 3, or 1 depending on the calculated value, and scores are summed to
reach two subcategory totals for sample composition and fish condition. The two subcategories are
then summed for a final IBI score. The score is compared to ecoregional biocriteria to determine
support status. If the final IBI score is in the range of 25-34, the status for sites in the Ouachita
Mountain Ecoregion is deemed to be undetermined. Likewise, for scores greater than 34 and less
than 25, the status is deemed to be supported or not supported, respectively.
The OCC-IBI uses “a modified version of Karr’s Index of Biotic Integrity (IBI) as adapted from
Plafkin et al., 1989” (OCC, 2008). The metrics as well as the scoring system are in Table 24.
Metric scores are calculated in two ways for both the test site and composite reference metric
values of high-quality streams in the ecoregion (OCC 2005). Species richness values (total,
sensitive benthic, sunfish, and intolerant) are compared to the composite reference value to obtain
a “percent of reference”. A score of 5, 3, or 1 is then given the site depending on the percentages
outlined in Table 24, while the reference composite is given a default score of 5. Proportional
metrics (% individuals as tolerant, insectivorous cyprinids, and lithophilic spawners) are scored by
comparing the base metric score for both the test site and the reference composite to the percentile
ranges given in Table 24. After all metrics are scored, total scores are calculated for the test and
composite reference sites. Finally, the site final score is compared to the composite reference final
score and a percent of reference is obtained. The percent of reference is compared to the
percentages in Table 25 and an integrity classification is assigned with scores falling between
assessment ranges classified in the closest scoring group.
For analysis of fish biological integrity, two sets of data were used (Table 26). Primarily, data
collected through various OWRB programs (including this study) were compiled and analyzed for
this report. In addition, previous analyses of data collected by the OCC were compiled so that a
more holistic analysis of the region could be performed (OCC, 2008). To determine a site integrity
classification for fish, the biocriteria support status and the integrity classification for the OCC-IBI
were considered together. Three site integrity classifications were assignable based on the
grouping, including unimpaired, inconclusive, and impaired. To be considered unimpaired, the
station must be either supporting or excellent. To be impaired, a station must be either not
supporting or poor/very poor and conversely not be supporting or excellent. All other combinations
of support status and OCC-IBI integrity classification are determined to be inconclusive. Of the 26
bioassessments considered, twenty-two (85%) were considered unimpaired, while the other 15%
were inconclusive based on undetermined support status and either good or fair OCC-IBI
classification (Table 26).
Macroinvertebrate data were analyzed using a Benthic-IBI (B-IBI) developed for Oklahoma benthic
communities (OCC, 2005) and commonly used by the OCC’s Water Quality Division (OCC, 2008).
The metrics and scoring criteria (Table 27) are taken from the original “Rapid Bioassessment
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Protocols for Use in Streams and Rivers” (Plafkin et al., 1989) with slight modifications to the
EPT/Total and Shannon-Weaver tolerance metrics (Kloxin, 2008). Metrics were calculated by
EcoAnalysts, Inc., and IBI calculations were made using the OWRB’s “B-IBI Assessment
Workbook”, an automated calculator built in Microsoft Excel.
Calculation of the B-IBI is similar to the fish OCC-IBI discussed previously. Metric scores are
calculated in two ways for both the test site and the composite reference metric values of highquality streams in the ecoregion (OCC, 2008). Species richness (total and EPT) and modified HBI
values are compared to the composite reference value to obtain a “percent of reference”. A score
of 6, 4, 2 or 0 is then given the site depending on the percentages outlined in Table 27, while the
reference composite is given a default score of 6. Proportional metrics (% dominant 2 taxa and
%EPT of total) as well as the Shannon-Weaver Diversity Index are scored by comparing the base
metric score for both the test site and the reference composite to the percentile ranges given in
Table 27. After all metrics are scored, total scores are calculated for the test and composite
reference sites. The site final score is then compared to the composite reference final score and a
percent of reference is obtained. The percent of reference is compared to the percentages in Table
28 and an integrity classification is assigned with scores falling between assessment ranges
classified in the closest scoring group.
For analysis of macroinvertebrate biological integrity, two sets of data were used (Table 29).
Primarily, data collected through various OWRB programs (including this study) were compiled and
analyzed for this report. In addition, previous analyses of data collected by the OCC were compiled
so that a more holistic analysis of the region could be performed (OCC, 2008). To determine a site
integrity classification for macroinvertebrates, all available sample types were compiled, averaged,
and assigned a site integrity classification based on the ranges in Table 28.
Of the 28
bioassessments considered, twenty-six (93%) were considered unimpaired, while the other 7%
were considered slightly impaired. The slightly impaired sites were the lower Kiamichi River and
One Creek (Table 29).
As a final step in the bioassessment process, site integrity classifications for each site were
combined to produce a ranking of the overall biological condition (Table 30). Of the 28 multiassemblage bioassessments, twenty-six (93%) were considered unimpaired, while the other 7%
were inconclusive. The lower Kiamichi River and One Creek were considered inconclusive
because each site was unimpaired for fish but slightly impaired for macroinvertebrates.
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Table 23. Index of biological integrity used to calculate scores for Oklahoma’s biocriteria. Referenced figures may be found in OAC
785:15: Appendix C (OWRB, 2008a).

