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ABSTRACT

The need to monitor surface water quality has been increasingly recognized in
recent years in environmental and natural resource management. The advent of real-time
remote monitoring technologies has accelerated and enhanced this process. Field
observations of water quality data are able to be conducted and analyzed in ways that
were previously unavailable.

The objectives of this research were to deploy and test a real-time remote
monitoring system for three small watersheds (Hembree, Dunn, and Rudd Hollows) in
the Great Smoky Mountains. The watersheds ranged in size from 12 to 19 ha. Real-time
remote monitoring stations were established in three small, forested watersheds
downstream from construction of the Foothills Parkway in East Tennessee. Water
quality sondes measured and recorded streamflow data during the course of a year for
turbidity, pH, conductivity, temperature, and stream depth. Rain gauges were used to
collect precipitation data. Baseflow and stormflow data were compared to determine
effects of storm events on both undisturbed and disturbed forested watersheds. Equations
were generated for the purpose of predicting water quality based on storm characteristics.
Water quality data were analyzed to assess impacts of highway construction on first-order
streams within these watersheds.

For baseflow conditions within the watersheds, mean turbidity ranged from 11.5
to 56.8 NTU. Mean pH ranged from 6.25 to 7.22, while mean conductivity ranged from

0.032 to 0.151 mS/cm. Mean temperature ranged from 8.53 to 18.34 °C. For stormflow
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conditions, mean turbidity ranged from 77.1 to 285.5 NTU. Stormflow pH, conductivity,
and temperature did not significantly differ from baseflow conditions.

Collectively, study of baseflow condition data indicated that Dunn and Rudd were
similar in water quality, while Hembree was noticeable different. It was concluded that
these differences in water quality between watersheds was due to internal disturbances in
Hembree prior to monitoring and, more importantly, before highway construction.

Prediction equations were established describing change in turbidity in terms of
precipitation, days since last rainfall, and storm duration. R? values were highest at Rudd
during leaf-on (R* = 0.80) and Dunn during leaf-off (R* = 0.81), while lowest values
were found at Hembree during leaf-off (R* = 0.48). Leaf-on had higher R? values than
leaf-off at each site except for Dunn.

Before construction and during construction comparisons for each site revealed
that Hembree and Rudd mean turbidity for stormflow both decreased from before
construction conditions. Analysis of Dunn water quality data also indicated changes
during the timeframe of Hembree and Rudd construction. However, because no
construction occurred in Dunn during project duration, it was determined that
construction activities did not negatively impact water quality in Hembree and Rudd, and

that variations in water quality were due to seasonal effects within these watersheds.
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CHAPTER 1 — INTRODUCTION

Water quality has increasingly become an area of concern over the past several
decades. Mountain streams are no exception to this, especially in the Great Smoky
Mountains of East Tennessee. Unique species of trout thrive in Southern Appalachian
streams, and certain sensitive plant species flourish in this region as well. The area is rich
in wildlife diversity and rugged mountain terrain. Although the Smokies are home to
pristine natural environments, the area has experienced excessive land development and
urban growth. Because of sensitive ecosystems in the Smokies, increase in urban growth
and development, and importance of maintaining healthy water quality, the National Park
Service (NPS) initiated a program to monitor water quality in remote streams near
construction on the Foothills Parkway.

The Foothills Parkway (FHP) is a scenic highway in east Tennessee, just north of
Great Smoky Mountains National Park (GRSM). It is owned and maintained by the
National Park Service (NPS) and has been under construction for several decades.
Construction of the Parkway has been sporadic since its authorization by Congress in
1944, and only certain sections of highway are complete. The area of interest for this
particular study was the “missing link” section, a 1.65-mile gap between Townsend and
Wears Valley, Tennessee. Due to bridge construction upstream from private property,
NPS is monitoring water quality in sites downstream of construction. NPS is concerned

with stream water quality that may be affected by stormwater runoff coming from
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construction sites, especially since runoff has potential to adversely affect nearby streams
located on private property.

Real-time water quality monitoring of FHP was conducted by Clemson University
through the Intelligent River™ initiative. The Intelligent River™ is an on-line data
acquisition and management system created to facilitate sharing of environmental data
between researchers, natural resource managers, and the general public. Like other online
database networks, such as those provided by the United States Geological Survey
(USGS) and the US Environmental Protection Agency (EPA), Intelligent River™ is
made available to the public via the Web. Rapid data downloads and graphical user
interfaces allow better data management and organization. The Intelligent River™
system was used for this research to acquire, organize, and analyze data.

Remote monitoring stations were set up in three watersheds downstream of
highway construction. —Stream water quality was monitored using sondes, which
transferred raw data to dataloggers. Rainfall data were collected using rain gauges
connected to the dataloggers. Dataloggers were connected to cellular modems, which sent
data via Internet connections to the Intelligent River™ database maintained by Clemson
University.

Remote stations collected data on pH, conductivity, temperature, turbidity, and
depth in order to monitor water quality near Foothills Parkway construction. Turbidity
has been shown to be a reasonable and valuable metric for water quality management
(Lloyd, 1987). In particular, turbidity data are desired to assess impacts of disturbances,

such as highway construction (Anderson & Potts, 1987). Turbidity thresholds were used
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to establish recommendations for alert notification systems based on construction site
cffluent limits. EPA ruled in December 2009 that a 280-NTU average daily turbidity
limit was determined for construction sites of 10 acres or more (EPA, 2009). Although
the final rule was being challenged during the course of this project, 280 NTU was used
as a monitoring limit for establishing alert notification systems for contractors at
construction sites. Because 280 NTU was based on a 24-hour average, alert system
recommendations were designed to notify Clemson researchers and NPS-affiliated
individuals of turbidity readings outside the specified range for a time period less than 24
hours. In doing this, site managers could be given sufficient time to visit construction
sites to assess situations to verify alerts and determine an appropriate course of action to
avoid excessive disturbances and potential permit violations.

Collected field data were used to compare baseflow conditions with storm
events for undisturbed forested sub-watersheds. Background streamflow data were
needed to determine hydrologic interactions within watersheds without interference from
external disturbances, namely, FHP construction. Data were also used to establish
correlations between streamflow parameters and rainfall for the purpose of making
predictions about water quality based on storm events for undisturbed forested
conditions. These correlations were developed as a means of establishing standards for
water quality in remote streams within undisturbed watersheds in the Smokies.

Data were also used to compare disturbances in watersheds during construction with
undisturbed forested conditions to determine impacts of Parkway construction on remote

streams. One of the watersheds contained road cuts created by landowners prior to
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highway construction; therefore, it was necessary to distinguish between affects caused
by these pre-existing conditions and those potentially brought on by FHP construction
activities. The other two watersheds had minimal to no prior disturbances. The
watershed with completely undisturbed conditions was used for comparison with the

watershed containing more significantly disturbed conditions.

The objectives for this project were as follows:

Deploy and maintain a remote data acquisition system for stream flow

monitoring.

e Obtain background baseflow data for comparison with storm events for an
undisturbed forested watershed.

e Establish predictive methods and standards for stream water quality based on
background information obtained for an undisturbed flow condition within a
forested watershed.

e Compare streamflow between forested watersheds that were undisturbed versus

the same watersheds during construction of a highway.
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CHAPTER 2 — LITERATURE REVIEW

Real-time Water Quality Monitoring and Modeling

Water quality monitoring and modeling of streams has significantly grown,
developed, and improved over the past several years, and continues to be expanded and
refined. With the advent of real-time remote monitoring capabilities, strides have been
made to not only more thoroughly understand natural and human interactions in
watersheds, but also to improve preventative measures to avoid disturbances. Computer
technology improvements, such as the development of terminal-to-modem connections,
have allowed significant enhancements to monitoring water quality through faster data
transfer and device communication (Glasgow et al., 2004).

A common monitoring system is structured around a few key components: a
monitoring station, an intermediate data transfer (communications) system, and a
database receiving station. Monitoring stations are located in the field where parameters
of interest are measured, such as in a stream or river. Data that is collected in the field is
relayed to a communication device for transmission to a receiving station. Typically,
transfer devices are land-lines or cellular phone modems. A receiving station is the
terminal end of the data transfer chain and is where data is processed, organized,
analyzed, and archived (Rouen et al., 2005). Many universitics, research, and state
organizations employ databases for analysis and archival purposes.

Monitoring stations are designed to be robust to withstand dynamic environments.

Rapidly-changing weather, high humidity, extreme temperatures, and wildlife and human
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interferences are examples of influences that rifay sabotage remote monitoring systems.
Thus, devices installed in the field are typically enclosed in weather-tight and sturdy
boxes. Because a monitoring station contains communication devices as well as
sampling instrumentation, added precaution is exercised to protect data transfer
equipment.

Cell phone connections are often used to relay data from monitoring stations to
databases. In places where cell phone coverage is limited or non-existent, either land-line
phone networks or radio telemetry is incorporated. Receiving stations consist of
computers that are linked to communication devices in the field via wireless or hard-
wired connections. Natural resource managers are provided access to field monitoring
devices through these connections and have the ability to configure field settings, such as
sampling intervals. = With 24-hour access to field observations, researchers can
significantly reduce the number of site visits required to maintain monitoring stations;
site visits can be limited to one or two visits a month. Maintenance of remote monitoring
stations is minimal and usually consists of probe calibrations, checking device
connections, and ensuring proper exposure of measurement devices to the environment of
interest.

Conventional monitoring techniques consist of traveling to specific sites, taking
grab samples, storing samples for travel, transporting samples to laboratories, and
analyzing samples. Indeed, traditional water quality monitoring has proven to be costly

and time-consuming, as samples frequently have to be shipped to distant regions of the
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country and, in some cases, overseas for analysis (Glasgow et al., 2004; Toran et al.,
2001).

Using real-time remote monitoring, these steps can be bypassed, allowing nearly
instantaneous observations and analysis. Remote monitoring systems with real-time
capabilities can cut down on sampling and analytical costs, improve overall data
collection and organization, and even allow alert notification systems to be established.
Although grab samples have the advantage of allowing replications of laboratory
measurements, real-time systems provide instant access of remote data without laboratory
processing. Alert systems can be used to notify natural resource managers of readings
outside of specified limits or of impending threshold violations using prediction models,
which also provides the added benefit of saving time and money with remediation efforts.

In addition to saving time and money, real-time monitoring systems allow
continuous access to and observation of remote and potentially dangerous areas where
human access may not be feasible or even possible. Because these distant areas are often
difficult to reach and sample, episodic fluctuations in stream water quality, such as those
associated with storm events, may be missed (Deyton et al.,, 2009). If monitoring
equipment can be installed and maintained in remote regions, safety risks during
sampling can be greatly reduced while maintaining access to observations in stream water
quality.

Sampling frequency and duration should be important considerations in designing
a real-time remote monitoring system in order to make the most efficient use of the

system. There is considerable variability in how often and how long samples should be
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taken, and this depends specifically on the water quality monitoring objectives. For
instance, monitoring water quality in smaller watersheds may require higher sampling
frequencies to account for variability, as streams in smaller catchments have less
buffering capacity against stochastic processes than larger streams and rivers (Kirchner et
al., 2004). Sampling data spanning longer than one year is often needed to understand
annual fluctuations and trends in water quality (Tate et al., 1999; Kirchner et al., 2004).
Studies pairing watersheds of similar characteristics or in similar regions are highly
beneficial and are often necessary to draw thorough conclusions about water quality
behavior (Tate et al., 1999). In many instances, reducing sampling frequency does not
produce more accurate or precise results and does not shed significantly more insight into
stream water behavior; for example, 15-minute data may not reveal any more specific
trends than hourly data (Kirchner et al., 2004).

Sampling frequency studies have produced a variety of results indicating best
sampling strategies to implement. It has been shown that for streamflow data, bias
significantly differs from zero at sampling intervals greater than 15 minutes (King &
Harmel, 2003). In this study, 15-minute samples resembled true loadings of water quality
constituents to various watersheds. Another study found that confidence interval widths
for means of water quality parameters increased with increasing sampling intervals
(Loftis & Ward, 1980). In almost all of the analyses, a positive linear relationship existed
between confidence interval width and sampling interval (days). These studies indicate
that error in measurement can be eliminated by selecting higher sampling frequencies,

but the range of watersheds selected for research in these studies varied greatly in size
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and geographic region. Sampling strategies are highly site-specific and thus must be
chosen with careful consideration.

In addition to measuring data on common water quality parameters, such as
temperature, conductivity, pH, and turbidity, research also strongly recommends
obtaining streamflow data (Harmel et al., 2006). This is to better understand runoff
contributions from watersheds during rain events as opposed to simply measuring rain
depths. In many watersheds, especially in remote regions on headwater streams,
traditional stream discharge control devices are often difficult or impossible to install and
maintain. Headwater streams often contain such small flows as to be impractical to
measure. Storm seasons are commonly the only times during which headwater streams
contain flow, also confounding consistent measurement of stream discharge (Tate et al.,
1999). At a minimum, study sites should be examined as thoroughly as possible prior to
implementing water quality monitoring programs in order to make the best use of the
available technologies and equipment. Researchers should gain an understanding of
watershed characteristics and general seasonal trends in weather to anticipate more
accurately when, how often, and how long sampling should occur.

The Intelligent River™ project at Clemson University is an example of a
monitoring system that uses real-time technology with graphical user interfaces to
observe, analyze, and archive instantancous responses in environmental data. The
Intelligent River™ is defined as “an environmental and hydrological observation system
engineered to support research and management of water resources at watershed scales”.

The Intelligent River™ also provides visualization tools for organizing, analyzing, and
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storing data. Visualization tools allow observation of trends in data and geographic
locations in a real-time setting (pers. comm., White, 2010). A data management system
such as this could be used to receive real-time data from remote locations, process and
organize data to desired formatting, and establish alert notification systems to inform
natural resource managers of a disturbance event or limit exceedances (White et al.,
2010). Through the Intelligent River™ project, an online database network has already
been established in South Carolina and other parts of the Southeast (Eidson et al., 2010),
and other remote monitoring systems similar to this have been implemented elsewhere
across the globe (Le Dinh et al., 2007).

On-line monitoring networks such as Intelligent River™ can be modified to
include or exclude any variety of parameters and measurement combinations. Sampling
intervals and reading reports can be adjusted to fit researchers’ or environmental
managers’ needs. Determining appropriate sampling intervals and alert systems is highly

site-specific and depends on the objectives of the monitoring program.

Water Quality Measurements

Turbidity

Turbidity is a measure of water clarity. When passed through a water sample,
light will scatter depending on the amount of suspended matter (Sadar, 2002). Higher
turbidity correlates to murky, cloudy water because more light is scattered. As more

suspended sediment is introduced into a stream, it becomes more opaque, or turbid.
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Turbidity is commonly measured using the nephelometric technique (Henley et
al., 2000; Sutherland et al., 2002; Lloyd, 1987). This method uses a probe containing two
devices: an emitter and a detector. The emitter is a light source that sends light at a
specified wavelength into the sample. The detector is a photodiode that detects scattered
light from particles in a sample and converts scattered into nephelometric turbidity units
(NTU). More light reaching the detector will correspond to higher turbidity output due to
particles in suspension. These probes are designed so that light scattered at a 90-degree
angle is detected by the photodiode (YSI, 2010).

Ease of measurement is one of the attributes of turbidity that makes it attractive as
an indicator of water quality. It is a direct measure of light penetration and an indirect
measure of suspended sediment concentration, and is comparable in validity to using
fecal coliform bacteria counts as a parameter relating purity and safe use of drinking
water (Lloyd, 1987). Both can be used as indicators of water quality.

Turbidity has been shown to be a relatively successful indirect measure of
sediment impacts on stream water quality and associated biota, particularly with respect
to cold-water fish species and other remote stream organisms (Lloyd, 1987; Bonner &
Wilde, 2002; Miner & Stein, 1996; Sigler et al., 1984). Turbidity thresholds can be
determined to protect aquatic organisms particularly sensitive to suspended sediment
concentrations, such as salmonid species, which are found in the Smokies. Although
relationships between turbidity and suspended sediment are highly site-specific and may
contain discrepancies, turbidity has been found to be a reasonable metric for water quality

management (Lloyd et al., 1987).
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pH

Because of its effects on biological functionality, pH can also be used as a health
indicator for stream ecosystems. pH is a measure of hydrogen ion [H'] concentration.
Hydrogen ions present in water cause acidity, which can adversely affect water quality
and aquatic life. Water is defined as acidic if pH ranges from 0 to 7. Probes measuring
pH use a bulb filled with a solution that is nearly neutral on the pH scale (~7). When the
bulb is immersed in a solution having a different pH than the bulb solution, a differential
is created that generates an electric potential. This electric potential is what is actually
measured by pH devices. Voltage readings are then converted into pH units (YSI, 2010).

Similar to turbidity, pH is a relatively simple measurement to perform. Data
collection and analysis is straightforward and can be used to make predictions about
water quality. Organisms have ranges of pH that they can tolerate; therefore, pH readings
observed outside these ranges can prove detrimental to aquatic life and indicate
disturbances.

Several environmental factors cause changes in pH. Rainfall can cause pH to
fluctuate. An example of this phenomenon is the flushing effect observed in watersheds
when nitrogen and sulfur deposited from the atmosphere accumulate between rain events.
Storm events wash accumulated acid from catchments and deposit them in streams,
lowering pH. In addition, vegetation removal causes stored organic acids to be released
and carried with stormwater runoff, also terminating in streams and lowering pH.
Bedrock geology can also influence groundwater and surface water chemistry. Certain

rock formations release acids into water, lowering pH. These influences, however, are
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general descriptions of factors affecting pH. As discussed subsequently, pH is highly
dependent on watershed characteristics, and research has indicated that generalizing
trends in stream pH may not be, and is mostly likely not, possible (Deyton et al., 2009;
Bolstad & Swank, 1997; Martin et al., 2000; Zampella et al., 2007; Dow & Zampella,

2000).

Conductivity

Conductivity is measured by applying an AC voltage to conducting metal
electrodes, such as nickel. When a conductivity probe is placed in solution, current flows
out of the probe and into solution. Depending on characteristics of solution, particles in
solution will have some conductive properties that enable current flow. Current flowing
through the electrodes and solution is directly related to the conductivity of solution (YSI,
2010).

Conductivity is dependent on temperature of solution. Specific conductance is
conductivity normalized to 25 degrees Celsius. Oftentimes, conductivity probes are
manufactured to incorporate temperature probes on them. Many monitoring devices
measure both specific conductance and conductivity, depending on what parameter is
desired for analysis. Conductivity and specific conductance measurements are
commonly reported in milli- or microSiemens per centimeter (mS/cm or pS/cm).

Conductivity can be used as a potential indicator of disturbance events by
measuring changes in stream water chemistry. Pollutants associated with stormwater

runoff, such as toxic metals and major ions, have inherent conductivity that can be



detected by probes. Conductivity can be used along with rainfall data to draw
conclusions about observed phenomena, indicating whether events are natural or human-

induced (Zampella et al., 2007; Dow & Zampella, 2000).

Temperature

Temperature is a measure of heat energy and molecular activity. Materials that
conduct electricity also have internal resistance and therefore, to certain extents, resist
current flow. Metals’ resistance changes with temperature; therefore, resistance can be
converted to temperature (YSI, 2010). Temperature measurements are perhaps some of
the simplest of all field parameters to collect. Measurement involves immersing a probe
into solution. Temperature probes are often manufactured to be attached to conductivity
probes.