Scoring
Metric

Value

Total # of species
Shannon's Diversity based upon numbers
# of sunfish species
# of species comprising 75% of sample
Number of intolerant species
Percentage of tolerant species

Percentage of lithophils
Percentage of DELT anomalies
Total individuals

5
fig 1
>2.50
>3
>5
fig 2

3
fig 1
2.491.50
2 to 3
3 to 4
fig 2

1
fig 1

Score

<1.50
<2
<3
fig 2

fig 3
fig 3
fig 3
TOTAL SCORE FOR SAMPLE COMPOSITION
18 to
>36
36
<18
<0.1
0.1-1.3
>1.3
75 to
>200
200
<75
TOTAL SCORE FOR FISH CONDITION
TOTAL SCORE

0

0
0
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Table 24. Metrics and scoring criteria used in the calculation of OCC’s index of biological integrity (OCC, 2008).
Metrics

5

3

1

Number of species
Modified Hilsenhoff Biotic Index* (***)
Number of sensitive benthic species
Ratio of Scrapers and Filterers
Number of sunfish species
Number of intolerant species

>67%
>85
>67%

33-67%
70-85
33-67%

<33%
50-70
<33%

>67%
>67%

33-67%
33-67%

<33%
<33%

Proportion tolerant individuals
Proportion insectivorous cyprinid individuals
Proportion individuals as lithophilic spawners

<10%
>45%
>36%

10-25%
20-45%
18-36%

>25%
<20%
<18%

Table 25. Integrity classification scores and descriptions used with OCC’s index of biological integrity (OCC, 2008).
% Comparison to
the Reference
Score
>97%
80 - 87%
67 - 73%
47 - 57%
26 - 37%

Integrity
Class
Excellent
Good
Fair
Poor
Very
Poor

Characteristics
Comparable to pristine conditions, exceptional species assemblage
Decreased species richness, especially intolerant species
Intolerant and sensitive species rare or absent
Top carnivores and many expected species absent or rare; omnivores and tolerant species dominant
Few species and individuals present; tolerant species dominant; diseased fish frequent
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Table 26. Results generated from fish collections made in the study area. Overall ranking determined by combining USAP-IBI support
classification and OCC-IBI integrity classification.

SiteName
Beech Creek
Big Cedar Creek
Big Eagle Creek
Billy Creek
Billy Creek
Black Fork of Little River
Buck Creek
Buffalo Creek
Cedar Creek
Cloudy Creek
Cow Creek
Cypress Creek
East Fork of Glover River
Glover River, Lower
Glover River, Upper
Kiamichi River, Lower
Kiamichi River, Upper
Little River
Mountain Fork
One Creek
Rock Creek (McCurtain Co.)
Rock Creek (Pushmata Co.)
Tenmile Creek
Terrapin Creek
West Fork of Glover River

Waterbody ID
OK410210060320G
OK410310020100D
OK410210060160L
OK410310020070_00
OK410310020070C
OK410210030020C
OK 410300030420C
OK 410210060020G
OK410300030020M
OK410210020300C
OK410210060350G
OK410210010070G
OK410210090010G
OK410210080010_00
OK410210080010_00
OK410310020010_10
OK410310020010_10
OK410210020140_00
OK410210060010_10
OK410300030060F
OK410200030010G
OK410300020190G
OK410300030270C
OK410210020150G
OK410210080010M

USAP-IBI Total
Score

USAP-IBI
Integrity
Classification

OCC-IBI Total
Score

OCC-IBI % of
Reference

OCC-IBI
Integrity
Classification

33
33
35
33
39
35
37
37
35
33
31
39
43
37
33
35
29
39
37
35
41
35
31
35
35

undete rmined
undetermined
supporting
undetermined
support ing
support ing
support ing
supporting
supporting
undetermined
undetermined
supporting
supp orting
supporting
undetermined
supporting
undetermined
supporting
supporting
supporting
supporting
supporting
undetermined
supporting
supporting

27
27
27
25
27
27
27
27
27
27
27
27
27
27
23
23
21
31
23
27
27
27
27
27
27

1.00
0.78
0.93
1.00
0.85
0.93
1.00
1.15
0.93
1.00
0.85
1.00
1.07
1.00
0.85
0.92
0.84
1.15
0.85
1.00
1.15
0.85
0.93
0.85
1.00

excellent
fair
excellent
excellent
good
excellent
excellent
excellent
excellent
excellent
good
excellent
excellent
excellent
good
excellent
good
excellent
good
excellent
excellent
good
excellent
good
excellent

Site Integrity
Classification
unimpaired
inconclusive
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
inconclusive
unimpaired
unimpaired
unimpaired
inconclusive
unimpaired
inconclusive
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
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Table 27. Metrics and scoring criteria used in the calculation of the B-IBI (OCC, 2008).
B-IBI Metrics
Taxa Richness
Modified HBI
EPT/Total
EPT Taxa
% Dominant 2 Taxa
Shannon-Weaver Diversity Index

6

4

2

0

>80%
>85%
>30%
>90%
<20%
>3.5

60-80%
70-85%
20-30%
80-90%
20-30%
2.5-3.5

40-60%
50-70%
10-20%
70-80%
30-40%
1.5-2.5

<40%
<50%
<10%
<70%
>40%
<1.5

Table 28. Integrity classification scores and descriptions used with the B-IBI (OCC, 2008).

% Comparison to the
Reference Score
>83%

Biological
Condition

Characteristics

Comparable to the best situation expected in that ecoregion; balanced
Non-impaired trophic and community structure for stream size

54 - 79%

Slightly
Impaired

21 - 50%

Moderately
Impaired

<17%

Severely
Impaired

Community structure and species richness less than expected;
percent contribution of tolerant forms increased and loss of some
intolerant species
Fewer species due to loss of most intolerant forms; reduction in EPT
index
Few species present; may have high densities of 1 or 2 taxa
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Table 29. Results generated from macroinvertebrate collections made in the study area. Overall
ranking determined by combining results of different sample collections. (* = score is the result of
combined collections)
Sitename
Beech Creek
Big Cedar Creek
Big Eagle Creek
Billy Creek
Black Fork of Little River
Buck Creek
Buffalo Creek
Cedar Creek

Cloudy Creek
Cow Creek
Cypress Creek
East Fo rk of Glover River
Gates Creek
Glover River, Lower
Glover River, Upper
Kiamichi River, Lower

Kiamichi River, Upper
Little River, Lower
Little River, Upper
Lukfata Creek
Mountain Fork River, Lower

Mountain Fork River, Upper
One Creek
Rock Creek (McCurtain Co.)
Rock Creek (Pushmata Co.)
Tenmile Creek
Terrapin Creek
West Fork of Glover River

Waterbody ID
OK410210060320G
OK410310020100D
OK410210060160L
OK410310020070C
OK410210030020C
OK410300030420C
OK410210060020G
OK410300030020M
OK410300030020M
OK410300030020M
OK410210020300C
OK410210020300C
OK410210020300C
OK410210060350G
OK410210010070G
OK410210090010G
OK410300010020F
OK410300010020F
OK410210080010
OK410210080010
OK410210080010
OK410210080010
OK410210080010
OK410310020010
OK410310020010
OK410310020010
OK410310020010
OK410310020010
OK410310020010
OK410210030010
OK410210030010
OK410210020140
OK410210020140
OK410210020140
OK410210070010G
OK410210060010
OK410210060010
OK410210060010
OK410210060010
OK410210060010
OK410210060010
OK410300030060F
OK410300030060F
OK410200030010G
OK410300020190G
OK410300030270C
OK410300030270C
OK410300030270C
OK410210020150G
OK410210080010M

Sample
Type
rif
rif
rif
rif
rif
rif
rif
rif
veg
wood
rif
veg
wood
rif
rif
rif
rif
wood
rif
veg
wood
rif
veg
rif
veg
wood
rif
veg
wood
veg
wood
rif
veg
wood
rif
rif
veg
wood
wood
rif
veg
rif
wood
rif
rif
rif
veg
wood
rif
rif