Temperature spikes can be associated with stormwater runoff from heated
pavement (Van Buren et al., 2000; Roa-Espinosa et al., 2003). Monitoring stream water
temperature, along with air temperature, can detect disturbances associated with

construction and urbanization.

Rainfall

Although rainfall is not a direct indicator of water quality, it can be used to
determine effects on water quality. Rainfall is typically measured with rain gauges, or
rain “buckets”. Buckets consist of a conical-shaped cylinder that directs incoming rain

from top to bottom of a funnel. Rain drips through a small opening at the bottom and
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collects in containers enclosed by the funnel. Containers are positioned on a pivot that
tips and spills rain when the containers are full. The bottom of the pivot is a magnetic bar
that passes over a magnetic strip, which sends a signal indicating a reading. The opening
at the bottom of the funnel and the containers are calibrated to measure a certain volume
or depth of rainfall. When rain drips into the container, fills it, and tips it over, a reading
is taken when the magnetic bar passes over the reed switch, a magnetic strip attached to
the base of the bucket.

Rainfall can move sediment and other materials from construction sites to
streams. Turbidity has been shown to increase with increasing rainfall, with days since
last rainfall (DSLR) being an important determinant (Deletic, 1998). Depending on
baseflow conditions, pH can rise or fall with increasing rainfall. Similar to pH,
conductivity can be affected by storm events, rising or falling depending on baseflow.
Rainfall data can therefore be used to indicate fluctuations in stream water quality
characteristics which may impact stream health and wildlife diversity and habitat (Price

& Leigh, 2006).

Stream Depth

Although stream depth may not be a direct, obvious indicator of disturbance, it
can be used to observe human influences on watersheds. Stormwater runoff generated
from impervious surfaces has higher peak flow volume than runoff from undisturbed
areas of equal size. Depth readings can be collected in an undisturbed watershed to

establish trends during baseflow and storm events. After construction is initiated, depth
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can be monitored to observe readings above typical ranges for the same watershed in an
undisturbed state. For instance, even during large rain events, an undisturbed watershed
may not experience depth readings nearly as high as those associated with a disturbance,
such as construction. Depth measurements can be used in conjunction with rainfall data
to determine if significant disturbances are occurring within a watershed.

Depth is measured by converting pressure readings. Strain gauges are attached to
the surface on which pressure is applied. Applied pressure causes displacement of the
surface which is detected by strain gauges. Strain gauges give a voltage output which can
then be converted proportionally to hydrostatic pressure. Hydrostatic pressure is the
pressure applied to an object submerged in a column of water. Pressure can be calculated

using the hydrostatic pressure equation:
P=p*g*h (2-1)

P is hydrostatic pressure, force per unit area [N/m® (Pa)], p is the fluid density, mass
per unit volume [kg/m3 ], g is the gravitational constant [m/sz], and h is the height of water
of centroid of object [m].

Fluid density, which is a function of temperature, and the gravitational constant
are known. Once pressure readings are obtained, the equation above can be solved to
obtain depth of stream flow. Depth sensors must be calibrated to exclude atmospheric

pressure and include only hydrostatic pressure.
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Forested Watershed Responses to Natural Phenomena and Disturbances

Streams in forested watersheds experience natural fluctuations in physical and
chemical parameters. There are several factors that dictate physical and chemical
conditions in streams: weather patterns, bedrock geology and soil type, and land cover
attributes of watersheds all influence the health and function of streams within
watersheds (Flum & Nodvin, 1995; Cook et al., 1994; Sutherland et al., 2002; Price &
Leigh, 2006). Spatial and temporal influences can sometimes have unexpected and
unquantifiable affects on stream water quality. Seasonal variations and gaps in
monitoring data are examples of temporal effects; non-point source pollution, such as
stormwater runoff, is an example of a spatial variable.

Rainfall impacts on stream water quality vary depending on the season, as rainfall
patterns differ seasonally in the Southern Appalachians. During summer months, storms
are more localized and convective. Storm events of this type tend to be shorter in
duration and come in “bursts”. In contrast, winter storm events tend to last longer as they
are frontal systems that are more regional in scale (Price & Leigh, 2006).

Rainfall generates stormwater runoff that transports sediment and other materials
to streams and causes turbidity. Decaying organic matter from leaf litter and roots and
naturally-occurring fine sediments are internal sources of turbidity generated by
watersheds themselves. Soil type and bedrock geology also contribute natural turbidity
to streams. Depending on the percentages of sand, silt, and clay, soils will contribute
varying degrees of turbidity. If heavy rain events occur, soil-generated turbidity can

increase significantly. Even in third- and fourth-order streams, differences between
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baseflow and stormflow turbidity can be greater than 100 NTU for undisturbed
watersheds (Sutherland et al., 2002).

Turbidity has been shown to be seasonally-dependent. One study (Anderson &
Potts, 1987) observing changes in streams after road construction and logging found that
turbidity followed streamflow: during low-flow periods, such as peak summer and early
fall months, turbidity was observed to be lower, on the order of 10 NTU or less. During
peak flow months, such as those following snowmelt and early spring, turbidity reached
nearly 40 NTU. Low-flow periods have less turbidity because only fine sediments
contribute to suspended load during this time; larger, heavier particles settle out of the
water column and do not contribute. When spring rain occurs and flows increase,
streams carry more energy and are able to resuspend bedload sediments, which contribute
more turbidity (Anderson & Potts, 1987). This again shows that bedrock geology and
soil type influence turbidity by dictating the percentages of suspended load and bedload
sediments within streams.

Vegetation and forest type act as natural buffers against erosion and can mitigate
how much sediment can be transported in watersheds. Leaves act to intercept rainfall and
reduce terminal velocity of rain drops hitting the forest floor, which reduces the amount
of energy that rainfall delivers to the soil and prevents dislodging of soil. Sediment can
be removed from upper reaches of watersheds where canopy may be more sparse. This
can be curtailed by foliage in lower reaches of watersheds that impedes stormwater
runoff and traps soil, preventing transport to streams and elevated turbidity (Haan et al.,

1994).

(18]



When land is cleared and vegetation is removed from watersheds, natural stream
buffers are often eliminated from the ecosystem. This results in higher turbidity as more
sediment reaches streams through overland flow. In watersheds containing as little as
20% disturbance, turbidity can be two to three times as high during stormflow compared
to watersheds with 5% disturbance or less, with turbidity reaching 500 NTU and higher
during stormflow in disturbed watersheds (Sutherland et al., 2002). Other studies have
produced similar results. Stormflow turbidity for a watershed with 30% disturbance can
be well over 100 NTU higher than a watershed with less than 5% disturbance (Price &
Leigh, 2006). For watersheds with 10% disturbance or less, turbidity may be as high as
40 NTU above baseflow during storm events (Bolstad & Swank, 1997). In all studies,
highways were present in watersheds containing disturbances.

Highway construction activities scrape soil and vegetation from sites, resulting in
soil that can remain bare for extended periods of time. Rainfall acts to dislodge soil left
exposed by construction activities. Once rainfall dislodges soil and other particles,
stormwater runoff washes materials from construction sites and deposits them in surface
waters, resulting in increased turbidity. Vegetation clearing for highway construction can
climinate natural buffers on the landscape that act to impede and trap materials that may
be transported during storm events (Wheeler et al., 2005).

Stream ecosystems tend to be more severely affected by highway construction
than other ecosystems due to limited space within streams (Wheeler et al., 2005). Water
quality in streams can be affected not only temporarily during highway construction, but

indefinitely as highways become part of the surrounding environment. Transport of fine
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sediments is initialized by highway construction and can remain an issue as long as
highways are present unless controls are implemented to reduce erosion.

Stream structure and morphology can be affected by increased sediment from
highway construction. Channelization can occur as a result of increased runoff velocity
and scouring of sediment in streams located near highways. Channelization can result in
permanent, detrimental alterations to stream flow and bed morphology, particularly in
headwater streams. Headwater (first-order) streams in upper reaches of catchments tend
to receive more immediate influence from disturbances in watersheds (Sutherland et al.,
2002).

Not only are streams themselves directly affected by highway-associated
disturbances, fish and other biota within streams are affected as well. Increases in fine
sediments can hinder respiration in fishes and other aquatic organisms and can result in
habitat loss for organisms by reducing stream bed surface area available for use. Benthic
organisms can be starved if sediment accumulates and significantly covers stream beds,
limiting access to food sources. Breeding habits of fishes and aquatic organisms can be
adversely affected by as little as 10% watershed disturbance or less (Wheeler et al., 2005;

Price & Leigh, 2006).

Sediments can carry metals and organic compounds that can alter stream
chemistry and adversely affect wildlife due to their toxicity. Metals deposited on
roadways are washed away during rain events and become contaminants in stream water
and sediment (Wheeler et al., 2005). As discussed subsequently, the presence of certain

metals associated with stormwater runoff can affect fish health and lead to asphyxia.
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The impacts of turbidity from highway construction depend on intensity of
sediment loads and duration of sedimentation events (Henley et al., 2000). Longer and
heavier sediment loads correspond with increasing damage to ecosystems. Increases in
turbidity of only 25 NTU can inhibit enough sunlight penetration in water columns to
restrict plant production by as much as 13-50% in shallow streams (Lloyd et al, 1987).
This inhibition of plant growth may also retard growth of organisms depending on stream
plants for food and habitat. Fish and other predatory animals have been found to suffer
from increases in turbidity as small as 23 NTU, as visibility is reduced and food sources
are blocked by opaque water (Shaw & Richardson, 2001). Similar results have been
discovered in other aquatic predator-turbidity studies (Tippets & Moyle, 1978).

When suspended sediment settles out of the water column, spaces formerly used
as habitat by organisms can become clogged (Henley et al., 2000). Habitat loss
associated with stream bed restructuring can lead to shifts in species diversity and
reductions in populations of certain organisms where sedimentation occurs (Henley et al.,
2000). Sediment deposits can eliminate breeding space for fish and can also restrict
oXygen transport to eggs if spawning does occur (Henley et al., 2000). In many cases,
recovery from increased turbidity and sedimentation events may require excessive
periods of time, and this recovery may not be complete for certain organisms,

Chemical influences from watersheds play a role in dictating stream chemistry.
Watershed studies in the southern Appalachians almost always document bedrock
geology and soil type due to their associations with stream chemical trends. Observations

in the Great Smoky Mountains link pyritic rock formations, such as Anakeesta, with
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acidic conditions in streams (Cook et al., 1994; Flum & Nodvin, 1995; Deyton et al.,
2009). Although pyritic rock formations are not predominant throughout the entire Great
Smoky Mountains region, these findings still indicate how geology and soils affect
stream chemistry. =
Comparisons of baseflow and stormflow stream chemistry in the southern
Appalachians vary considerably. High-elevation studies in the Smokies have found pH
to decrease by as much as 1.0 pH unit or higher during storms in undisturbed watersheds
(Deyton et al., 2009; Neff at al., 2008). These studies have linked atmospheric deposition
of sulfuric and nitrogenous compounds with episodic stream acidification. Rain events
cause flushing of deposited nitrates and sulfates, leading to episodic reductions in stream
pH. Streams in the Smokies have small amounts of alkalinity, affording greater
opportunity for variations in pH (Deyton et al., 2009; Cook et al., 1994). Besides storm
events and associated increases in stream discharge, time between storm events, or days
since last rainfall (DSLR), was a variable that also had significant effects on stream
chemistry. Stream pH can decrease with increasing discharge and larger DSLR values

(Deyton et al., 2009). In order for stream pH trends to be thoroughly observed, stream

discharge data should be incorporated into the body of research.

Stream pH is a parameter of concern, especially in the Smokies, where pH drops
have been found to adversely affect fisheries. Studies have shown that fluctuations in pH
have caused native southern brook trout (Salvelinus fontinalis) populations to be reduced.
At pH values of 5.5-6.4, asphyxia in fishes has been observed (Neff et al., 2008). Ion

regulation is affected by pH reductions when H+ concentrations interfere with gill
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transport of ions and sodium ions are lost. Lower pH values induce certain aluminum
species to become mobile in water, which also affects fish gill function. These effects
can be observed after pH drops of 1.0 unit or less (Neff et al., 2008).

Other research in the Appalachians has documented pH fluctuations as a function
of land use and disturbance with mixed results. Research in the southern Appalachians
have general trends of pH decreasing during storm events and with increasing
disturbance; pH dropped an average of 0.3 units during SF for less than 10% watershed
disturbance (Bolstad & Swank, 1997). Even with this overall trend, one site of this study
observed an increase in pH. Still, the overall trend was a negative correlation between
storms and pH.

Organic acids from trees and other vegetation can become released following
disturbances in watersheds. Many of the arcas within the Smokies have thin topsoil
layers, offering little buffering capacity of soil to protect against acidification events.
Other research in the southeastern US has shown a positive relationship between pH and
percent catchment disturbance for baseflow conditions; pH was nearly 1.0 units higher
for approximately 14% disturbance compared with zero disturbance (Houser et al., 2006).

Research in the northern Appalachians reported increased H+ concentration
(decreased pH) after clear-cutting of trees but then a return to pre-cut conditions of lower
H+ concentrations (Martin et al., 2000). Other studies in the northern Appalachians have
found pH to increase with percentage of land altered or disturbed. Average stream pH
differed by almost 3.0 units between zero disturbance and 50% disturbance (Zampella et

al., 2007; Dow & Zampella, 2000). This illustrates the spatial and temporal variability in
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pH data associated with factors such as rainfall and land cover/disturbance, and
demonstrates why it is difficult to establish universal trends in stream pH.

Conductivity can be used to measure salt and other ion concentrations in stream
water. Salt and other major ions can interfere with osmotic pressure regulation in
freshwater organisms (Koryak et al., 2001). Streams contain natural levels of salt and
other major ions during dry periods; however, storm events can drastically increase ion
concentrations to ecologically unhealthy levels. Salt contamination in streams occurs
during storm events after salt is used as a deicing agent along roads and highways. In
absence of deicing salts, streams tend to experience drops in conductivity during storm
events compared with dry spells. When deicing salts are used, however, salts that
become deposited in watersheds during winter months get flushed with spring and
summer rains events, causing spikes in conductivity (Koryak et al., 2001).

Results from water quality studies on conductivity as a parameter have also varied
greatly in magnitude and behavior. One study in the southern Appalachians found
conductivity to increase during SF at three of five sites but decrease at two sites. The
magnitudes of change seem insignificant in scale; conductivity increased roughly 2.0
pS/cm and decreased one pS/cm or less during SF for watersheds with less than 10%
disturbance (Bolstad & Swank, 1997). Research in the northern Appalachians observed
that conductivity increased with increasing percent disturbance; conductivity was nearly
70 pS/cm higher for 50% disturbance versus zero disturbance (Zampella et al., 2007;

Dow & Zampella, 2000).
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It follows that conductivity increases with increasing disturbance, especially
during SF: land clearing releases ions that may not otherwise be present in stream water,
at least not in magnitudes as those associated with disturbances. Since conductivity is a
surrogate for stream ion concentration, electrical conductivity should increase as more
ions are present in solution, allowing greater potential for electrical current than with no
ions present. As with pH, it would be beneficial to include stream discharge data in the
analysis of rainfall effects on conductivity.

Temperature is perhaps one of the most difficult stream water quality parameters
for which to establish trends, especially during storm events; however, generalizations
can be observed. Stream water temperature is highly-dependent on air temperature.
Theoretically, stream temperature should be higher than air temperature during colder
months and lower than air temperature during summer months (Shanley & Peters, 1988).
This is because of groundwater influences on stream water, especially in headwater
streams of watersheds. Groundwater is the most buffered of the three measurements,
with air temperature being the least buffered and stream temperature falling in the
middle. Experimental observation has confirmed this theory (Smith & Lavis, 1975).

Generally, stream temperature will follow air temperature in behavior throughout
the year. Discrepancies exist, however, when short, intense storm events occur. Rainfall
temperature can be approximated to air temperature (Roa-Espinosa et al., 2003). If
stream discharge rises at such a rate that it cannot be heated by air temperature, stream

temperature will decrease even on the rising limb of a daily temperature cycle (Smith &
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Lavis, 1975). In other words, if a large enough storm event occurs, stream temperature
can experience a decrease, even during the warmest part of the day.

Flow length has an effect on stream temperature. A positive correlation should be
seen between flow length and stream temperature: as flow length increases, stream water
has greater exposure to air temperature and solar radiation, allowing greater mncreases in
stream temperature as the stream progresses through the watershed. Research has
verified the above statement: for five monitoring stations along a watershed, from
headwater to outlet, BF stream temperature increased from 11.9 °C to 12.8 °C (Bolstad &
Swank, 1997). These results were also compounded by the fact that percent watershed
disturbance increased along the watershed, indicating that disturbance affects stream
temperature as well.

Stream water temperature is significantly impacted by watershed disturbances.
Stormwater runoff associated with highway presence and urbanization can have higher
temperatures compared with stormwater runoff from undisturbed watersheds. Heated
stormwater from pavement is generated by afternoon thunderstorms that occur during
warmer seasons (Kieser et al., 2003).

Aquatic ecosystems can be particularly sensitive to stream temperature
fluctuations. Fish species can suffer physiologically from such increases in water
temperature, and mortality rates have been known to increase from temperature spikes
(Van Buren et al., 2000; Jones et al., 2006; Wang et al., 2003). Certain salmonid species,
such as brown trout (Salmo trutta) have a limited range of tolerable temperatures (7-17

°C), above which become stressed (Roa-Espinosa et al., 2003). This is especially a
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concern for the Smokies, considering that they serve as a habitat for sensitive trout
species (Neff et al., 2008).

Previous studies have focused on heated stormwater runoff from pavement, such
as parking lots (Van Buren et al., 2000; Jones et al., 2006; Roa-Espinosa et al., 2003;
Thompson & Vandermuss, 2004). Although these analyses were beyond the scope of
this thesis, effects of heated stormwater runoff can still be inferred from previous studies.
To emphasize a recurring theme, air temperature and stream discharge, when possible to
acquire, are important in observing trends between rainfall and water quality parameters.
This is essential perhaps more so for stream temperature, especially in forested

watersheds.

Water Quality Standards for Construction Site Stormwater Effluent

Standards are established so that natural resources and all who benefit from them
can be protected. The U.S. EPA is the governing body exercising control over water
quality conservation and regulations. In December 2009, EPA released the first national
discharge limits for turbidity from construction sites (EPA, 2009). The proposed effluent
guidelines state the following regarding turbidity: “The numeric limitation is 280 NTU,
expressed as a maximum daily discharge limitation”. This means that an average
turbidity of 280 NTU is the maximum turbidity that can be discharged from a
construction site in a given 24-hr period. Limitations on turbidity under this rule may
ultimately apply to any activities involving construction that disturb 10 acres of land or

more simultaneously (EPA, 2009). Before this rule, states had the option of
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independently requiring monitoring specifications for construction sites. If enacted, the
new regulation would require all states to monitor stormwater discharge from
construction sites and meet the 280-NTU effluent limit. The final rule proposed in
December 2009 has received opposition from contractors and builders associations across
the nation. In many instances, challenge of the final rule has resulted in court appeals, as
contractors claimed that the limit would be impossible to follow and incredibly costly
(NAHB, 2010). EPA admitted that there were errors in data and calculations used to
determine the limit. Until a new effluent limit was established, EPA opted to retain the
limit of 280 NTU. EPA intends to reach a revised final rule by May 30, 2011 in order to

enact the revision effective June 29, 2011 (EPA, 2010).