IBI Percent of
Reference
1.21
1.08
1.05
1.14
1.05
1.18
1.08
1.12
1.08
0.91
0.96
1.23
0.82
1.06
0.82
1.01
1.12
0.85
1.10
0.93
1.36
1.15
1.15
0.69
0.77
1.27
1.15
1.08
1.36
0.77
1.00
1.15
1.08
1.36
0.98
1.15
0.77
1.09
1.09
1.15
0.85
0.93
0.36
0.99
1.07
0.89
0.92
0.64
1.16
1.07

IBI Integrity
Classification
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
NI
SI
SI
NI
NI
NI
NI
SI
NI
NI
NI
NI
NI
NI
SI
NI
NI
NI
NI
NI
MI
NI
NI
NI
NI
SI
NI
NI

Site Integrity
Classification
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired

unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
slightly impaired

unimpaired
unimpaired
unimpaired
unimpaired
unimpaired

unimpaired
slightly impaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
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Table 30. Overall biological ranking generated from collections made in the study area.

Site Name
Beech Creek
Big Cedar Creek
Big Eagle Creek
Billy Creek
Black Fork of Little River
Buck Creek
Buffalo Creek
Cedar Creek
Cloudy Creek
Cow Creek
Cypress Creek
East Fork of Glover River
Gates Creek
Glover River, Lower
Glover River, Upper
Kiamichi River, Lower
Kiamichi River, Upper
Little River, Lower
Little River, Upper
Lukfata Creek
Mountain Fork
One Creek
Rock Creek (McCurtain Co.)
Rock Creek (Pushmata Co.)
Tenmile Creek
Terrapin Creek
West Fork of Glover River

Waterbody ID

Fish Integrity
Classificatio
n

Macroinvertebrate
Integrity
Classification

Overall
Biological
Ranking

OK410210060320G
OK410310020100D
OK410210060160L
OK410310020070C
OK410210030020C
OK410300030420C
OK410210060020G
OK410300030020M
OK410210020300C
OK410210060350G
OK410210010070G
OK410210090010G
OK410300010020F
OK410210080010
OK410210080010
OK410310020010
OK410310020010
OK410210030010
OK410210020140
OK410210070010G
OK410210060010
OK410300030060F
OK410200030010G
OK410300020190G
OK410300030270C
OK410210020150G
OK410210080010M

unimpaired
inconclusive
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
inconclusive
unimpaired
unimpaired
not available
unimpaired
inconclusive
unimpaired
inconclusive
unimpaired
not available
not available
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired

unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
slightly impaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
slightly impaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired

unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
inconclusive
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
inconclusive
unimpaired
unimpaired
unimpaired
unimpaired
unimpaired
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DISCUSSION AND RECOMMENDATIONS
The Upper Kiamichi, Little, and Mountain Fork River watersheds all have relatively low pH values.
Several potential causes include non-point source impacts from silviculture and low mineral
solubility as a result of geology. Silviculture is prevalent throughout the watersheds and each
watershed does show elevated turbidity during runoff events. Likewise, low conductivity is
characteristic of each watershed and tends to decrease during runoff events. To investigate how
each of these causes potentially relate to pH, a series of multiple regression analyses were
performed. The three objectives of the analyses were to:
•
•
•

Determine the best explanatory model for pH using multiple linear regressions (MLR).
Based on the MLR and simple linear regression best fits, determine the most predictive
individual variable for each model.
Based on the MLR and simple linear regression best fits, determine whether conductivity or
turbidity is the best predictor of pH.

Whole dataset models for each test station were relatively consistent. For all three watersheds, the
mean daily pH was predicted by stage, discharge, and conductivity. Turbidity was also included as
an explanatory variable for the Little River and Mountain Fork River watersheds. For each model,
stage was the best predictor as evidenced by higher individual R2 and sequential sum of squares
values. The difference in the predictability of conductivity and turbidity is more difficult to ascertain.
In the Kiamichi and Little River watersheds, conductivity has superior explanatory power. At the
Little River near Cloudy, conductivity is by far a better predictor than turbidity. Model statistics are
in favor of conductivity as is the capacity of conductivity as an individual predictor of pH. Turbidity is
not an explanatory variable for the Kiamichi River station, which would seem to indicate that
conductivity is the superior predictor. However, conductivity is a relatively weak explanatory
variable in simple regression models. The picture becomes unclear when considering the Mountain
Fork watershed. At the Smithville station, conductivity and turbidity appear indistinguishable as
predictors. They demonstrate a fair ability as predictive variables in simple regression models and
have similar statistical outputs in the regression model.
The whole dataset models for the control watershed models (Billy Creek and Glover River)
produced results that were somewhat variable when compared to each other and to test
watersheds. Both models have poor predictive capabilities and both show some issues with fit,
especially the Glover River station. The Glover River near Glover model is similar in that stage is
the best predictor. When considering the weight of evidence including regression coefficients and
simple regression R2 values, conductivity is the best predictor of pH at Billy Creek near Muse. Like
the Smithville station, conductivity and turbidity appear indistinguishable as predictors at the Glover
station. Finally, Billy Creek is the only station that does not use stage as a predictor, which may be
a result of its small size in relation to other stations.
When considering “runoff” subset models, the results demonstrate that conductivity is the better
predictor at most stations. At study test stations, conductivity is the better predictor at both Little
River near Cloudy and Mountain Fork River near Smithville, while turbidity is a slightly better
predictor at the Kiamichi River near Big Cedar. For both control stations conductivity appears to
have good predictive ability. Turbidity has equivalent ability at the Glover River near Glover station,
but is an extremely poor predictor at Billy Creek near Muse. However, of all five models, Cloudy is
the only station whose subset model is comparable to the whole dataset model. All “runoff” subset
models demonstrated very poor fit.
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When results of both test and control watersheds are considered as a whole, the following
conclusions can be made. Runoff, conductivity, and turbidity all have some capacity to explain
variation in pH, and as might be expected, fluctuations in stage and/or discharge most affect the
variation in pH. The primary question then becomes—what is the comparable effect of conductivity
and turbidity on pH variability? Assuming that both variables are highly correlated to runoff, a
noticeable lack of multi-collinearity is present in all models suggesting that their explanatory
capacity is independent. When simply comparing the predictive power of the two variables at test
stations, conductivity has more universal explanatory capacity. Results of control watershed
analyses support this conclusion. Even though it is considered the no-impact control, Billy Creek
near Muse has comparable chemical characteristics to the test watersheds. Despite the fact that
commercial logging is not present in the watershed, turbidity values are still representative of the
test watersheds. Furthermore, conductivity explains the most variance in pH, indicating that
variability in pH is mostly controlled by naturally low mineralization. Conversely, at the impacted
control (Glover River near Glover), conductivity and turbidity are nearly interchangeable as
predictors. However, both are also poor individual predictors in whole dataset models. So, is low
regional turbidity a result of a natural or unnatural condition? Weight of evidence would lead to the
conclusion that naturally low capacity for mineralization is the primary cause of low pH values.
However, turbidity does have some explanatory capacity in both unimpacted and impacted
watersheds.
Before making recommendations about pH controls, it is important to discuss the results of
biological analyses. Despite a prevalence of 303(d) listings for both pH and turbidity as well
dissolved oxygen throughout the study watersheds, the overall biological condition was determined
to be excellent in the region. Of the 28 comprehensive site bioassessments conducted, 93% were
considered unimpaired for overall biological condition, while the other 7% earned a ranking of
inconclusive. No fish collections were assessed as impaired, and only two macroinvertebrate
composite collections were assessed as slightly impaired.
Considering all of the above information, are the study watersheds impaired for pH? According to
the decision matrix outlined in Table 31, it must be decided if low pH is naturally occurring and if the
biological community is supporting before a recommendation for action can be made. Clearly,
biological condition throughout the watersheds is of high integrity. Results indicate that no single
sample is impaired and a vast majority is unimpaired. Furthermore, the biological study design
adds power to the results. There are a number of stations over a wide range of waterbody sizes
and located throughout the watersheds. Additionally, the analysis is based on multiple
assemblages and using well established indices. The only consideration is whether or not pH is
resulting from natural conditions. Exhaustive regression analysis indisputably shows that low pH
values are in part a result of naturally occurring conditions. For all study stations, stage or
conductivity explained the majority of variance in pH. Based on land use, both parameters should
have no anthropogenic influence present in the watershed. Conversely, turbidity, which for this
study was considered to be an indicator of non-point source pollution, does have some explanatory
capacity. However, it is generally has much less predictive ability than conductivity in whole data
analyses, and in “runoff” subset analyses, demonstrated even less explanatory capacity. The
conclusion would be that low pH is a naturally occurring condition in the watershed.
Long-term management strategies should be developed with consideration given to the values
incorporated in the OCWP and shared by the citizens of Oklahoma. These values require that
management decisions be driven by sound science and good data, and suggest that outcomes
consider the over-arching effect on the entirety of water quality management. Therefore, a
secondary question that should influence the impairment decision is what are the consequences? If
the decision is made for a status of impaired based on the likely influence of turbidity, the regulatory
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structure determines that a TMDL will be developed to control turbidity and thereby increase pH.
Consequences include allocation of resources and potential effects on various groups in the
watershed. If the decision is made for a status of unimpaired based on the weight of evidence, the
most obvious consequence is a potential deleterious impact on the biological community. The
consequences of the latter seem less likely to happen based on the current status of biological
community. The consequences of the former are a given based on regulatory requirements.
So, what are the possible outcomes? First of all, low pH is like the result of naturally occurring
conditions. For the fish and wildlife propagation beneficial use, consideration should be given to
removing low pH (< 6.5) as an impairment cause in the study watersheds. However, a floor should
be established for pH in the region and promulgated as a numerical criterion into the OWQS or
written as a narrative criterion in the USAP. Because it is based on sound science and defensible
data and considers the potential consequences of action, this should be the most effective longterm management strategy for these watersheds. Secondly, several sites listed for pH in the study
watersheds are co-listed for turbidity. If turbidity is a possible contributing factor to future ecological
health, it should be regulated independent of pH in the TMDL process.
An analysis of metals listings in the study watersheds produced mixed results. The Little River is
not impaired for silver based on a comparison of dissolved silver data to the corresponding criterion.
At all BUMP stations, the fish and wildlife propagation beneficial use is impaired based on an
exceedance of chronic criteria for dissolved lead. The Kiamichi is also impaired based on an
exceedance of the acute criterion for dissolved lead. Based on these results as well as the
supporting results of the biological studies, a water effects ratio study for lead may need to be
conducted in the study watersheds (Table 32). Furthermore, the Little River should not be listed as
impaired for copper.
However, before further regulatory or management decisions are made for metals in these
watersheds, the plausibility that metals are naturally occurring should be considered. Primarily,
analytical results and dissolved criteria for both lead and silver are near or below sub-part per billion
concentrations. Because lead is naturally occurring in small amounts throughout the watersheds,
concentrations could represent natural background levels (OGS, 2002). Secondly, low pH values
increase the probability of higher levels dissolved constituents. Analysis indicates that low pH is
naturally occurring throughout the watersheds. If the recommendations of this report are accepted,
a regionally specific pH criterion will be developed or no listings for pH will be made in future 303(d)
iterations. Lastly, biological condition throughout the watershed is generally unimpaired. Although
independent applicability is the governing principle when considering different types of water quality
data for assessment, biological condition should not be ignored when making future regulatory or
management decisions for the watershed.
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Table 31. Assessment decision matrix used for pH according to application of USAP.