The State of Tennessee currently does not have a numeric limitation on turbidity
associated with construction stormwater. The General NPDES Permit for Discharges of
Storm Water Associated with Construction Activities, Permit No. TNR100000 states the
following concerning sediment: “Sediment should be removed from sediment traps, silt
fences, sedimentation ponds, and other sediment controls as necessary, and must be
removed when design capacity has been reduced by 50%.” (TDEC, 2005). With regard
to turbidity, the permit addresses as follows: “The construction activity shall be carried
out in such a manner that will prevent violations of water quality criteria as stated in the
TDEC Rules, Chapter 1200-4-3-.03. This includes but is not limited to the prevention of
any discharge that causes a condition in which visible solids, bottom deposits, or turbidity
impairs the usefulness of waters of the state for any of the uses designated for that water

body by TDEC Rules, Chapter 1200-4-4.” (TDEC, 2005). General Water Quality
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Criteria published by TDEC declares, with respect to fish and aquatic life in waters of the
state, “There shall be no turbidity, total suspended solids, or color in such amounts or of
such character that will materially affect fish and aquatic life. In wadeable streams,
suspended solid levels over time should not be substantially different than conditions
found in reference streams.” (TDEC, 2008). Because TN did not have numeric effluent
limitations on turbidity associated with construction activities, the 280-NTU limit

mmposed by EPA was used as turbidity guidelines for this research.
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CHAPTER 3 — METHODS

Geographic Information System (GIS) Analysis

Sonde locations and random watershed points were collected using a Trimble®
GeoXT GPS (Global Positioning System) unit running TerraSync software. Points were
post-processed and differentially corrected using Microsoft® GPS Pathfinder O%ﬁce
software.

Geographic and watershed analysis was performed exclusively using ESRI®
ArcGIS Desktop 10.0 with ArcCatalog and ArcMap. Digital elevation models (DEMs)
from USGS were used to conduct spatial analysis of elevation and stream data. 10-m
DEMs were acquired from USGS Seamless Data Warchouse. Contours and hydrologic
maps were created from these DEMs. Geologic maps were also acquired from USGS.
Soil maps were acquired from NRCS (National Resource Conservation Service) Soil

Data Mart.

Watershed Characteristics and Site Descriptions

Study Site Locations

The Foothills Parkway (FHP) is a scenic highway owned and maintained by
NPS. Its construction was initiated in 1944 and has been sporadic at best since then, with

only two sections open for vehicular use to the public (NPS, 2009). The FHP runs 72
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miles along the northern boundary of Great Smoky Mountains National Park (GRSM) in
east Tennessee. Figure 3.1 displays a map of FHP with completed and uncompleted

segments of highway.
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Figure 3.1: Foothills Parkway map showing individual segments of completed road and

planned construction.
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The area of interest in this research lies outside of GRSM, to the northwest of the
park boundary between Townsend and Wears Valley, TN. In Figure 3.1, this area is
designated the “Missing Link”. There were three sites in this research, located along
Tennessee State Highway 73/U.S. Highway 321. The sites are Hembree Hollow (HH),
Dunn Hollow (DH), and Rudd Hollow (RH). Figure 3.2 shows a Google® map of the
surrounding area, including Townsend and Wears Valley. Pigeon Forge, TN and
Gatlinburg, TN are a few miles east. The mean annual precipitation in Gatlinburg is 141

cm, and the mean annual temperature is 13.2 °C (SERCC, 2007).

S
b o
2
R
a0
5 %,
d :;“"” kY
& g
I : .
| @
Viears aiw T
i (€3]]
&
&
lf.ll) L
@ CJ
P :L,--V""“""":.M' L r
L Y ‘._
@ Townsend %
%
3
(s-'.
| Tm 4 I
14 % @011 G

Figure 3.2: Google® Map showing vicinity of research area.
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Study sites were located in Blount County, Tennessee along stretch of highway
between FHP right-of-way and the larger area dominating lower portions of the map,
signifying GRSM boundary. The box indicates approximate research site areas. Figure
3.3 shows location of sites in relation to each other and to Parkway. Red lines indicate

watershed boundaries, and green dots represent monitoring station locations.

Figure 3.3: Location of sites using GIS imagery.
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The white line running through watersheds is FHP right-of-way. Although Figure
3.3 shows a filled white line, construction between watersheds had not been completed.
As seen in Figure 3.3, FHP was planned to run along the southern slope of ridge in
northern regions of research watersheds. Portions of all three watersheds were located on
private property. HH site was accessible by vehicle. DH site was accessible by foot, and
RH was accessible by four-wheel drive vehicle and on foot. HH was 730 m (2,400 ft)
from construction, DH was 770 m (2,500 ft) from construction, and RH was 670 m
(2,200 ft) from construction. Road construction commenced toward DH, starting on
either side at HH and RH and closing the gap between the two above DH. Construction
began in late October of 2010 in HH, while construction in RH began in late December
2010.

Figure 3.4 provides a more detailed view of watersheds and sonde locations

projected onto a historical topographic map.
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Figure 3.4: Historical topographic map showing watershed boundaries and sonde

locations.

As seen on Fig. 3.4, Rudd Hollow and Dunn Hollow are approximately 610 m
(2,000 ft) apart, and Dunn Hollow and Hembree Hollow are approximately 910 m (3,000
ft) apart. The research watersheds were all within one km (one mile) of each other.

Figure 3.5 displays watershed elevations.
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Figure 3.5: Watershed elevations calculated using GIS.

Watershed elevations ranged from just over 500 m (1,540 ft) to almost 820 m
(2,680 ft), approximately.

Numerous small streams fill the southern slope of the ridge. Figure 3.6 shows
stream networks in and near study sites. Heavier black lines indicate ridges, or places of
no flow. Brighter white lines indicate longer stream flow lengths. Streams displayed in
grayish color represent groundwater flow, as each of the streams draining to monitoring
stations are first-order streams. Specific watershed characteristics are discussed

subsequently.
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Figure 3.6: Stream networks in research watersheds.

Steep slopes were characteristic of many places within these watersheds. Since
upper areas of watersheds bordered the ridge where FHP was located, steep gradients
were observed in upper reaches, and stream slopes were steep in certain places. Figure

3.7 shows slope variations in study watersheds.

[37]



1 PP h Vit " : j
L4 L) { l“
=
t }:‘-;h‘
- - 2
Legend
D Veatershad Boundary
@ Staons
Slope (degrees)
Value
565
oL 5o
50
4¢
; - 36
- 20
i 10
-
" %)
-
Figure 3.7: Slope variations in research watersheds.
Hembree Hollow

HH was a 15.9-ha (39.2-acre) watershed bordering FHP right-of-way. The station
at HH was at elevation 504 m (1,655 ft). HH flow path was 730 m (2,400 ft), which is
the distance from site to furthest point away in the watershed. HH contained
approximately 4% disturbance from FHP construction and an additional 1% from internal
disturbances.

HH contains mostly hardwoods, such as poplars and maples; few evergreens were
observed. Road cuts expose bare soil above and below the monitoring station.
Understory is sparse, especially along road cuts; what brush does exist is mostly

mountain laurel and other shrubs. There were approximately 640 m (2,100 linear ft) of
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road cuts in HH above monitoring station. Canopy coverage at the monitoring station is
open; rain gauge receives direct rainfall with negligible interception from canopy. Rain
gauges were placed strategically within each watershed to examine effects of various
canopy cover on rainfall.

Slopes were as steep as 65° in upper regions of HH; however, terrain near the
monitoring station was more level, with less than 10° slope. Landowners built a cabin
near the monitoring station, and human activity was apparent by ATV tracks.
Approximately 100 yards upstream from monitoring location, road cuts crossed the
stream with no bank stabilization, buffers, or culvert.

Soil surveys of Blount County, TN indicated that a Ramsey slaty silt loam (Rb)
was predominant in HH (USDA, 2011). Bedrock geology consisted of a Cambrian
period shale siltstone. This was evident by brittle, stratified rocks characteristic of slate
found along road cuts and in sediment deposits in and alongside stream banks. Thin
topsoil is apparent in this watershed, with shallow organic layers observed along edges of
road cuts. Sediments deposited in streams were clean and rocky, which indicated that
fine organic material was minimal in soil, again echoed by a shallow organic horizon.
Laboratory analysis indicated the following results: soil pH at HH was found to be 5.4,

cation exchange capacity (CEC) was 6.6 meq/100 g, and soil acidity was 4.4 meq/100 g.

The stream where monitoring was conducted was classified as a first-order
stream. A first-order stream is one that has not been joined or had confluence with
another stream (Strahler, 1952). Streams such as these have intimate contact with the

groundwater table, with flow occurring during wet weather and little to no flow otherwise
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Stream width was less than one m (three ft) in most places. HH experienced periods of
no flow during peak summer months, which caused problems for monitoring as probes
could not maintain contact with water. There were several incidents where turbidity
readings were above 1,000 NTU simply because the sonde become buried under
sediment, or “silted over”. In many places streamflow went underground and resurfaced
several meters downstream. Because of these inconsistent flow conditions, stream
discharge was not measured at HH. Several salamanders were observed in the pool
where monitoring occurred. Salamander activity was observed to cause fine sediment
resuspension which complicated the issue of eliminating false turbidity spikes during

periods of low flow in summer months.

Laboratory testing revealed that stream chemistry consisted of the following
constituents: K (0.7 ppm), Ca (11.0 ppm), Mg (6.1 ppm), SO4 (8 ppm), and Na (2 ppm).

No PO, or NO; were detected. TDS at HH was 77 ppm, and EC was 0.12 mmhos/cm.

Using Rosgen stream classification system, HH stream was defined as a type

AS5a+ stream. A chart summarizing Rosgen classification types is shown in Figure 3.8.
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Figure 3.8: Rosgen stream classification system (Rosgen, 1996).

HH stream bed material consisted primarily of sandy material transported by
runoff from various places within the watershed; occasional bedrock was exposed in
stream. Woody debris frequently blocked flow and in some cases acted to trap sediment.

Several fallen trees lay across the stream above sonde location.
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Trapezoidal channel geometry and negligible sinuosity was predominantly
observed in the stream. An average slope of 10-20% and an approximate Manning’s n of

0.035 characterized this stream (Haan et al., 1994).

Dunn Hollow

DH watershed drained 19.9 ha (49.1 acres) above the sonde location. DH
watershed boundary bordered FHP right-of-way. Station elevation was 520 m (1,700 ft),

and flow path at the station was 770 m (2,530 ft).

DH was the least disturbed watershed. A single foot path limited access to
sampling location. Understory was thicker than at Hembree, with mountain laurel and
other shrubs consistent along stream banks. Poplars were most common trees, with
occasional beeches and oaks. Slopes as high as 65° closed DH and prevented sunlight
penetration in many places; closed canopy was more frequently observed. No human
activity was apparent beyond landowner yards and fields that border dense woods leading

to sonde location. The watershed was free of road cuts and other disturbances.

Ramsey slaty silt loam underlay DH, just as with HH. The same bedrock geology
was found in DH as in HH. Slaty rocks were apparent less than one foot below ground
surface, as well as in stream and along banks. Topsoil appeared to be thin, being less
than two feet in certain places. Stream sediments appeared more silty and fine and less
sandy than in HH. Soil pH was 5.5, CEC was 9.5 meq/100 g, and soil acidity was 5.2

meq/100 g.
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The stream at DH was classified as a type Ala+, first-order stream. Trapezoidal
channel geometry was dominant with minimal sinuosity. Slope averaged 10-20% in
stream. Streamflow was more consistent in this watershed and less dependent on rainfall,
which made for ideal monitoring conditions. In only very few places did streamflow
disappear underground. Pools were frequent in this stream, and the sonde was located in
a larger pool where flow appeared most consistent. In contrast to HH, this stream was
relatively free of fallen trees blocking flow. Bed material consisted mostly of bedrock
with some silty sediments observed after rain events. More so than at HH, fine materials
frequently settle on sonde and surrounding bedrock in stream. This was attributed to
altered flow regimes within the pool where monitoring occurred. Pools act to reduce
flow velocity in streams and, therefore, reduce the potential for sediment transport within
streams. This phenomenon was observed at both HH and DH. Leaves and fine organic
matter were frequently observed in bottom of the pool. Frogs were observed near
boulders along stream bank beside pool where monitoring occurred. Observation

revealed that frog activity stirred up sediments, similar to HH.

Testing at Clemson Agricultural Laboratory indicated that stream chemistry
consisted of the following species: K (0.4 ppm), Ca (3.8 ppm), Mg (2.2), SO4 (3 ppm),
and Na (1 ppm). No PO, or NO; were present. TDS was 38 ppm, and EC was 0.06

mmbhos/cm.
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Rudd Hollow

RH was 11.6 ha (28.6 acres) in size, making it the smallest watershed. Elevation
at monitoring station was 540 m (1,760 ft), making it the highest station elevation. The
sonde was 670 m (2,200 ft) from furthest point in the watershed, making it closest in
proximity to FHP right-of-way. RH had approximately 12% disturbance in the upper

reaches of the watershed.

Rudd was heavily covered with hardwoods, such as poplars, maples, oaks, and
beeches. Understory was thick with mountain laurel and other shrubs. Slopes were as
steep as 60° and enclosed portions of the watershed. The area in which monitoring was
conducted could be described as a “bowl”, with ridges and steep banks surrounding the
monitoring station on every side. Landowners partially built a shed approximately 100
yards upstream from monitoring site. Human activity in Rudd was apparent as shotgun
shells and casings were observed during late winter and spring months, and surveying

flags were seen around the area.

Rudd contained Ramsey slaty silt loam as with the other two watersheds. Again,
as with HH and DH, Cambrian shale siltstone comprised bedrock geology. Soil pH was
4.8, CEC was 5.9 meq/100 g, and soil acidity was 4.4 meq/100 g. Stream bed material
consisted primarily of sand and small pebbles;l very little fine sediments were observed.
Similar to Hembree, Rudd experienced periods of no flow during summer months, which
posed problems for monitoring. Sandy/gravelly material transported during heavy rain

events tended to constrict flow. Rudd was classified as a type A5a+ due to the amount of
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sand/gravel mix present with little bedrock observed. Stream channel geometry was
trapezoidal, and sinuosity was minimal. Stream chemistry consisted of the following
constituents: K (0.4 ppm), Ca (2.7 ppm), Mg (1.3 ppm), SO, (2 ppm), and Na (1 ppm).
No PO, or NO; were detected. TDS was 26 ppm, and EC was 0.04 mmhos/cm. Tables

3.1 and 3.2 summarize watershed characteristics for each study site.

Table 3.1: Topographic characteristics of research watersheds.

Site Area (ha) Sta.tlon Soil Type o Diggft?;;ce
Elevation (m) Geology (%)
Cambrian
HH 15.86 504 Rb shale 5
siltstone
Cambrian
DH 18.27 519 Rb shale 0
siltstone
Cambrian
RH 11.59 536 Rb shale 12
siltstone

Time of concentration, which is defined as the time required for flow to reach
watershed outlet from hydrologically most remote point in the watershed (Haan et al.,
1994), was calculated based on flow velocity along the flow paths within the watershed.

Flow velocity was calculated using the following equation (Haan et al., 1994):

v = axgl? (3-1)
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In Eq. (3-1), v is flow velocity in ft/s, a is a coefficient based on surface cover type in ft/s,
and S is slope is ft/ft, or percent. Travel time was then calculated by dividing flow length
for that segment by flow velocity. Time of concentration was then calculated by
summing the individual travel times. Times of concentration calculated for each

-, )
watershed are given subsequently, along with other hydrologic characteristics.

Table 3.2: Hydrologic characteristics of research watersheds.

. Stream | Flow Path Time Of, Slope | Manning’s
Site Concentration ) HSG
Type (m) (min) (%) n
HH | ASa+ 731 21.79 10-20 0.035 D
DH | Alat 770 23.43 10-20 0.035 D
RH | ASat 672 18.86 10-20 0.035 D

Table 3.3: Soil attributes of research watersheds.

Site pH CEC (meq/100g) Acidity (meq/100g)
HH 5.4 6.6 4.4
DH 5.5 9.5 5.2
RH 4.8 5.9 4.4
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Monitoring Station Design and Sampling Interval Selection

Each remote monitoring station consisted of five primary components: a water
quality sonde placed in stream, a rain gauge, a datalogger, a cellular modem, and a power
source. YSI® 6600 EDS V2 sondes were used at each of the three sites to continuously
measure and record water quality data on pH, temperature, conductivity, depth, and
turbidity. Global Water® RG200 rain buckets were deployed to collect precipitation data.
Ecowatch® software was used to communicate with sondes for configuration, performing

calibrations, adjusting sampling settings, and downloading recorded data.

Grab samples were collected weekly during summer 2010. After this time, grab
samples were collected during site visits, which were approximately every four weeks.
Approximately 100 grab samples were taken in all. Beginning in January 2011, hand-
held pH probes were taken to field and measurements taken in-stream.

Sondes had internal data storage capacity, which was used as a data back-up in
case of modem or datalogger failure. Campbell Scientific® CR200X dataloggers were
used to receive data from sondes and rain gauges and transmit to Sierra Wireless®
AirLink Raven XT cellular modems. Sondes were connected to dataloggers using SDI-
12 terminals, and dataloggers were connected to modems using RS-232 terminals.
Clemson web servers downloaded data from modems. Dataloggers and modems
transmitted data in 15-minute intervals, which was consistent throughout the entire

project.
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Two 12-volt deep-cycle gel batteries were used to power dataloggers and
modems. Batteries were connected in parallel to both limit voltage going into the circuit
and to conserve longer battery life. BP® SX375] solar panels were used to capture
sunlight and recharge 12-V batterics. Morningstar® ProStar-15 solar charger controllers
were employed to regulate voltage into 12-V batteries as well as to monitor battery and
load voltages and solar amps. An additional solar panel was deployed at DH to capture
more sunlight, as the station was located under thick canopy.

Equipment was contained within NEMA 3R metal boxes that were weather-
resistant and sturdy. Each site had two boxes attached to an eight-foot, six-inch wooden
post. Solar panels were positioned on top of posts. All external wires were protected
inside PVC conduit. The bottom box contained 12-V batteries and solar charge
controller, while the top box contained datalogger and modem. Figure 3.9 provides an
example of station setup, specifically at HH. This setup was used for each study site.
Figure 3.10 shows equipment housed in boxes, Figure 3.11 shows the sonde in stream at

HH.
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Figure 3.9: Station setup at HH showing solar panel, equipment boxes, and rain gauge.
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Figure 3.10: Wireless communication, datalogging, and power equipment at HH.
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Figure 3.11: Sonde in stream at HH.
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Rain gauges were placed strategically at study sites to determine canopy cover
effects on rainfall. HH rain gauge was placed away from trees in direct view of the sky.
The gauge was positioned on a platform approximately two m (six ft) high. Bubble
levelers were used to level rain gauges at each site. DH rain gauge was attached to the
base of a large oak tree approximately two m from the ground. RH rain gauge was
placed in the same manner as at HH. Positioning rain gauges in different ways at each
site facilitated comparison of rain data for various canopy covers.

All three stations were installed on May 24-25, 2010. All components were
deployed at this time except for rain gauges. HH began recording sonde data during
installation, while DH and RH recording was started on July 6, 2010. The reason for the
difference was that sonde logging activity was not verified with computer software. Rain
gauges were not installed initially due to software compatibility issues. DH rain gauge
was installed on October 27, 2010, HH on November 17, 2010, and RH on December 9,
2010.

In order to include missing rainfall data in statistical analysis, data from Cades
Cove in GRSM was used as a substitute for study site rainfall data (NPS, 2011). Cades
Cove is a valley located in northwestern GRSM. It is approximately nine miles from
study sites and is similar to monitoring stations in elevation. This was the closest station
to the monitoring watersheds from which precipitation data could be obtained.

Monitoring sites were chosen based on consistency of stream flow. As mentioned
previously, streamflow frequently went from surface to subsurface and back again. Since

the primary objective was to acquire water quality monitoring data, study sites had to be
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established in places with most consistent flow as possible. In order to eliminate as many
internal effects as possible at HH, only a small 100-yd length of streamflow was available
for study. Although streamflow at RH was slightly longer and less internally disturbed
than at HH, sufficient streamflow for observation at RH was also limited. Only in DH
was stream flow consistently sufficient as to provide observable readings for water
quality.

Initially, readings were taken every 10 minutes with the sondes. After turbidity
“spikes” were observed during periods of no rain or flow in summer months, particularly
at HH, sampling intervals for the sondes were reduced to five minutes to determine
potential sources of spikes. Sampling intervals were statistically compared to determine
which was most appropriate. Because HH turbidity data appeared more “flashy”, HH

turbidity data was chosen for analysis of most appropriate sampling interval.

Monitoring Station Maintenance

Monitoring stations had to be maintained throughout the research duration. Most
common maintenance issues involved sonde probe calibration/repair, modem resets, and
battery power supply.

Sonde probes were calibrated approximately every two to four weeks. This was
done to ensure accuracy and precision of water quality measurements. Importance was
placed on sonde calibration, as sondes were the most direct source of instantaneous

observations of changes in water quality data. Because study sites were located nearly
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three hours from Clemson campus, sensor calibrations were conducted in the field, except
for times when probes were damaged and had to be brought back to campus. On these
occasions, sondes were calibrated in the lab at Clemson. Calibration cups, solutions,
distilled water, spare bottles, laptop computer, and connector cables were transported to
individual sites for calibration during site visits. Appendix A provides information
concerning sonde calibration schedule.

Sondes were calibrated as frequently as possible to avoid drift in instrumentation
measurements. Drift was not noticed in any sonde probes at any site except for periods
when probes were damaged or sondes were buried in sediment. It was later discovered
that such frequent calibrations were not necessary (YSI, 2010). However, calibrating
sonde probes approximately every month ensured that water quality readings were
accurate and precise.

Calibration of sonde water quality probes was relatively straightforward.
Calibration cups were used to contain calibration solutions of turbidity, pH, and
conductivity. In the calibration process, conductivity was calibrated first, followed by pH
and turbidity. This was done in accordance with manufacturer recommendations to
prevent pH solution, which is high in salt concentrations, from causing errors in
conductivity calibrations and measurements due to residual pH solution on the probes
(YSI, 2010). To prevent residual solution interference, probes were rinsed thoroughly
with distilled (DI) water between each use of calibration solutions.

Conductivity probes were calibrated using a 10,000-pS/cm standard.

Temperature sensors were incorporated as composite components with conductivity
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sensors; temperature was automatically calibrated. pH sensor calibration was performed
using three standards: 4.0, 7.0, and 10.0 pH units. DI water was used to rinse probes
thoroughly between solution contact with probes. Turbidity was calibrated using two
standards: a zero NTU standard (distilled water) and a 126-NTU standard. Zero NTU
standard was entered first, followed by 126-NTU standard. DI water was used liberally
to rinse probes and cups after contact with each solution.

On more than one occasion, sonde probes were found to be broken or damaged by
unknown events. This happened at least once at each site. In September 2010, HH
temperature/conductivity probe was found broken in half, with sonde lying in stream with
sticks and sediment clogging the sensor cage. It was suspected that a storm event caused
heavy sedimentation to sweep across the sonde sensor cage, causing sticks to become
lodged, potentially breaking the sensor. Also in September 2010, RH sonde was found
lying on the stream bank with a severed connector cable. The sonde was brought back to
Clemson campus for repairs and calibration. It was uncertain as to the cause of such an
incident; vandalism was suspected.

In April 2011, DH sonde experienced the same issue, as it was found lying on the
stream bank downstream from its original placement in stream. Visual observation
revealed that no probes had been damaged. The sonde was returned to its location and
monitored from Clemson campus. A couple of weeks later, the sonde had to be pulled
from the stream and taken to Clemson campus to troubleshoot hardware/communication
issues with the laptop. The sonde was not responding to computer commands, so it was

brought back and monitored. Insufficient internal battery voltage was determined to be
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the cause of communication issues, and damage from being out of stream was ruled out
as a cause for this behavior.

Modems occasionally experienced communication failures. In these instances,
modems could often be reset through wireless connections from Clemson computers. On
other occasions, however, hard resets were required to enable modem connections with
Clemson servers, which required site visits.

Because of solar panel placement in DH, 12-volt batteries experienced difficulty
in charging to maximum potential. This was most dramatically noted during leaf-on
months when canopy significantly blocked sunlight from reaching the solar panel.
Modems required majority of the power supplied by 12-volt batteries, and proper and
constant modem function was essential to maintaining observations at remote sites.
When battery voltage dropped below a certain level, usually around 11.7 V, modems
experienced failure due to lack of power. To resolve this issue, batteries were taken out
of HH, where sunlight was plentiful because of open canopy, and placed in DH, where
they could keep station running temporarily. Depleted DH batteries were placed in HH

to charge.

Statistical Analysis

All statistical analysis was performed using SAS® 9.2 statistical analysis software
package. Key analyses performed on water quality and precipitation data included

ANOVA, multiple regression, correlation analysis, and slope-intercept regression.
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ANOVAs (A_N alysis Of VAriance) were performed on multiple data sets using a
PROC GLM procedure in SAS® to comparc descriptive statistics between sets.
Baseflow and stormflow conditions for turbidity were compared for each of the three
sites for both “leaf-on” and “leaf-off” seasons. lLeaf-on and leaf-off periods indicated
months when leaves were on and off trees, respectively. Leaf-off was between Nov. 1,
2010 and Mar. 31, 2011. Leaf-on data spanned May 25, 2010 to Oct. 31, 2010 and Apr.
1, 2011 to May 22, 2011. This incorporated seasonal variability in water quality and
precipitation data and is consistent with literature documenting water quality studies in
the Great Smoky Mountains region (Deyton et al., 2009). Baseflow pH, conductivity,
and temperature data were compared for each site. Rain data were compared for each site
between leaf-on and leaf-off seasons. Turbidity data collected before construction (BC)
were compared to during construction (DC) turbidity data for each site between leaf-on
and leaf-off. Baseflow was defined as an average of measurements taken between storm
events for each parameter. Stormflow was defined as the average from the time of storm
commencement to three hours after storm subsidence. This was determined after visual
observation of graphs including rainfall and water quality measurements superimposed.
These graphs indicated that a three-hr lag occurred between peak rainfall and fluctuations
in water quality parameters, as seen in Figure 3.12. LSD and Tukey tests were used to

pair data sets based on statistical similarity.
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Figure 3.12: Example of time lag between rainfall (in) and turbidity (NTU) for RH.

Multiple regression (MR) was used to determine trends in data sets. MR analysis
included all water quality parameters for leaf-on and leaf-off at each site. Data were
examined graphically first for any observable trends in data. Correlation analysis was
then used to statistically determine best correlations between water quality variables and
rain data. The objective was to establish trends (if any) between storm events and
fluctuations in water quality parameters, particularly turbidity. Correlation analysis aided
in determining which variables were most closely correlated with each other and with

rain.
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Best correlations were determined using a PROC CORR procedure in SAS®, and
regression analysis was performed using a PROC REG statement to determine
relationships between correlated variables.  Parameter transformations converted
variables into squared, square root, and natural logarithmic scales during leaf-on and leaf-
off. Days since last rainfall (DSLR) was added as a variable in attempt to better explain
behavior and increase R? values for regression analysis. As a final addition, storm
duration was used as a variable. A PROC UNIVARIATE procedure then revealed which
data points were outliers. These outliers were removed and regression analysis was
performed again with edited data.

Slope-intercept regression was used as a more thorough comparison of behavioral
patterns between parameters as opposed to simply comparing means. This was used to
determine the validity of using Cades Cove data as a substitute for missing precipitation
data from study sites before rain gauges were installed. Cades Cove precipitation data
was plotted against rain data collected at each site during times when both Cades Cove
and study sites acquired rain data. Plots determined if slopes were 1:1 and intercepts
were zero. If slopes differed significantly from 1, or if intercepts differed significantly
from zero, behavioral patterns between Cades Cove and study sites were determined to be
different enough as to present difficulty in finding true rainfall influences on water
quality variables.

Slope-intercept regression was also used to determine an appropriate turbidity
alert system and sampling interval for sonde data. 2-hr, 4-hr, 8-hr, 12-hr, 16-hr, 20-hr,

and 24-hr running turbidity averages were calculated and plotted against each other. The
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objective was to determine if running averages differed significantly in behavior from
each other using analysis previously mentioned. This was done in order to notify FHP
site managers of potential violations of EPA-specified turbidity effluent limitations. It
was desired to determine a running turbidity average as close to 24 hr as possible while
still allowing adequate time for site inspections in the event of a potential effluent
violation. 5-min, 10-min, 15-min, 30-min, and 60-min sampling intervals for water
quality parameters were plotted against each other as well. The objective was to
determine a sampling interval that would produce best-resolution data in water quality
measurements so as to better understand influences in both natural and disturbed forested

watersheds.
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CHAPTER 4 — RESULTS & DISCUSSION

Water quality data were collected in three Great Smoky Mountain watersheds for
one year. Data included turbidity, pH, conductivity, temperature, and precipitation. Data
were analyzed to determine behavioral trends using statistical analysis. The results
presented subsequently are outlined according to the thesis objectives to which they

pertain.

Objective 1

The first objective was to deploy and maintain a remote data acquisition system in
three small mountain watersheds. This included determining an appropriate sampling
interval and turbidity alert system.

Water quality data were collected over the course of a year. Raw data acquired by
sondes included observations that were taken during all conditions, including instances
when sondes may have been reading incorrectly or when sondes were displaced from
streams. Figure 4.1 shows a graph of conductivity data at RH during an event which

captured incorrect data.
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Figure 4.1: RH conductivity plot showing incorrect data readings.

As seen in the figure, there appear to be readings that are outside the normal range
for RH conductivity data. Around the beginning of September 2010, conductivity
increased significantly during a short period of time. This was attributed to incorrect
sonde readings due to the sonde being found outside of the stream during a site visit.
This illustrates the importance of analyzing data to ensure that accurate data are reflected
in comparisons and statistical analysis.

Turbidity data for stormflow conditions at HH were used to determine most
efficient sampling interval to capture most accurate behavioral trends in turbidity data.
Readings were categorized into 5-, 10-, 15-, 30-, and 60-min intervals. Turbidity
readings were also grouped into 2-, 4-, 8, 12-, 16-, 20-, and 24-hr running averages to

determine most appropriate turbidity alert system for construction site managers.
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Comparison of mean turbidity for each sampling interval revealed that sampling
mnterval did not have an effect on turbidity. Means between 5-min, 10-min, 15-min, 30-
min, and 60-min turbidity samples were not significantly different (o, = 0.05). Table 4.1

summarizes comparison of mean turbidity for each sampling interval at HH.

Table 4.1: Comparison of mean turbidity for each sampling interval at HH.

Statistic 5-min 10-min 15-min 30-min 60-min
Mean
7 30.1 31.0 30. 1.2
(NTU) 30 0.3 8
Std. Dev. 934 89.3 97.5 91.6 96.6
Max 14343 1432.3 1434.3 1387.4 1387.4
Min 1.2 1.2 2.4 2.4 2.4

The table shows that mean turbidity values do not differ significantly between
sampling intervals. This is likely due to large standard deviations associated with these
readings, indicating large variations in data. For each site, variance was determined to be
equal for mean turbidity readings at each sampling interval (o = 0.05). These results
show that there is no significant difference between mean turbidity for sampling intervals
of 5 min, 10-min, 15-min, 30-min, and 60-min. Therefore, one could use a 60-min
sampling interval to measure turbidity and expect to retain as much variation in behavior
as for a 5-min turbidity sampling interval. However, the data used for this analysis
consisted of stormflow turbidity taken during late winter and early spring months, when

storms tend to be longer in duration than during summer months. If a storm event
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occurred that was less than one hr while a 60-min sampling interval was used and caused
severe turbidity increases, these elevated turbidity levels would be missed. Similar
suggestions have been put forth by previous research (Tate et al., 1999; Kirchner et al.,
2004; King & Harmel, 2003; Harmel et al., 2006). To summarize, the following outline

lists advantages and disadvantages of 5-min and 60-min sampling intervals:

5-min:
e Provides higher-resolution data during storm events

e FEliminates false positives for turbidity readings
e Creates unnecessarily large databases with redundancy during baseflow;
resolution is not increased

e More expensive because more sampling is required

60-min:
o Reduces database size, allows for easier data management; no resolution

lost during baseflow
e Cheaper because less samples are being taken
e Potential for missing data during storm events, especially during summer

months with shorter storm durations

Correlation analysis of turbidity alert system revealed that for each site, lowest
Pearson correlation coefficients were for 2-hr and 24-hr running average comparisons.
This was to be expected, as a two-hr running turbidity average would differ most from a
24-hr running turbidity average given the range of averages selected. The lowest

correlation coefficient was for RH (r = 0.89969). Conversely, when compared to a 24-hr
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running turbidity average, a 20-hr running turbidity average had highest Pearson
correlation coefficient for each site. This also was to be expected.

Although 20 hrs would be most ideal to select as a turbidity alert system, as it is
most closely correlated to 24 hrs, it would be impractical to schedule a 20-hr alert
because site managers would not be given ample time to visit sites in event of a sediment
release, let alone make attempts to remediate issues in order to avoid permit violation. It
was decided, therefore, that a 16-hr turbidity alert system would best resemble turbidity
for a 24-hr period while still providing site managers sufficient time to visit sites in event
of an emergency and decide appropriate course of action for remediation.

After a 16-hr alert was selected, slope-intercept regression analysis determined
how closely a 16-hr interval resembled a 24-hr alert. Table 4.2 summarizes slope,

intercept, and R? for regression analysis on each site.

Table 4.2: Slope-intercept regression analysis using 16-hr interval for each site.

Site Slope Intercept R’

HH 1.00182 -0.47936 0.9915
DH 1.00453 -0.29842 0.9783
RH 1.00463 -0.21794 0.9738

If a 16-hr average perfectly resembled a 24-hr average, slope would equal 1.0,

intercept would equal zero, and R* would equal 1.0. The table above reveals how closely
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each parameter is to true resemblance. Therefore, it was determined that a 16-hr running
turbidity alert system would work best given real-world field conditions. These results,
however, are recommendations; site managers may chose to implement shorter or longer
turbidity alert systems depending on variables such as travel time to sites, remediation
time, and other factors. Using a shorter or longer running turbidity average to model

turbidity for a 24-hr average system would have statistical validity.

Objective 2

The second objective was to obtain background baseflow data for comparison
with storm events for undisturbed forested watersheds. Water quality data used to
compare between watersheds for BF and SF conditions during leaf-on and leaf-off

included turbidity, pH, conductivity, and temperature.
Rainfall

Cades Cove (CC) precipitation data was needed to substitute for missing data at
each research site. Slope-intercept regression analysis was used to compare rain data for
each site to CC and to between research sites. Table 4.3 summarizes slope-intercept

regression results for rainfall data substitution using CC data.
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Table 4.3: Slope-intercept regression comparing rain data for each site to Cades Cove.

Site Slope Intercept R’
HH-CC 1.18756 -0.00605 0.8003
DH-CC 1.44708 0.00135 0.7288
RH-CC 1.29111 -0.00754 0.8287

Q.:

As seen in the table above, CC data did not perfectly match study site data.
However, in order to determine regression models for water quality variables and storm
events, rain data was essential. Discussion with a meteorologist revealed that rainfall can
vary considerably between sites separated by a few miles or less (pers. comm., Linvill,
2011). Therefore, CC rain data was chosen based on proximity to sites and similarities in
elevation and canopy.

Comparison of rain data between individual sites was also performed. Results are

summarized in Table 4.4.

Table 4.4: Slope-intercept regression comparing rain data between individual research

sites.

Site Slope Intercept R’
HH-DH 1.21072 0.00708 0.8989
HH-RH 0.91410 0.00123 0.9536
DH-RH 1.14507 0.00334 0.9176
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As seen in the table above, HH and DH rain data were least similar of all three
comparisons. This result is to be expected. HH rain gauge is positioned in open canopy,
free from interception of leaves and branches overhead. DH rain gauge is fastened
against a large oak tree and is thus placed in closed canopy. This difference in forest
cover above rain gauges explains variability between HH and DH rain data. The results
in Table 4.4 indicate that use of CC data for substituting missing rainfall data was valid;
R? values observed for HH-DH comparison were similar to RH-CC rain data comparison.
Since variations in rainfall were observed between sites less than one km away from each
other, it was concluded again that CC rainfall data could be used as a substitute for
missing rain data at the research sites.

Rain data for each site were compared. Table 4.5 summarizes these comparisons.
For all tables, means are upper values and standard deviations are lower values in

parentheses. The data is based on 67 individual storm events (n = 67).

Table 4.5: Precipitation for each site.

(nS:it;) Precipitation (cm) Depth(Eg)Stoml
HH 53.75 ((1)213 ;)
DH 42.22 (88;)
RH 50.11 ((1)82)
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Collectively, HH rainfall was highest of three sites, while DH was lowest. This
can be explained using same logic above for slope-intercept regression between sites: HH

rain gauge was open canopy, while DH rain gauge was positioned under tight canopy.
Turbidity

General turbidity fluctuations during a yearly cycle for each watershed can been

seen in the following figures (Figures 4.2 through 4.4). All turbidity readings are in
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Figure 4.2: Annual turbidity fluctuations for HH.
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Figure 4.3: Annual turbidity fluctuations for DH.
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Figure 4.4: Annual turbidity fluctuations for RH.
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As seen in the preceding figures, there are gaps in turbidity data for both HH and
RH. This is because of maintenance issues that were discussed previously. These were
periods of time when sondes were not in streams at monitoring locations, but were at
Clemson campus being assessed for damage and functionality.

The “flashy” behavior of turbidity is evident from the figures. Spikes in turbidity
caused uncertainty in determining behavior trends, again echoing what was discussed
earlier. Turbidity reached over 1,400 NTU at each site; this was near the upper range of
sonde turbidity probe measurement capability. It can be seen that high turbidity events
occurred most frequently and lasted longest at HH. This was possibly due to prior
internal disturbances from landowner activity and road cuts. During rain events, runoff
washed soil from road cuts and into the stream at intersection of road cut and stream.
Heavy siltation was observed after storm events in HH. Given these conditions, HH was
deemed most extensively disturbed of the three watersheds. It was suspected that road
cuts and preexisting disturbances caused sedimentation and stream chemistry
fluctuations.

DH turbidity spikes were limited mostly to late winter, early spring months. This
is likely due to less leaf interception and larger drainage area at DH than at HH and RH,
allowing more sediment to be dislodged and deposited in stream.