pH
Supporting
Supporting

Condition of
Biological
Community
Supporting
Not
Supporting

303(d) Status

Impairment
Cause

TMDL Status

Not Impaired

N/A

Unnecessary

Impaired

unknown

look for other causes

low pH naturally
occurring
low pH not
naturally
occurring

Site or regionally specific
criterion set at natural condition

Not Supporting

Supporting

Impaired

Not Supporting

Supporting

Impaired

Not Supporting

Not
Supporting

Impaired

Not Supporting

Not
Supporting

Impaired

low pH naturally
occurring
low pH not
naturally
occurring

TMDL
UAA to modify beneficial use;
Site or regionally specific
criterion set at natural condition

TMDL

Table 32. Assessment decision matrix used for metals according to application of USAP.

Metals
Concentration
Supporting
Supporting

Condition of
Biological
Community
Supporting
Not
Supporting

303(d) Status

Impairment
Cause

TMDL Status

Not Impaired

N/A

Unnecessary

Impaired

unknown

look for other causes

metals naturally
occurring
metals not
naturally
occurring

Site specific criteria, WER,
variance

Not Supporting

Supporting

Impaired

Not Supporting

Supporting

Impaired

Not Supporting

Not
Supporting

Impaired

Not Supporting

Not
Supporting

Impaired

metals naturally
occurring
metals not
naturally
occurring

TMDL
UAA to modify beneficial use;
Site specific criteria set at
natural condition

TMDL
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