During leaf-on, baseflow turbidity at HH was higher than at DH and RH. DH and
RH turbidity during baseflow conditions averaged 11.5 NTU and 22.7 NTU during leaf-

on, respectively, while RH turbidity averaged 56.8 NTU. Leaf-off turbidity data did not
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exist for undisturbed conditions for HH because construction began in this watershed in
October 2010. Limited leaf-off data was available for RH as well, as construction began
in late December 2010 in this watershed. Therefore, only DH had complete leaf-off data
for undisturbed watershed conditions. When turbidity was compared between watersheds
for stormflow conditions during leaf-on, HH turbidity was highest with a mean of 285.5
NTU. LSD and Tukey tests indicated that for stormflow conditions, RH and DH were
not statistically different (a = 0.05) during leaf-on. The same tests also determined that
for stormflow conditions during leaf-on, mean turbidity at HH differed significantly
compare to DH and RH. Table 4.6 summarizes site comparisons for turbidity for

baseflow (BF) and stormflow (SF) conditions during leaf-on and leaf-off.

Table 4.6: Mean turbidity at each siteduring leaf-on and leaf-off.

Site BF leaf-on BF leaf-off SF leaf-on SF leaf-off

(NTU) (NTU) (NTU) (NTU)
56.8 285.5

HH A N/A
(157.3) N/ (391.7) ‘

DH 11.5 23.0 70.1 149.8
(17.0) (99.0) (228.2) (374.0)

RH 22.7 10.6 98.2 52
(54.3) (0.8) (254.9) (4.6)

The table above reveals that there are indeed significant seasonal variations in
turbidity, particularly for stormflow conditions. A general trend of turbidity increasing

during stormflow was observed for each watershed. Seasonal and baseflow-stormflow
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trends observed for this research were consistent with other findings (Bolstad & Swank,
1997; Sutherland et al., 2002).

As stated previously, a numeric limit of 280 NTU was used as a turbidity
threshold for monitoring construction impacts from FHP, as specified by EPA. 24-hr
average turbidity data were plotted with rainfall to determine the number of rain events
causing turbidity to exceed 280 NTU. The 24-hr average was defined to be from the first
rain measurement to 24 hr from that measurement. Graphs were generated for each site.

Figures 4.5-4.7 show the results.
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Figure 4.5: 24-hr average turbidity with 280-NTU limit for HH.
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Figure 4.6: 24-hr average turbidity with 280-NTU limit for DH.
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Figure 4.7: 24-hr average turbidity with 280-NTU limit for RH.
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The figures show that even for undisturbed watersheds, especially, DH, turbidity
values exceed 280 NTU for a 24-hr average. HH and DH have more turbidity averages
exceeding 280 NTU than RH; however, it can be seen that all three sites exceeded 280

NTU for a 24-hr average.

pH

General pH fluctuations during a yearly cycle for cach watershed can been seen in
the following figures (Figures 4.8 through 4.10). All pH readings are in standard pH

units (dimensionless).
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Figure 4.8: Annual pH fluctuations for HH.
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Figure 4.10: Annual pH fluctuations for RH.
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The figures show that there are gaps in pH data for each site. This is because
sonde probes were under repair during these times and were not in streams at monitoring
sites. HH had greatest variation in pH readings, while RH pH measurements ranged less
than 1.0 pH units. It should be noted that Figures 4.5-4.7 are on different scales; Figure
4.6 ranges 5-9 pH units, while Figure 4.7 spans less than one pH unit.

During baseflow conditions, mean pH was highest at HH. Mean pH for baseflow
conditions during leaf-on for HH was 7.22, while mean pH at DH and RH was 6.35 and
6.27, respectively. Although LSD and Tukey tests indicated that mean pH differed
significantly (p < 0.0001, a = 0.05) between sites during baseflow conditions, RH and
DH are on same order of magnitude, while HH was nearly 1.0 pH unit higher than DH
and RH. Possible reasons for this could be that HH had prior internal disturbances,
causing differences in pH. It could also be that because actual open channel flow length
above HH monitoring station was less than 100 yds, the stream had more contact with
groundwater, allowing more basic conditions to exist in stream flow. Regardless, it can
be shown that HH pH data differed in magnitude from DH and RH. Table 4.7

summarizes mean pH data during baseflow conditions.
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"Table 4.7: Mean pH at each site during leaf-on and leaf-off.

Site BF leaf-on BF leaf-off SF leaf-on SF leaf-off
7.22 7.18
HH 0.24) N/A (0.25) N/A
DH 6.35 6.29 6.40 6.32
(0.20) (0.14) (0.20) (0.14)
RH 6.27 6.33 6.27 6.34
(0.12) (0.09) (0.09) (0.07)

It can be seen from the table above that pH was lower at DH during leaf-off
compared to leaf-on. There are several possible reasons for this. One could be that there
was greater opportunity for atmospheric nitrogen and sulfur to actually reach stream
water during leaf-off because there would have been no interception from leaves, thus
making pH lower while leaves were off trees. Another explanation could be that there
was less uptake by trees and plants during the dormant season, allowing more N and S to
reach stream water. It is also possible that greater deposition occurred during this time
period, creating an all-around over-abundance of acidity in the watershed, thereby
decreasing pH (Deyton et al., 2009; Cook et al., 1994). Seasonal variations in pH,
whatever the cause, were also observed in other research (Deyton et al., 2009).

Trends in pH during stormflow conditions were difficult to make. Baeflow pH
was compared to an average pH from storm event commencement to three hours after
storm subsidence (ApH). No conclusive trends were determined. These ApH values
range from positive to negative in equal magnitudes. DH mean pH hardly changed at all

between baseflow and stormflow during both leaf-on and leaf-off. During leaf-on, HH
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and RH mean pH was 7.22 and 6.27, respectively, for baseflow. It would be possible to
make inferences in ApH values if the trend was more positive than negative, or vice
versa, but this was not the case. It has been documented that higher-elevation streams
experience greater fluctuations in pH during storm events due to increased deposition
than lower-elevation streams (Deyton et al., 2009). The reason these streams did not
experience greater changes in pH during storms could be attributable to elevation. It was
determined that pH behavior during storm events did not change significantly when

compared to baseflow conditions.

Conductivity

General conductivity fluctuations during a yearly cycle for each watershed can
been seen in the following figures (Figures 4.11 through 4.13). All conductivity readings

are in mS/cm,
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Figure 4.11: Annual conductivity fluctuations for HH.
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Figure 4.12: Annual conductivity fluctuations for DH.
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Figure 4.13: Annual conductivity fluctuations for RH.

Scales are different for Figures 4.11-4.13, as for pH figures. Similar to turbidity
and pH data, there were gaps in conductivity for the same reasons as for turbidity and pH.
It is noted that RH conductivity experienced a severe increase after 9/1/2010. This is
most likely due to the sonde being found out of stream during this time. It was after this
event that the sonde was brought back to Clemson campus for assessment, which is
indicated in figure by the gap following conductivity increase. The incorrect data
recorded by the sonde was not included in analysis for comparisons.

Conductivity during baseflow conditions was highest at HH, with a mean of 0.151
mS/cm. DH and RH mean conductivity was 0.075 mS/cm and 0.075 mS/cm,

respectively. LSD and Tukey tests indicated that mean conductivity differed significantly
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(p < 0.0001, a = 0.05) between HH and DH, and between HH and RH during baseflow
conditions. However, LSD test indicated a significant difference in mean conductivity
between DH and RH, while Tukey test did not.

Although LSD and Tukey tests returned different results, it can be observed that
mean conductivity at RH and DH is on same order of magnitude, while HH was nearly
0.060 mS/cm unit higher than DH and RH. Possible reasons for this could be that HH
contains road cuts above sonde location, contributing more ions to stream water than DH
and RH. Prior to monitoring, storm events may have deposited sufficient ions from road
cuts in stream to significantly alter stream chemistry compared to DH and RH, neither of
which contain road cuts above monitoring. Regardless, it can be shown that HH
conductivity data differed in magnitude from DH and RH for baseflow conditions. Table

4.8 summarizes mean conductivity data during baseflow conditions.

Table 4.8: Mean conductivity at each site during leaf-on and leaf-off.

Site BF leaf-on BF leaf-off SF leaf-on SF leaf-off

(mS/cm) (mS/cm) (mS/cm) (mS/cm)
0.151

HH o N/A (8:(1)3‘5‘) N/A

DH 0.075 0.044 0.073 0.044
(0.016) (0.007) (0.014) (0.007)

RH 0.075 0.033 0.061 0.034
(0.074) (0.002) (0.062) (0.001)

The table above reveals that mean conductivity was lower during leaf-off at DH

compared to leaf-on. Reasons for this occurrence were not explicitly known. It could be
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that there was less ionic contribution to stream chemistry during leaf-off, which could be
indicated by lower turbidity, but this was not observed. Mean turbidity, as shown
previously, was higher during leaf-off than for leaf-on. Therefore, causes of seasonal
variations in conductivity remained largely unknown.

Similar to pH data, trends in conductivity during stormflow conditions were
difficult to make. Baseflow conductivity was compared to an average conductivity from
storm event commencement to three hours after storm subsidence (Acond). No
conclusive trends were determined. These Acond values range from positive to negative
in equal magnitudes. HH mean conductivity during leaf-on was 0.151 mS/cm for both
baseflow and stormflow. DH mean conductivity during leaf-on was 0.075 and 0.073
mS/cm for baseflow and stormflow, respectively. Lastly, RH conductivity during leaf-on
averaged 0.075 mS/cm for both baseflow and stormflow. None of the means were
significantly different at each site (0. = 0.05). It would be possible to make inferences in
Acond values if the trend was more positive than negative, or vice versa, but again, this
was not the case. Therefore, no conclusions were made about conductivity behavior
during storm events other than conductivity did not appear to change during or after

rainfall.

Temperature

General stream temperature fluctuations during a yearly cycle for each watershed
can been seen in the following figures (Figures 4.14 through 4.16). All temperature

readings are in °C.
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Figure 4.14: Annual stream temperature fluctuations for HH.
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Figure 4.15: Annual stream temperature fluctuations for DH.
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Figure 4.16: Annual stream temperature fluctuations for RH.

Temperature followed expected trends during seasons at each site. Again, gaps
signify sonde removal from streams following suspected damage or malfunction. It can
be seen from the figures that temperature was most consistent water quality parameter

measured, as there are few outliers or stray points in data.

During leaf-on, baseflow temperature at HH was highest, with a mean of 18.34
°C. DH and RH temperature averaged 17.68 °C and 16.10 °C, respectively. Table 4.9

summarizes mean temperature at each site for BF conditions during leaf-on and leaf-off.
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Table 4.9: Mean temperature at each site for BF conditions during leaf-on and leaf-off.

Site BF leaf-on (°C) BF leaf-off (°C)

- = A
.68 .

- esn 23%9)
.10 8

R (127.79) (Z.Zz)

HH had the highest temperature during leaf-on, while RH had the lowest
temperature. HH sonde was placed in a location in the stream where it was exposed to
direct sunlight for the majority of the day, thereby causing higher temperature readings
than the other sites. RH sonde was placed less than 100 m downstream from the spring
source for the stream, causing significant influence from groundwater temperature
upstream.

During leaf-on, LSD test indicated significant difference between mean baseflow
temperature at DH and RH, while Tukey test did not indicate significant differences
between the three sites. During leaf-off, both LSD and Tukey tests indicated significant
differences between mean temperatures at RH and HH. This difference could be
attributed to RH having the lowest mean temperature for both leaf-on and leaf-off.

Similar to pH and conductivity, no discernable trends were noted during
stormflow conditions for temperature. Fluctuations in temperature during storm events
ranged from positive to negative. More definitive inferences could possibly have been

drawn if air temperature and stream discharge data were recorded. Lack of these data,
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however, leave pH, conductivity, and temperature behavior during stormflow
indeterminate. There were, however, distinguishable trends observed during stormflow
conditions for turbidity, which was crucial in determining effects of FHP construction

uphill from study sites, as will be discussed subsequently.

Objective 3

The third objective was to establish predictive methods for stream water quality
based on backgrour;d information obtained for undisturbed flow conditions with forested
watersheds. Water quality data were used to establish correlations and predictive models
for changes in turbidity, pH, conductivity, and temperature for stormflow conditions.
Best correlations were determined, and regression analysis was performed to determine
relationships between correlated variables.  Parameter transformations converted
variables into squared, square root, and natural logarithmic scales during leaf-on and leaf-
off to determine best fit trends in data. Days since last rainfall (DSLR) was added as a
variable in attempt to better explain behavior and increase R? values for regression
analysis. As a final addition, storm duration (dur) was used as a variable.

After initial transformations, HH change in turbidity (Aturb) during leaf-on
showed highest correlation to rain depth squared (rain’) and square root of DSLR (sr-
DSLR). Initial regression analysis resulted in an R? value of 0.16 for this relationship.
After outliers were removed, R? value for this relationship increased to 0.35. A better

relationship was found after outlier removal, which included square root of turbidity
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(Nturb), rain depth (rain), and DSLR?. For this relationship, R* = 0.43. After duration
was added as a variable, the final analysis resulted in an R” value of 0.57. During leaf-
off, R? increased from 0.37 to 0.45 after outlier removal, but no additional increase in R?
occurred after addition of duration as a variable. Table 4.10 summarizes R” values for
HH during leaf-on. Equation (4-1) shows the relationship between turbidity and rain data
for HH during leaf-on.

Before showing prediction equations generating using regression analysis, it may

be beneficial to universally define variables appearing in appropriate equations.

e rain = rain depth (in)

e DSLR = days since last rainfall (day)
o dur = storm duration (hr)

e Aturb = change in turbidity (NTU)

e In = natural logarithm operator

¢ V= square root operator
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Table 4.10: Regression analysis (R” values) for turbidity at HH during leaf-on and leaf-

off.
Leaf-on
All Data 0.16
All Data minus Outliers 0.43
After adding duration 0.56

Plots of change in turbidity versus rainfall were generated for each site showing
both all data and data after outliers were removed. Figures 4.17 and 4.18 show change in

turbidity versus rainfall for HH.
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Figure 4.17: Change in turbidity vs rain for HH before removing outliers.
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Figure 4.18: Change in turbidity vs rain for HH after removing outliers.

HH leaf-on:

VAturb =  8.0444 + 16.728*rain — 0.0072*DSLR? — 3.6369*Vdur (R*=0.56) (4-1)

This regression process returned similar results for DH and RH. Variable

transformations differed slightly between sites, which are documented subsequently.
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Table 4.11: Regression analysis (R? values) for turbidity at DH during leaf;0|1 and leaf-

off.
Leaf-on Leaf-off
All Data 0.67 0.48
All Data mi
AL 0.67 0.68
Outliers
After adding duration 0.71 0.81
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Figure 4.19: Change in turbidity vs rain for DH before removing outliers,
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Figure 4.20: Change in turbidity vs rain for DH after removing outliers.

DH leaf-on:

Aturb =  -45.196 + 153.15%rain® — 0.2509*DSLR? + 1.5656*dur’ (R*=071) (4-2)

DH leaf-ofT:

Aturb = -47.947 + 734.79%rain’ — 3.0156*DSLR? + 0.5817*dur’ (R*=081) (4-3)
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Table 4.12: Regression analysis (R? values) for turbidity at RH during leaf-on and leaf-

off.
Leaf-on Leaf-off
All Data 0.79 0.38
All Data minus Outliers 0.80 0.60
After adding duration 0.80 0.79
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Figure 4.21: Change in turbidity vs rain for RH before removing outliers.
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Figure 4.22: Change in turbidity vs rain for RH after removing outliers.

RH leaf-on:

Aturb? = -89221 + 262737*rain” + 336.19*DSLR* + 2194.9%dur (R*=0.80) (4-4)

RH leaf-off:

In(Aturb) = 0.831 + 1.326*In(rain) + 1.845*VDSLR - 0.00378*dur’ (R*=0.79) (4-5)

RH equations for Aturb were similar to HH in variables used and R* value
differences between leaf-on and leaf-off. This could be due to the fact that stream
substrate types were highly similar between HH and RH, resulting in similar prediction

models for change in turbidity during stormflow conditions. Substrates at HH and RH
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were predominantly sand/gravel mixes with fewer fines than at DH. Equations for
predicting change in turbidity during leaf-on were better than those during leaf-off for
RH. The R’ values for equations predicting®hange in turbidity between different seasons
followed trends seen in objective 2 and, as will be discussed, for objective 4. It has been

determined that rainfall and turbidity behavior both vary with seasons; therefore, it

follows that prediction models incorporating forms of rainfall and turbidity would change
between seasons as well.

R? values .indicate the amount of variability described by selected parameters to
predict the dependent variable of interest. For example, the R* value of 0.80 seen in
Equation (4-4) means that 80% of the variability in turbidity can be explained by the
variables given in that equation. In other words, one could predict with 80% certainty the
change in turbidity if parameters are given.

All equations generated for determining change in turbidity in the watersheds
were relatively similar in terms of the variables used to describe the data. For simplicity,
one general equation was generated for all three watersheds, which included less complex

mathematical operators for calculation:
Aturb= -46.191 + 286.64*rain + 0.7179*DSLR + 1.4751*dur (R*= 0.62) (4-6)

In summary, these empirical equations could be used to predict change in

turbidity (NTU) for this area if rain depth (in), days since last rainfall, and storm duration

[95]



(hr) are known. Resource managers and construction site operators have potential to

anticipate turbidity levels downstream given these variabke conditions.

Objective 4

Water quality data for each site were analyzed for baseflow and stormflow
conditions both before and during construction (BC and DC, respectively) to assess

potential impacts of FHP construction on natural and disturbed forested watersheds.

Turbidity

HH and RH both had higher mean turbidity BC compared to DC. DC turbidity at
HH and RH was 126.1 NTU and 81.0 NTU, respectively, while BC turbidity averaged
248.8 NTU at HH and 100.7 NTU at RH. Comparison revealed that for both HH and
RH, BC and DC mean turbidity was not significantly different (a0 = 0.05), although
turbidity during BC at HH was twice as high as during DC.

For comparison, DH turbidity data BC and DC timeframe for HH and RH were
analyzed. Although no construction or disturbance conditions existed in DH at any time
during monitoring, this was done to test temporal changes only, and HH and RH
construction timeframes were used for this comparison. DC conditions began in October
2010 at HH, while DC conditions at RH began in December 2010. DH turbidity during

BC and DC conditions were compared using DC timeframes for both HH and RH. DH
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turbidity for HH timeframe was 31.8 NTU and 148.3 NTU for BC and DC, respectively,
while for RH timeframe turbidity was 56.4 NTU and 170.5 NTU for BC and DC,
respectively. Table 4.13 summarizes BC and DC turbidity comparisons for each site for

stormflow conditions. Again, since no construction occurred in DH during this project,

only BC conditions existed, which is reflected in the following tables.

Table 4.13: Mean SF turbidity comparisons for BC and DC conditions for each site.

. BC DC BC - HH DC - HH BC-RH DC-RH
e
(NTU) | (NTU) (NTU) (NTU) (NTU) (NTU)
248.8 126.1
HH N/A N/A N/A N/A
(310.0) | (333.6)
120.3 31.8 148.3 56.4 170.5
DH N/A
(328.7) (53.5) (372.1) (202.4) (395.7)
100.7 81.0
RH N/A N/A N/A N/A
(176.1) | (282.0)

Baseflow mean turbidity was also compared between BC and DC conditions for

cach watershed. Table 4.14 summarizes the results.
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Table 4.14: Mean BF turbidity comparisons for BC and DC conditions for each site.

i BC DC BC -HH DC -HH BC -RH DC-RH
ite
(NTU) | (NTU) (NTU) (NTU) (NTU) (NTU)
50.5 49.0
HH N/A N/A N/A N/A
(125.4) | (144.1)
15.8 10.6 77.8 10.1 102.2
DH N/A
(62.0) (1.8) (199.0) (7.9) (227.3)
244 14.6
RH N/A N/A N/A N/A
(63.0) | (36.8)

As seen in the tables above, HH and RH turbidity decreased between BC and DC
for stormflow but increased between BC and DC for BF. DH turbidity increased between
BC and DC for both baseflow and stormflow. Again, no construction occurred in DH
during project monitoring. If construction had occurred in DH and turbidity increased in
all three sites, it may be concluded that construction impacted water quality. However, as
noted earlier, DH experienced seasonal differences in turbidity; leaf-off had higher
turbidity than leaf-on. Given turbidity behavior in DH during both seasons and basetlow
and stormflow conditions, it was determined that FHP construction did not have an
impact on turbidity in these watersheds, but that differences were due to seasonal
variations.

Since FHP effects on turbidity were dismissed, leaf-on and leaf-off comparisons
were conducted for HH and RH. Table 4.15 summarizes these comparisons for all three

sites.
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Table 4.15: Mean turbidity comparisons for each site during leaf-on and leaf-off for BF

and SF conditions.

Site BF leaf-on BF leaf-off SF leaf-on SF leaf-off
(NTU) (NTU) (NTU) (NTU)

HH 56.8 36.2 285.5 62.0
(157.3) (77.9) (391.7) (231.1)

DH 11.5 23.0 70.1 149.8
(17.0) (99.0) (228.2) (374.0)

RH 22.7 10.6 98.2 5.2
(54.3) (0.8) (254.9) (4.6)

L]—] "
pH at both HH and RH decreased between BC and DC conditions.

decreased using HH timeframe but increased using RH timeframe. Tables 4.16 and 4.17

summarize these results.

Table 4.16: Mean BF pH comparisons for BC and DC conditions for each site.

Site | BC DC | BC-HH | DC-HH | BC-RH | DC-RH
7.27 7.11

HH N/A N/A N/A N/A
0.21) | (0.25)
6.33 6.46 6.31 6.32 6.36

DH N/A
(0.18) (0.30) (0.15) (0.26) (0.13)
6.33 6.21

RH N/A N/A N/A N/A
0.07) | (0.11)
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Table 4.17: Mean SF pH comparisons for BC and DC conditions for each site.

Site | BC DC | BC-HH | DC-HH | BC-RH | DC—-RH
732 | 7.02

HH N/A N/A N/A N/A
0.14) | (0.20)
6.34 6.45 6.31 6.32 6.36

DH N/A
(0.17) (0.20) (0.15) (0.20) (0.14)
633 | 630

RH N/A N/A N/A N/A
0.04) | (0.69)

The reason for the pH increase at DH between BC and DC using RH timeframe
was unknown. The general trend, however, appeared to be a decrease in pH between BC
and DC, as well as between leaf-on and leaf-off for DH. These results are not definitive
enough to conclude that FHP construction had impacts on stream pH in the watersheds.

Table 4.18 summarizes comparison of pH during both leaf-on and leaf-off for baseflow

and stormflow at each site.
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Table 4.18: Mean pH at each site for BF and SF conditions during leaf-on and lcaf-off.

Site BF leaf-on BF leaf-off SF leaf-on SF leaf-off
HH 7.22 7.10 7.18 7.05
(0.24) (0.23) (0.25) (0.20)
DH 6.35 6.29 6.40 6.32
(0.20) (0.14) (0.20) (0.14)
RH 6.27 6.25 6.27 6.34
(0.12) (0.10) (0.09) (0.07)

Again, it can be seen that pH decreased between leaf-on"and leaf-off. Given these
trends, it was determined that fluctuations between BC and DC conditions for pH were

due to seasonal variations and not FHP construction.

Conductivity

Mean baseflow and stormflow conductivity was compared for each site between
BC and DC conditions. Conductivity was lower for DC conditions than for BC. All
three sites had lower mean conductivity DC than BC. Tables 4.19 and 4.20 summarize

the comparisons.
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Table 4.19: Mean BF conductivity comparisons for BC and DC conditions for each site.

= BC DC BC-HH | DC-HH | BC-RH | DC-RH
ite
(mS/cm) | (mS/cm) | (mS/cm) (mS/cm) (mS/cm) (mS/cm)
0.161 0.118
HH N/A N/A N/A N/A
(0.055) | (0.035)
0.063 0.081 0.046 0.069 0.043
DH N/A
(0.020) (0.007) (0.009) (0.015) (0.007)
0.057 0.031
RH N/A N/A N/A N/A
(0.022) | (0.004)

Table 4.20: Mean SF conductivity comparisons for BC and DC conditions for each site.

- BC DC BC-HH | DC—-HH | BC—-RH | DC-RH
ite
(mS/cm) | (mS/cm) | (mS/cm) (mS/cm) (mS/cm) | (mS/cm)
0.156 0.110
HH N/A N/A N/A N/A
(0.041) | (0.030)
0.053 0.080 0.045 0.068 0.042
DH N/A
(0.017) (0.006) (0.009) (0.015) (0.006)
0.088 0.032
RH N/A N/A N/A N/A
(0.083) | (0.003)
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No construction occurred in DH during monitoring. Because the same trends
were observed in a watershed where no construction occurred as in watershed where
construction was occurring, it was concluded that FHP construction did not have an effect
on conductivity. Table 4.21 summarizes leaf-on and leaf-off comparisons for

conductivity at each site for baseflow and stormflow conditions.

Table 4.21: Mean conductivity at each site during leaf-on and leaf-off for BF and SF

conditions.

Site BF leaf-on BF leaf-off SF leaf-on SF leaf-off
(mS/cm) (mS/cm) (mS/cm) (mS/cm)

HH 0.151 0.116 0.145 0.106
(0.054) (0.032) (0.044) (0.025)

DH 0.075 0.044 0.073 0.044
(0.016) (0.007) (0.014) (0.007)

RH 0.075 0.033 0.061 0.034
(0.074) (0.002) (0.066) (0.001)

The table above reveals seasonal differences in conductivity for baseflow and

stormflow conditions. Conductivity at each site was lower during leaf-off than for leaf-

on. These results indicate that behavioral trends in conductivity were caused by seasonal

variations, not FHP construction.
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Temperature

Mean baseflow temperature was compared between BC and DC for each site. It
was observed that temperature decreased at each site between BC and DC conditions.

Table 4.22 summarizes these results.

Table 4.22: Mean BF temperature comparisons for BC and DC conditions for each site.

. BC DC BC - HH DC - HH BC —RH DC —-RH
1te )
(°C) (°C) e S (°C) (O
19.92 11.21
HH N/A N/A N/A N/A
(2.02) | (2.60)
14.26 19.43 10.02 16.25 8.93
DH N/A
(5.00) (1.35) (2.68) (3.66) (2.20)
19.00 10.21
RH N/A N/A N/A N/A
(0.81) (2.76)

At each site, mean temperature was lower for DC than for BC. This was
suspected to be the result of seasonal differences, as leaf-on corresponded with warmer
months while leaf-off corresponded with colder months. Table 4.23 shows mean

temperature for baseflow conditions during leaf-on and leaf-off for each site.
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Table 4.23: Mean BF temperature comparisons during leaf-on and leaf-off at each site.

Site BF leaf-on (°C) BF leaf-off (°C)
18.34 10.15
H
= (3.26) (2.19)
17.68 9.00
DH
(2.81) (2.38)
17.10 7.89
i (2.79) (1.22)

Stormflow mean temperatures were compared between BC and DC and during
leaf-on and leaf-off. Stormflow stream temperatures did not significantly change (o =
0.05) from baseflow conditions. Given these results, it was concluded that temperature
fluctuations between BC and DC conditions were not due to construction activities but
were instead influenced by seasonal variations.

These results indicate that water quality differences between BC and DC
conditions are likely attributable to seasonal variations, not actual construction impacts.
Trends were consistent between sites with respect to variations in seasons, which made it
possible to conclude that FHP construction did not adversely affect water quality in these
research watersheds. In other words, seasonal variability has a disproportionately large
effect on the physical and chemical water quality parameters measured during this project
when compared to those impacts that might possibly have resulted from Foothills

Parkway construction.
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CHAPTER 5 — CONCLUSIONS

The objectives of this research were to deploy and maintain a real-time remote
monitoring system for three small watersheds below the Foothills Parkway in the Great
Smoky Mountains. Water quality data was monitored over the course of a year to
determine trends for baseflow and stormflow conditions for undisturbed and disturbed
watersheds. Water quality data were analyzed to assess impacts of highway construction
on first-order streams within these watersheds. The objectives were satisfied and

conclusions drawn from this research were as follows:

e There are advantages and disadvantages to using 5-min and 60-min sampling
intervals. A 5-min interval would be most ideal during storm events, especially
for turbidity data if regulations are imposed and numeric effluent standards must
be met. Although such a small sampling interval created redundancy in baseflow
data, a shorter frequency ensures accuracy in stormflow data analysis. A 60-min
interval would be desirable while sampling during baseflow conditions.
However, if storm events were to occur, severe increases in turbidity data would
potentially be missed.

e A 16-hr turbidity alert system would be most practical for monitoring changes in
stream turbidity. This would allow site managers to be notified of potential

permit violations while still providing adequate time to reach sites in the event of
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disturbance to assess the situation and decide an appropriate course of action for
remediation.

For baseflow conditions, HH generally had higher turbidity, pH, conductivity, and
temperature. HH turbidity averaged 56.8 and 162.3 NTU for leaf-on and leaf-off,
respectively. Mean turbidity at DH was 31.0 and 86.1 NTU respectively, for leaf-
on and leaf-off. Mean RH turbidity was 71.2 and 55.6 NTU for leaf-on and leaf-
off, respectively. Stormflow turbidity was highest at HH during leaf-on (285.5
NTU) but highest at DH during leaf-off (149.8 NTU). RH was consistently
lowest turbidity during stormflow both for leaf-on (98.2 NTU) and leaf-off (77.1
NTU). During baseflow, mean pH at HH was 7.22, while DH and RH pH was
6.35 and 6.27, respectively for leaf-on. For leaf-off, mean pH at HH, DH, and RH
was 7.10, 6.29, and 6.25, respectively. Mean baseflow conductivity during leaf-
on at HH was 0.151 mS/cm, while at both DH and RH, mean conductivity was
0.075 and 0.075 mS/cm. During leaf-off, mean conductivity was 0.116, 0.044,
and 0.032 mS/cm at HH, DH, and RH, respectively., These differences between
HH and the other two sites were likely due to internal disturbances such as road
cuts prior to monitoring. HH temperature was highest during leaf-on (18.34 °C)
and leaf-off (10.15 °C). RH had lowest temperature during leaf-on (17.10 °C) and
leaf-off (8.53 °C). This was most likely due to the sonde at HH consistently
exposed to sunlight in the stream. RH flow length was relatively short above

monitoring and was heavily influenced by groundwater temperature.
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Trends in pH, conductivity, and temperature during storm events were not
conclusive, as parameter fluctuations ranged in equal magnitude in both positive
and negative direction. Therefore, pH, conductivity, and temperature, did not
significantly differ between baseflow and stormflow conditions.

Seasonal variations existed in and influenced water quality data at each site.
Turbidity at HH for stormflow was 285.5 and 62.0 NTU during leaf-on and leaf-
off, respectively. DH mean turbidity for stormflow was 70.1 and 149.8 NTU
during leaf-on and leaf-off, respectively. RH stormflow turbidity was 98.2 and
77.1 NTU during leaf-on and leaf-off, respectively. pH and conductivity were
lower during leaf-off than during leaf-on at each site. Lower leaf-off pH was due
to more atmospheric nitrogen and sulfur deposition because leaves weren’t
causing interception. Storm events transported more sediment during leaf-off,
which was also due to interception being removed. Stormflow turbidity was
higher at HH during leaf-on but higher at DH during leaf-off. DH drains more
catchment area than HH, causing more sediment transport from the watershed,
especially during periods when leaves weren’t causing interception. Again,
higher turbidity at HH was likely due to internal disturbances.

Correlations were established between rainfall and change in turbidity for each
site during leaf-on and leaf-off. Regression equations were created to predict
change in turbidity given rain depth, days since last rainfall, and storm duration.
Variables used to describe turbidity were transformed to determine best-fit

relationships. R? values for prediction equations ranged from 0.56 at HH during
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leaf-on to 0.81 at DH during leaf-off. One overall equation was generated for
predicting change in turbidity in each site, which had an R? value of 0.62.

Turbidity data revealed that at HH and RH, during-construction levels were lower
than before-construction levels. HH turbidity BC was 248.8 NTU, while DC
turbidity was 126.1 NTU. RH turbidity for BC was 100.7 NTU and 81.0 NTU for
DC. Analysis of DH turbidity revealed the opposite: turbidity was higher for
during construction timeframe than for before construction timeframe. This
analysis was incorporated to determine seasonal effects on water quality.
However, because no actual construction occurred in DH during this research, it
was determined that impacts on water quality were due to seasonal fluctuations
and not caused by highway construction. This was an important finding both for
NPS and for private landowners, as streams flowed from below construction to

landowner property.

This research outlines methodology for establishing real-time remote monitoring

systems to assess water quality. Equations determined in this study could aid researchers

in predicting water quality in remote streams for watersheds with similar characteristics

to the ones in this research. However, to enhance the procedures and findings outlined in

this study, research could be modified in the following ways:

* Rain data collection should be setup to coincide with collection of water quality

data. If this is not done, inaccuracies may exist in establishing behavioral trends

between rainfall and water quality data, as precipitation data must be included
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from another site, or may not exist at all. Validity of the use of rain data
substitution is questionable, especially if research sites differ from the region
where rain data is being included.

When possible, air temperature and stream discharge should be measured to more
accurately predict impacts of storm events on water quality parameters. Simply
measuring rain depth may not be adequate to fully understand the hydrologic
interactions of rainfall and stream water quality.

Frequency of sonde calibration should be in accordance with manufacturer’s
specifications to ensure accurate and precise measurement of water quality data.
This is especially critical during storm events, when water quality parameters are

most likely to be affected and undergo fluctuations.
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Appendix A — Sonde Calibration Schedule

Date HH DH RH
5/20/10 Yes Yes Yes
10/26/10 Yes No No
10/27/10 No Yes No
12/8/10 Yes Yes Yes
1/20/11 Yes Yes Yes
2/24/11 Yes Yes Yes
3/15/11 Yes Yes Yes
4/28/11 Yes No Yes
5/19/11 Yes Yes Yes

6/9/11 Yes Yes No
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Appendix B — Summary Water Quality Data for Watersheds

Hembree Hollow — Backeround Comparison

Turbidity Conductivity Temperature
(NTU) pH (mS/cm) °C)
Baseflow leaf-on 56.8 7.22 0.151 18.34
(157.3) (0.24) (0.054) (3.26)
Stormflow leaf-on égi% (g ;2) (8 (1)32) N/A
e (;325) ((7):;2) (8:(1);3) (12().i195)
Stormflow leaf-off (26321'91) (g:gg) (8: égg) N/A
Hembree Hollow — Construction Comparison
Turbidity Conductivity Temperature
(NTU) 128 (mS/cm) °C)
BassilowiBe (15.205':54) ((7):%) (8:(1)5;) (129.6922)
SORILORABE é‘llg:g) ((7) ::13421) (8:(1)451?) e
TsglobS (1‘:94'91) (g:;) (8:(1);2) (121.6201)
ormilogabE (gg :é) (g:(z)(z)) (8:(1);8) Bl

[119]




Dunn Hollow — Backeground Comparison

Turbidity H Conductivity | Temperature
(NTU) p (mS/em) (°C)
Baseflow Jeafoon 11.5 6.35 0.075 17.68
(17.0) (0.20) (0.016) (2.81)
70.1 6.40 0.073
Stormflow leaf-on (228.2) (0.20) (0.014) N/A
23.0 6.29 0.044 9.00
Boseflow leaboft (99.0) (0.14) (0.007) (2.38)
_ ; 149.8 6.32 0.044
Stormflow leaf-off (374.0) (0.14) (0.007) N/A
Dunn Hollow — Construction Comparison
Turbidity a Conductivity | Temperature
(NTU) P (mS/cm) (°C)
15.8 6.33 0.063 14.26
Baseflow BC (62.0) (0.18) (0.020) (5.00)
_ 120.3 6.34 0.053
Stosmtlow BC (328.7) (0.17) (0.017) A
Baseflow DC N/A N/A N/A N/A
Stormflow DC N/A N/A N/A N/A
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Rudd Hollow — Background Comparison

Turbidity Conductivity Temperature
(NTU) pH (mS/cm) Q)
Baseflow leaf-on 22.7 6.27 0.075 17.10
(54.3) (0.12) (0.074) (2.79)
Stormflow leaf-on (29584'29) ((6)83) (gggé) N/A
Basetlow leaf-off (100..86) ((6):33) (8 :883) (ngg)
Stormflow leaf-off (451:2) ((6)8‘71) (88(3)‘11) N/A
Rudd Hollow — Construction Comparison
Turbidity Conductivity Temperature
(NTU) pH (mS/cm) CC)
SEClovBE (ég:g) ((6).'(3)3) (8:835) (109.5301(;
somtovnc | 207 [ e om T,
Aoy e (;g:g) ((6): :121 ) (8:8(3)411) (12(?.7261)
StoriflowDE (28812..00) (g f 28) ((O).' 8(3)5) /A
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Appendix C — SAS® Procedure Codes

Slope-intercept Regression

data one; ‘names the data set’

input ‘input parameters and values’

date mmddyyl0. HH_daily DH_daily RH daily CC _daily;
cards;

12/9/2010 0.32 0.09999%99 0.03 O
12/10/2010 O 0 0 0
12/11/2010 O 0 0 4]
12/12/2010 0.2 0.21 0.32 0.9%6062992
12/13/2010 0 0 0 0.035433071
12/14/2010 0.03 0 0 0
12/15/2010 0 0 0 0.05511811
12/16/2010 0.47 0.5 0.58 0.602362205
12/17/2010 0 0 0 0
12/18/2010 0O 0 0 0
12/19/2010 0 0 0 0
12/20/2010 0 0 0 0
12/21/2010 0.14 0.1 0.11 0.098425197
12/22/2010 0.05 0.04 0.05 0.051181102
12/23/2010 0.01 O 0 0
12/24/2010 0 0 0 0
12/25/2010 0O 0 0.03 0.476377953
12/26/2010 0 0 0 0.122047244
12/27/2010 0 0 0 0
12/28/2010 0.13 0 0 0
12/29/2010 0.04 0 0.09 0
12/30/2010 0.42 0.39 0.25 0.015748031
12/31/2010 0.12 0.15 0.01 0.011811024
1/1/2011 1.22999999 0.47 1.17 1.976377953
1/2/2011 0.04 0.09 0.03 0.082677165
1/3/2011 0 0 0 0

1/4/2011 0 0.17 0 0

1/5/2011 0.09 0.14 0.1 0.145669291
1/6/2011 0.14 0.12 0.13 0.137795276
1/7/2011 0.09 0.04 0.11 0.157480315
1/8/2011 0 0 0 0.051181102
1/9/2011 0 0 0 0
1/10/2011 O 0 0 0.440944882
1/11/2011 0O 0 0 0.007874016
1/12/2011 O 0 0 0
1/13/2011 0.07 O 0 0
1/14/2011 0.15 0 0 0
1/15/2011 0.23 0 0.01 ©
1/16/2011 0.08 0.22 0.18 0
1/17/2011 0.01 0.18 0.16 0
1/18/2011 0.18 0.37 0.24 0.248031496
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1/19/2011 0.09 0.21 0.11 0.086614173
1/20/2011 0.01 0.01 0.01 0.05511811
1/21/2011 0.08 0 0 0

1/22/2011 0.01 0 0 0

1/23/2011 0.01 0.01 0.04 0

1/24/2011 0 0.03 0.05 0

1/25/2011 0.14 0.09 0.13 0.098425197
1/26/2011 0.55 0.54 0.51 0.704724409
1/27/2011 0.24 0.04 0.08 0

1/28/2011 0.01 0.11 0.12 ©

1/29/2011 0 0 0 0

1/30/2011 o0 0.01 0 0

173172011 0 0 0 0

2/1/2011 0.35 0.25 0.28 0.421259843
2/2/2011 0 0.01 0 0

2/3/2011 0 0 0 0.003837008
2/4/2011 0.25 0.19 0.28 0.244094488
2/5/2011 0.03 0.04 0.05 0.023622047
2/6/2011 0 0 0 0

2/17/2011 0.12 0.11 0.1 0.153543307
2/8/2011 0.04 0.01 0.02 0

2/9/2011 0.02 0 0.01 0.031496063
2/10/2011  0.11 0 0.04 0.039370079
2/11/2011  0.01 0.03 0.03 0

2/12/2011 0 0.02 0.02 0

2/13/2011 0 0.01 0 0

2/14/2011 0 0 0 0

2/15/2011 0 0 0 0

2/16/2011 0 0 0 0

2/17/2011 0 0 0 0

2/18/2011 0.09 0.04 0.06 0.070866142
2/19/2011 0 0 0 0

2/20/2011 0.02 0.01 0.02 0

2/21/2011 0O 0 0 0.007874016
2/22/2011 0.23 0.14 0.24 0.291338583
2/23/2011 0 0 0 0

2/24/2011 0.28 0.19 0.35 0.12992126
2/25/2011 0.79 0.69 0.77 0.716535433
2/26/2011 0 0 0 0

2/27/2011 0.1 0.02 0.15 0.007874016
2/28/2011 1.41 1.23 1.34 1.421259843
3/1/2011 0.01 0 0.01 0.003937008
3/2/2011 0 0 0 0

3/3/2011 0 0 0 0

3/4/2011 0 0 0 0

3/5/2011 0.18 0.24 0.31 0.606299213
3/6/2011 1.67999999 1.07 1.54 2.137795276
3/7/2011 0 0.01 0.02

3/8/2011 0.01 0.01 0.01 0.047244094
3/9/2011 0.75999999 0.64 0.6 1.874015748
3/10/2011 1.41 0.95999999 1.26999999 1.637795276
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3/11/2011
3/12/2011
3/13/2011
3/14/2011
3/15/2011
3/16/2011
3/17/2011
3/18/2011
3/19/2011
3/20/2011
3/21/2011
3/22/2011
3/23/2011
3/24/2011
3/25/2011
3/26/2011
3/27/2011
3/28/2011
3/29/2011
3/30/2011
3/31/2011
4/1/2011

4/2/2011

4/3/2011

4/4/2011

4/5/2011

4/6/2011

4/7/2011

4/8/2011

4/9/2011

4/10/2011
4/11/2011
4/12/2011
4/13/2011
4/14/2011
4/15/2011
4/16/2011
4/17/2011

4/18/2011-

4/19/2011
4/20/2011
4/21/2011
4/22/2011
4/23/2011
4/24/2011
4/25/2011
4/26/2011
4/27/2011
4/28/2011
4/29/2011
4/30/2011

0.18

0

0

0

0.35 0.01
0 0

0 0

0 0

0 0

0 0

0 0

0 0
0.57 0.52
0 0
0.03 0.02
0.23 0.18
0.04 0.04
0.31 0.31
0.01 0
0.64 0.51
0.04 0.04
0 0
0.04 0O

0 0
1.78999998
0.69 0.55
0 0

0 0
0.01 0.01
0 0

0 0
0.09 0.06
0.47 0.53
0.14 0

0 0
0.68 0.54
0.2 0.16
0 0

0 0

0 0
0.38 0.35
0 0

0 0

0 0

0 0

0 0
0.01 O
0.17 0.35
0.82 0.64
0 0

0 0

«13

e 1

.62
03

.21
.05

+ B9

.04

.02

59
.62

.63
.13

.00
A2

oo oOoCoOo0Oo oo

Qo o000 OCOoOOoOrFRFOODOOCOOOOCOCOR

slislielelicNolaelalalaelleflela el

.031496063

.413385827

24015748
.003937008
.082677165
.342519685
.07480315
.283464567

.661417323
.007874016

.67 2.488188976

.287401575

.700787402

.503937008
.212598425

.460629921

.003937008
.07480315

.468503937
.051181102

(124]



;

proc reg; ‘runs regression procedure’

model rh_daily = hh daily; ‘specification of regression model’
test intercept=0,hh daily=1;
run; ‘runs procedure’

quit; ‘stops calculations after completion of model run’

proc req;
model rh daily = dh daily; ‘comparing RH to DH’
test intercept=0,dh daily=1;

run;

quit;

proc reg;
model hh daily = dh daily;
test intercept=0,dh daily=1;
run;

quit;

Correlation Analysis

proc corr; ‘runs correlation procedure’
var delta turb rain event DSLR dur; ‘specify variables’
run;

Data Transformations

data RH1; ‘new data set’
set RH; ‘created from old data set’
Inturb=log(delta turb); ‘transforms data to natural log’

lnrain=log(rain_event);

1nDSLR=1og (PSLR) ;

Indur=log{duration) ;

turb2=delta turb**2; ‘transforms data te squared’
rain2=rain event**2;

DSLR2=DSLR**2;

durZ=duration**2;

srturb=sqrt{delta*;urbj; ‘transforms data to square root’
srrain=sqrt (rain_event) ;

srDSLR=sqrt (DSLR) ;

srdur=sqrt (duration) ;

run;
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Descriptive Statistics and Box-&-Whisker Plots

proc univariate data=RH; ‘generates descriptive stats'
var delta turb rain event DSLR pH cond temp; ‘specific variables’
run;

ANOVAs
data RH; ‘creates data set from input lines’
input condition $ turb; ‘specify labels and format of input’
datalines; ‘input turbidity data comparing leaf-on and leaf-off’
ON 0.3
ON 0.3
ON 1.9
ON 8.5
ON 9.5
ON 4.4
ON 5.4
ON 7.4
ON a8
ON 6.7
ON 9.9
ON 5.3
ON 43.1
ON 12.2
ON 54.2
ON 204.2
ON 6.0
ON 578.9
ON 16.1
ON 53,2
ON 11.0
ON 0.7
ON 487.1
ON 38.7
ON 20.1
ON 47.6
oN 64.7
ON 26.2
ON 14.2
ON 17.2
ON 1271.2
OFF 0.6
OFF 0.3
OFF 0.0
OFF 0.2
OFEF 0.1
OFF 125.2
OFF 0.9
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OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF
OFF 4
OFF 1
OFF 3
OFF 6
OFF 9
OFF ()8

5

il

5

3

L

OUJl—‘l—‘UJNwO\w[\)OOND—‘)—‘OOOOOOUJP—‘OOO
l\)»b\lu-bU)OOOl\)}—'I—‘bO}—‘U'!(I)D—‘»bG\LA)O\LOU)P—‘NU'I

e
~

=W O

OFF
OFF
OFF
OFF
OFF 5
OFF 0.0
OFF 40.7
OFF 30.3
OFF 1227.3
OFF 1256.2
OFF 5.5

proc glm; ‘runs glm (general linear model) procedure’
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class
model
means
means
run;

quit;

condition; ‘specify class or comparison of interest’

turb = condition; ‘specify model parameters’
condition / hovtest=bf; ‘Brown-Forsythe-Levene equal variance'
condition / lsd tukey; ‘ILSD and Tukey multiple comparisons’

Multiple Regression

proc reg; ‘runs regression procedure for multiple variables’
model turb?2 = lnrain DSLR dur2; ‘specify variables for model’
run;

quit;
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Objective 1

Sampling intervals:

Appendix D — SAS® Output

The 8A8 Systen
The GLH Procedura

Dapendent Varlable: turb

Sun of

15:13 Friday, July 23, 2011

Sovreo or Bguarvs Hean Sguare F Value Pr »F
Madi 1 4 1318.73 429.93 0,01 0.9372
Error 11508 Q9764470 .88 HEBS. 14
Corrected Total 11512 94765793.61
A=Bquare Coof f Vor Rout HEE turh Heon
0.000013 3042904 93, 10822 a0.50042
Source 0F Type | 85 Mesn Sguare F Value Pr>F
Intorval 1 1319.726698 329931675 0,04 0.9372
Hource bF Type 111 S8 Hean Squars FValus Pr>F
interval 4 1819, 726698 29, 931675 .04 0.9972
Apul [laiied)
R-Square  Coeff Var Aoot WSE  turb Mean
0.000013 304.3904 3. 10822 30.56842
Source 0f Type | 6§ Mean Square  Flalue  Pr)F
interval q 1319,726658 323.,931675 0.04  0.8972
Source DF Type 11185 Mean Bguare FValuee Pr)F
interval q 1315.726658 429.931675 0,00 0.9572
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The BAS Gysten
The GLN Procedure

Broun and Forsythe's Test for Horogeneity of turb Voriance
ANOWA of Mbzolute Deviations from Group Nedians

15:13 Friday, July 2

Sun of HNean
Sourco OF Souares Square  FValus  Pr ) F
interval 4 1292.8 323.2 0.04 09573
Error 11508 98652377 §s72.6
[Tty
The BAS fSysten 15:18 Friday, July
The GLH Procadurs
Level of turh
interval N Nean Std Dev
{ifteen 1842 30.9741585 a7.5418721
fivenin 5526 30, 7016106 93.991554
slxtyni 461 31.2455531 95. 6369306
tenmin 2763 30.0785740 89.9422152
thirtyn a2 40, 3384365 91,5867052
TR TUATE
The 808 Byslen 15:13 Fridoy, July 29,

The GLN Procedure

t Tosts (L60) for turb

interval

Compar ison
zixtyni - fifteen
sixtyni = Tivenin
sixtyni = thirtys
=ixtyml - lenmin
fifteen - sixtyn)
fifteen = fivenin
fiftean - thirtym
fifteen = tennin
fivenin = mixtymi
fivenin = fifteen
fivenin = thirtym
:;'vnnin = tennin

ir = mixtynl
thir& = fifteen
thirtyn = [ivenin
thirtym = tennin
tennin = sixtyni
tennin = fiftosn
tenmin = fivenin
tonmin = thirtynm

Difference
tusen
Moarns

€7 Thiz teat controls tho Typoe | conpar isonyise arror rate, not the asporinentuize orrog

Alpha 0,05
Error Degroow of Freedom 11508
Error qLeare 8669141
Critical Value of t 1.96017

Compor isons significant at the 0.05 level are indicated by **».

5% Conf (dence
Limits

-9.283 9,776

-8.015 10,343
-9.776 9.233
~4.638 5.183
-6.730 8.

-4.534  G.385
-9.392  8.%04
-5.183 4.638
-6.133  6.859
-3.628 4,875
=11.320  9.505
-8.001 6.730
-6.859 6.133
-6.684  7.201
=10.348  8.015
-6.385 4.594
-4.075 3.623
=7.204  G.684
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Tha B80S Syston
Tha GLM Procodurs

15013 Froday, July 28,

Tukey 's Studont izod Hongo (HED) Test for turb

filpha 0,05
Error Degroes of Freodon 11508
Error Hean arae BEES. 141
Eritieal Value of Studentized Range  3.05827

NOTE: This test controls tho Typo | exper insnbulse orror rote.

Conpor izone significant at tho 0.05 level are indlcated by ==,

Difference

Sinul toneous

Interval Hetuenn 5% Conf ldence
Eonpar i son Heoann Limits
sixtynl = [iftoen 9,271 =12,957 14.50
aixtynl = fivenin 0.544 4 12.85
zixtynl = thirtyn 6,907 15.399
zixtynl = tenain 1167 13.947
Filteen = sixtyn| =0.271 12,957
fiftoen = fivenin 0.273 107
fifteen = thirtyn 0.636 10.887
Fifteen = tonain 0. 886 + 53
fivenin - sixtyni =0.544 1.770
fiveain = fiftoon =0.273 6. 50
flvamin = thirtyn 0.363 LA04
fivenin = tenain 0.623 W51
thirtyn = zixtyni =0.907 13, 68!
thirtyn = fifteen =0.636 .61
thirtyn = fivenin =0.363 B
thirtyn = tenain 260 .82
tennin = eixtyni =1, 157 11.61
ternin = [ifteen ~0.806 Bt
tonain = fivenin ~0.624 + 296
tanain = thirtyn =0.260 9.405

Turbidity Alert:
The SAS System 16:19 Tuesday|
The REG Procedure
Hodel: MoDELL
Dependent vartable: sixteenhr s1xteenhr
Humber of Obsarvations Read 43626
Nuibar of observations Usad 39488
Humber of observations with Missing values EAEH]
Aanalysis of variance
Sum of t1ean
Source DF squaras Square F value Pr s F
Hodal 1 3465407241 3465407 241 4597406 <, G001
Error 39486 29763536 753.77440
Correctad Total 39487 3495070777
Root MSE 27 45495 R-Square 0,9915
Dependent Hean 119,62354 Atlj R-5g 0.9915
coeff var 22.95113
Parometer Estimates
Parametar Standard
varialilas Labal oF Estimate Errar twvalue  Pro> |t]
Intercapt Intercapt 1 -0.47936 0.14508 =3.22 0.0013
trenty fourhr twentyfourhr 1 1,00132 0.00046723 2144.16 <.0001
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DH

The SAS System 16:19 Tuesday|

The REG Procsdurs
todel: HODELL
pependent variable: sivtesnhr sizteenhr

Number of observations Read 31786
Hunbar of cbservations Uz 31654
Humbar of cbservations with Missing values 132

analysis of variance

sum of Hean

Solirce DF squaras Square F value PI' = F
Hade] 1 1128825717 1120825717 1427351 <. 000%
Error 31652 25032095 790.85349
Corractad Total 31653 1153857812

RoDt MSE 28.12212 f-Square 0,9783

Depandent Haan 65.74535 adj R-5q 0.9783

coaff var 42.77431

Paramete’ Estimates

Par apieter standard )
variable Label OF Estimate Error t value  Pros |t
Intarcept INTercept 1 -0.20842 0.16745 -1.78 0.0747
Trentyfourhr tusnty fourhr 1 1.00453 C.00084081 194,72 <. 0001

RH

The 5AS System 16:19 Tuesday,

The REG Procedurs
Hodal: MODELL
pependent variable: sixtesnhr sixteenhr

timber of observations Read 19830
nunber of observations Used 19585
Nunber of observations w1ﬂ'1 tissing values 245

analysis of Variance

sum of Hean

Source DF Squares sguare  F Value Pr > F
Mockal L 359143916 3591439,16 727989 <. 0001
Error 19583 9661020 493.33710
corrected Toral 19584 368804937
Root MSE 22.71119 R=Squors 0.9733
pependent Hean 50,41172  Adj R-sSq 0.9738
coeff var 44.05958
Parameter Estimates
Parameter standard
variable Label OF Estimate Error t value Pr o= Jt|
intarcept Intarcept 1 =0, 21794 0.16944 -1.29 0.1954
twentyfourhr twenty fourhr 1 L1.00463 0.00118 853,22 <. 0001
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Objective 2

Rainfall comparisons:

The SAS Systen 11:15 vonday, June 6,
The REG Procsdure
fodel: MIDELL
Cependsnt Variable: cc_daily
thambor of Gbsarvations Read 138
Humber of observations Used 133
r of observations with mszing Valuss 5
Analyeis of variance
sum of Hean
Sourca bF Squares Square F value PF > F
Hodel 1 19.35571 19.35571L 525.03 <, 0001
Error 131 4,82948 0.03687
Correcred Toral 132 24,18519
Root MSE 0,19201 R-Seuare 0.58003
Depandent Hean 0.17021 Adj R-5q 0. 7984
cooff var 112.8059%
Parumetar Estimates
Parametar standard
variable oF Estimate Error T valus  Pros i
Intercept 1 -0.00605 0.01334 =0,33 0.7420
HH_glaiTy 1 1.18756 0.05183 22.91 <, 0001
The SAS System 11:15 monday, June 6,
The REG Procedure
Model: MODELL
Tast 1 Results for Dependent Variable cc_daily
Mean )
Solrce DF Square Fovalue Pr = F
Numerator 2 0.2r 297 7.40 0.0009
Denominatol 131 0.03687
The REG Procedurs
Medel: MODELL
Deperilent variabla: ¢C_daily
hanbar of observations rRead 138
Nunuber of observations Used 133
Number of observations with Mizsing values 5
‘Analysis of Variance
sum of Hean
Source DF Squares Square  F Value Pr» F
Hodel 1 17.62574 17.62574 352.01 <,0001
Error 131 6.5594 0.05007
Corracted Total 1352 24.18519
ROOT MSE 0,22377 R-Square 0.7288
Depandent IHean 0.17021  Adj R-sq 0.7267
<o ff var 131.46665
Parameter Estimates
Parameter Standard
varjable DF Estimate Error t value Pr> x|
Intarcapt 1 0.00135 0.02139 0.06 0.9499
OH_dai Ty 1 L4708 0.07713 18.76 %.0001

The SAS System
The REG Procedure

11:15 wonday, Juna &,

Modsl: MODELL
Test 1 Reaults for Dependent variable cc_daily
Hean
Solirce DF Square F value [
Numearator 2 1.03160 20,80 <, 0001
131 0.05007
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The REG Procadure
Model: HODELL
pependent Variable: cc_daily

wmber of ubservations Read 158
Nunber of obsarvations Used 133
tumber of observations with Hissing values ]

Analysis of variance

sum of Hean

Source OF Seuares Square  F valus P > F
Hodel 1 20.04235 20,04285 633.35 <.0001
Error 151 4. 14234 0,03162
correctad Total 132 24.18519

Root MSE D 17782 R-Square 0.8237

Pependant pean 0,17021  Adj R-5q 0.3274

coeff var 10447315

Parameter Estimates

Paramater standard

variable OF Estimate Errar t Value Pr o= |t
Intarcaept 1 -0.00754 0.01696 =044 0.6575
RH_dai Ty 1 1.29111 0.05128 25.18 <. 0001
The 545 System 11:15 Henday, June 6,
The RES Pracadure
tiode1: MODELL
Test ) Results for Dependent Variable co_daily
Thean
Source OF Square F value Pr o> §
Numarator 2 0,57988 18.34 <, (0L
nosid nator 131 0,03162

Th;ozlEG Procemu
Papendent \r.'u‘iabk. RH_d:n'l)'
Huber of observations Read 138
Numbser of Observations Used 138
snalysis of variance

Sum of Mean

Sotrce OF Squaras Square F value Fr > F
Made] 1 11.52562 11.52562 2797.54 <,0000
Error 136 0.56031 0.00412
corrected Total 137 12.08593

RooT MSE 0.06419 R=-Squara 0.9536

Depenlent Mean 0.13373 adj r-5q 0,9533

coeff var 47 . 97957

Parameter Estimates

Farameter standared

variable DF Estimate Error Tt value pr o> |E]
Intercapt 1 0.00123 0.00801 0.21 0,8377
HH_dai Ty 1 0.91410 0.01728 52.82 <.000L

Tha Sas System 11:15 rlnnday June B,

The REG Procedurs
Moclal: HMODELL

Test L Results for Dependent variable RH_daily

Hean
Source oF square F value Pr > F
Humerator 2 0.05957 14,46 <. 0001
penaniinater 136 0,00412
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The REG Procedure
Hodel: HMODELL
Dependent Variable: rH_daily

Humber of Observations Read 138
Number of obzervations Used 138

Analysis of variance

suff of Haan
Sourca OF Squares square F Value Pr>F
Hadel 1 11.09009 11.09009 1513.55 <, 0001
Error 136 0,99584 0.00732
correctad Total 137 12.08593
Root MSE 0,08557 R-Squars 0.9176
Dependent Mean 0.13378 adj B-5q 0.9370
Cosff Var 563.96432
Paranjeter Estimates
Paramster Standard
varialile DF Estimate Errar t value OB |
Intercept 1 0.00334 0.00802 0.42 0.6776
CH_dadi Ty 1 L. 14507 0.02942 38.92 <, 0001
The SAS system 11:15 monday, June @,

The REG Procedure
Hodel: MODELL

Test L Results for Dependent variable RH_daily

Hean
sourca bF Square F value Pr s F
fumerator 2 0.11623 15.87 <. 0001
Denaminator 136 0.00732

The REG Procedure

Mode1: NODELL
Dependent vardiable: wM_daily
Nuber of Observations Read 138
Numbar of observations Used 138

Analysis of variance

sum of Hean
source UF Squares Square F value PE>F
todal P 12.39829 12.39329 1208.58 <.0001
Error 136 1.39516 0,010:6
Corracted Total 137 13.79345
Root MSE 0.10128 R-Square 0.8989
pependant Mean 0. 14500 adj r-5q 0.5981

coeff var 69.85138

Paramsater Estimates

Parametar standard
variabile BF Estimate Error t value Pro= Itl
Intercept 1 0.00708 0.00949 0.75 0.4568
oH_daily 1 1.21072 0.03453 i4.76 <. 0001
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Rain leaf-on:

Rain leaf-off:

The SO5 Systen 2018 Fridoy, )
The GLH Provedure
t Tostsz (LSD) for rain

¥ contralz tho Type | comporizonwise orror rate, not thn axper inenty

gm"ﬂ Degrea { Freedon oigg
Frar n o o

Error Mean Square 0.216505
Critical Value of t 1.97867

Conporisons significant at the 0.05 level are indicated by *ve,

Difference

ite Botueon 95% Confidence
Canpar |zon Heans Lini
HH = G.01342 -0 20071 0.22755
BH = HH 0.03503 -
o - -0.01342
= HH 0.02167
HH - =0.03509
HH - DH =0.02167 -0 21448 0.17115

The 506 Systen 20:16 Friday, Jul

The GLH Procedure
Tukey 'n Stodentized Hapgn (H5D) Test for rain
NOTE: This test controls the Type | experinentuize error rote.

fitpha 0.05
Error Degress of Freedon 128
Error Meon 8 0.2)16505

Guore
Critical Value of Btudentized Rangs 3.35351

Conpar |sons =ignificant at the 0.05 lovel arn indicatod by ***.

DIf foronce

nite Butuean Sinultansous G5%
Conpar | non Mnons Confidence Linits
AH = BH 0.01342 0.27004
fiH = HH 0.43509 0,263880
DH = AH =0.,01342 0. !4320
OH = HH 0,02167 0.25274
HH = Rl =0.00509 -0.26998 0 19981
HH = DH =0.02167 =0.25279  0.20541

e
The SA8 Bysten 20:26 Frilday, Jdy

The GLN Proacodure
t Tosts (LED) for rain

it controls the Type | conperisonuise error rate, oot the exparinenty

Alpha 0.05
Error Degrees of Freodom 204
Error Hean Square 0. 117736
Critical Value of t 1.97166

Conpar inane sighifleant at the 0,05 Joval are indicatod by **s.

Dirferance

aito Botweon 95% Canf ldance
Conpar ison Heans Linits
HIE = 1M 0, 01326 -0.07635 0.16286
HH = DH 0.06803 =0.04526  0.18132
HH = HH =0.04326 =0.16286 0,0763S
AH = DH 0.02478 -0.00950 0,13905
bH - HH =0.06003 =0.10132 0.04526
OH - RH -0.02470 «0.13905 0.,00950
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Turbidity:

Mlpha

Error

Conpar izons signifli

Error Degrecs of Fraudnn

Tho 8AS Gystes
The GLN Procedure

20:26 Fraday, Jul

Tukey's Studentized Hange (HSD) Test for rain
NOTE: Thie tost contralu tho Typn | oxperimontwiso error rata.

0.05
204
0. 117736

Critical Valun ol‘ Studentizod Ronge 32.330089

cant at the 0.06 loval ara indlicotod by sss,

Difference
Liwien B e ] tanmous 95%
Confidonee Linits

0. 04326 =-0.049987 0.18648
g ' ﬂﬁgoﬁ -0.067¥63 0.20369

-0,02470  -0.1GIGI

HH

HOTE:
Heans with the sane

t Grouping
h
;]

pol controls the Type | conpor isonwise error rato, not tho P b i nn

Brror baoruas; ot Fresdon i
or % O L&

Error Hesn Sguarn J7E01 .43
Critical Value of t 50157

Least Significont Difference  117.24
Harponic Haan

The SNS Bysten
The GLN Procodura
t Testx (LAD) for turh

17:20 Friday, July

of Cnll Sizes 65.75221

Coll sizes aro not equal,
lotter are not smignificantly different.

Huan N condition
205.51 50 o
E1.95 B3 OFF

The 8AS Byutlon
The GLH Procedure
Tukey's Btudentized Ronge (HSD) Test for turb

L controle the Type | experibentulse error rate, but It ponoral 1y has
| error rate than REGUO,

17:28 Friday, J

M lphe 0,05
Errdar Degroes of Froedon (R}
Error Hean Square 87581.43
Critical Value of Studentized Range 2.B80236
Hininun Significant Difference 117.24
Hormanic Hean of Cell Sizes 55.75221

NOTE: Coll sizes are nob equal.

Heans with the sane letter ore not significantly ol fforent,

Tukey Grouping Hean N cond i tion
f 205,51 50 OH
1] 61.95 63 OFF
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DH

The B8NS Bystem 17:37 Friday,
Tho GLH Procedure
t Tests (LBD) For turb

tontrols the Type | comparizonuise error rate, not the experiment

Alpha 0.05
Error Degrees of Freedom 98
Error Hean Square 107627 .7
Critical Value of t 1.90447
Least Significant Difference  134.85
Harsmunic Mean of Cell Sizes 46.62

NOTE: Call sizes are not oqual .,

Means with the sane letter are not significantly different.

bt Grouping Hean N cond | tion
2 149.78 63 OFF
) 70,10 ar oM
The 568 Systen 17:37 Friday,

The GLM Procedure
Tukoy 's Studentized Range (18D} Test for turb

L controls the Type | experinentuise error rate, but [t generally h
11 orrar rate than REGHD.

filpha 0.05
Error Degrees of Freedon 9
Error Hean Squara 107627 .7
Critical Value of Studentized Ronge 2,00646
Minipun Significant Difference 134.85
Harmonic Mean of Cell Sizes 46.62

MNOTE: Cell sizes are not equal.

Heans with the same letter are not significontly different.

Tukey Grouping Hean N o | L lon
2’ 149.78 63 OFF
A 7010 ar oN
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RH

Thes SAS Oystan 17:47 Fridap, Jdul
The GLH Procedure
t Tests (LBD) for turb

bt controls the Type | conpoarizsoneise error rate, not the experinonty s

filphn 0,08
Error Degrees of Froodon {47
Error Hoon Square Foazn.an
Critical Value of L 1.98827

Least Significant Differance 110,54
Harmonic Mean of Cell Sizes 39,90805

HOTE;: Col) sizes are not egual .

Heans with the sane Intber are not slgnificantly o) Flarsnl.

L Groupimg Mizan N eond | Lion
: 98.19 al oan
n T7.05 56 UFF
T
The 908 Bysten 17:47 Friday, July 2

The GLH Procodure
Tukey's Studont ized Rangs (HSD) Test for terb

tost controla the Type | exper isonteize error rate, but It generally hoo a b
11 error rate thon REGUO.

flpho 0.05
Error Dogrees of Freadoa 85
Error Hean © T0920.40
Critical Valun of Studontized fange 2.81164
Hininun Significont Differonce 118,54
Harnonic fean of Cell Blees 29. 90805

HOTE: Eoll zizos arn not equal.

Heans with the seme lotter are not wignificontly different.

Tukeyp (roup ing Mizian N condiLion
2 98,19 al o
n Tr.05 56 OFF
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MOTE: This test contrals the Type | conpor isonwise error rate, not the experinentuise error rate.

Conpar teons significant at the 0.05 level are indicated by #4¢.

The BAS Byzten
The GLN Procedire
t Tests (LSD) for pH

filpha 0.05
Error Degrees of Freedon 233
Error Hean Bguore 0.035794
Critical Value of t 196809

Biflerence

D 0.76039
i 0.87269
L] -0,78033
il 0.09230
HH =0.87269
] =0.09230

44% Conf idance
Linits

072771 0.83306 v
081435 0.93104 w30
«0.83306 -0.72771 0
0.03187 0.15274 =
«0.93104 ~0.B1435 w0
=0,15274 ~0.03187 s

20213 Thursday, Jul;

The Sn8 Systen

The GLN Procedure

Tukey's Studentized Ranpe (HSD) Test for pH

20113 Thu

NOTE: This test controls the Type | exper inentwise error rato.

ftlpha 0.05
Error Degrees of Freedon 293
Error Hean Square 0.039794
Critical Value of Studentized Range 38.33144

Compar 1sons significant at the €.05 level are indicated by *#%,

=it
Comnpar | zon
HH - DH
HH - AH
DH - HH
DH = BH
AH = HH
AH - DH

Differcnce
Hetueen
Heanz

0.78039
0.87269
=0.78039
0.03230
=-0.87269
-0.09230

Sinul taneous 952
Conf idence Limits

0.71734 0.84344
0.080265 0,94253
=0.84344 -0.71734
0,01997 ©0.16464
=0.94253 -0.80285
=0. 16464 =0.01997

EE
%
L1l
28
&
waw
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Leaf-on

The SAS System 10:01 Monday, July
The GLM Procedure
t Tests (LSD) for pH

t controls the Type | conpor ixonuise error rate, not the experineniise

fAlpha 0.05
Error Degrees of Freedon 123
Error Mean Square 0.050180
Critical Value of t 1.87944

Comporisons signilicant at the 0,05 Tevel are indiceted by =as,

i Flerence
site Hetwesn 95% Conf idence

Conpar (=on Heans Limits

HH = OH 0.78798 0.691849 0,98406

HH - RH 0.90872 0.81349 1.00394

DH = HH -0.78738 -0,88406 -0.69189

DH - AW 0.12074 0.01396 0,22751

AH = HH =0.30872 =1.00394 -0.81349 #»s
AH - DH -0.12074 =0.2275] -0.01396 s

The BAS Systen 19:01 Monday, Ju

The GLH Procedure
Tukey's Studentized Range (HSD) Test for pH
NOTE: This test controls the Type | experinentuise orror rote.

Alpha 0,05
Error Degrees of Frecdon 123
Error Mean Squarc 0.050183

Critical Malue of Studentized Range 3.35511
Compar isons significant at the 0,05 level are indicated by =ss,

Difference

site Betusen Siaul taneous 95%
Conparison Heans Confidence Linits
HH = DH 0.78798 0.67281 0,90314 ===
HH - AH 0.90872 0.79459 1.02284 wss
BH = HH ~0.78798 =0.90314 -0,67281 #s=
DH - BH 0.12074 =0.,00723 0.2407)
RH = HH =-0,.90872 =1.02284 =0.73459 #*%
RH - DH =-0.12074 -0.24871 0.00723
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Leaf-off

The SA5 Syston 10:01 Honday,
The GLM Procadure
t Tests (LSD) for phl

controls the Type | conparisonwise error rate, not this exper inenty

Alpha 0.05
Error Degrees of Freedon 167
Error Mean Square 0,029435
Critical Valus of t 1.97427

Compar isons significant at the 0.05 level are Indicated by #*%.

Differenco
site Betuegen 95% Conf ldence

Conpar |son Means Limits

HH - DH 0.75385 0.69509 0.81261 #%*
HH - AH 0.84278 0.77302 0,91253 #s»
DH = HH =0.75385 =0.81261 -0.69509 #ux
DH = AH 0.08893 0.01973 0.15812 #es
AH = HH -0.04278 ~0.91253 -0.,77302 #%»
Al - DH -0.00093 =0.15812 -0.01973 #+*

The SnS Systen 10:01 Manday ,

The GLM Procedure
Tukey's Student ized Range (118D) Test for pH

NOTE: This test controls the Type | experinentuise error rate.

flpha 0.05
Error Degrees of Freedom 167
Error Mean Square 0.023435

Critieal Value of Studentized Range 3.34433

Compar isons significant at the 0.05 level are indicated by *¥¥,

Difference

site Betueen Sinul taneous 95%
Compar ison Means Confidence Linits
HH - DH 0.75385 0.68347 0.82423 Aew
HH - BH 0.84278 0.75922 0.92633 #¥%
DH = HH =0.75385 ~-0,82423 ~0.68347 #==x
DH - BH 0.08893 0.00604 0.17181 #=s
AH - HH ~-0.84278 ~0,92633 -0.75922 ===
RH - DH -0,08893 =0.17181 -0.00604 *&¥
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HH leaf-on

The GLM Procedute
Lovel of N pH
condition
Mean Std Dev
BF 57 || 7.18385965 || 0.24576233
SF 57 7912281 0.24718617

{ Tests (LSD) for pH
Note: This test controls the Type:I comparisonwise error rate, not-the experimentwise error rate.

Means with the same letter
are not significantly different.
t Grouplng Mean N || condition
A 718386 57 BF
A
A 17912 57 SF

Tukey's Studentized Range (HSD) Test for pH
Note: This test controls the Type I'experimentwise:error rate, but It generally has a higher Type 1l etror rate than REGWQ.

Means with the same letter
ara not significantly different,
Tukey Grouping Mean N condition
A 7.18388 57 BF
A
A 747912 57 SF
DH leaf-on
The GLM Procedurs
Level of N pH
condition
Mean Std Dey
BF 34 || 639588235 || 0.28383860
SF 34 || 639794118 || 0.20239145
1 Tasts (LSD) for pH

Nole: This lest controts the Type | comparisonwise error rate, nol (he experimentwise emor rate.
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Means with the same letter
are not significantly different.

t Grouping Mean N condition
A 6.39794 || 34 SF

A

A 6.39588 || 34 BF

Tukey's Studentized Range {HSD) Test for pH
Note: This test controls the Type | experimentwise error rate, but il generally has a higher Type Il error rate than REGWQ.

Means with the same letter
are not significantly different.
Tukey Grouping Mean N condition
A 6.39794 34 SF
A
A 6.39588 34 BF
DH leaf-off
Level of N pH
condition
Mean Std Dev
BF 68 6.31676471 0.14261357
SF 68 6.31544118 0.14129924

t Tests (LSD) for pH
Note: This test conlrots lhe Type | comparisanwise error rate, not the experimentwise error rate.

Means with the same letter
are not significantly different.

t Grouping Mean N condition
A 6.31676 68 BF

A

A 6.31544 68 SF

Tukey's Studenlized Range (HSD) Test for pH
Note: This test controls the Type | experimentwise error rale, but It generally has a higher Type Il errof rate than REGWQ.
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Means with the same letter
are not significantly different.
Tukey Grouping Mean N condition
A 6,31676 88 BF
A
A 631544 |[ 68 || SF
RH leaf-on
Lavel of N pH
condition
Mean Std Dev
BF 35 || 6.27514266 || 0.06218433
SF 35 || 6.28641155 || 0.08867489

t Tests (LSD) for pH
Note: This test controls the Type | comparisonwige error rate, not-the experimentwise: error rate.

Means with the same letter
are not significantly different.

t Grouping Mean N condltion

A 627514 || 35 BF
A
A 6.26641 35 || SF

Tukey's Studentized Range (HSD) Test for pH
Mote: This test controls the Type | experimeniwise error rate, bul it generally has a higher Type |l error rals than REGWQ.

Moans with the samae lotter
are not significantly different.
Tukey Grouping Mean N condition
A 6.27614 35 BF
A
A 6.26641 35 SF
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Conductivity

HH leaf-on
Level of N cond
condition
Mean Std Dev
BF 48 0.14460417 0.04935832
SF 48 0.14459555 0.04405289
t Tests {LSD) for cond

Note: This test controls the Type | comparisonwise error rate, not the experimentwise error rate.

Means with the same letter
are not significantly different.

T Grouping Mean N condition
A 0.144604 || 48 || BF

A

A 0.144596 || 48 || SF

Tukey's Studentized Range (HSD) Test for cond
Note: This test controls the Type | experimentwise error rate, but it generally has a higher Type Il error rate than REGWQ.

Means with the same latter
are not significantly different.
Tukey Grouping Mean N condition
A 0.144604 48 BF
A
A 0.144596 48 SF
DH leaf-on
Level of N cond
condition
Mean Std Dev
BF 32 0.07462500 0.01335073
SF 32 0.07268750 0.01390380

| Tests (LSD) for cond
Note: This test controls the Type | comparisonwise error rate, not the experimentwise error rate.
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Means with the same letter
are not significantly different.
t Grouping Mean N condition
A 0.074825 32 BF
A
A 0072688 || 32 || SF

Tukey's Studentized Range (HSD) Test for cond
Naote: This test contrals the Type | experimaniwise error rate, bul It generally has a higher Type |l error rate than REGWQ.

Means with the same letter
are not significantly different.
Tukey Grouping Mean N condiflon
A 0.074625 32 BF
A
A 0072888 || 32 || SF
DH leaf-off
Level of N cond
condition
Mean Std Dev
BF 67 0.04428851 0.00730002
SF 67 || 0.04405970 || 0.00733378

1 Tests (LSD) for cond
Note: This test controls the Typa | comparisonwiss error rale, not the experimentwise error rate.

Means with the same letter
are not significantly different.

t Grouping Mean N || condition
A 0.044208 || 67 || BF

A

A 0.0440860 || 67 || SF
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Tukey's Studentized Range (HSD) Test for cond
Note: This test controls the Typs | experimentwise error rate, but it generally has a higher Type Il error rale than REGWQ.

Means with the same letter
are not significantly different.
Tukey Grouping Mean N condition
A 0.044299 67 BF
A
A 0.044060 67 SF
RH leaf-on
Level of N cond
condition
Mean Std Dev
BF 35 0.06148571 0.06415302
SF 35 0.06062857 0.06569228

t Tests (LSD) for cond
Note: This test controls the Type | comparisonwise error rate, not the experimentwise error rate.

Means with the same letter
are not significantly different.

t Grouping Mean N condition
A 0.06149 || 35 || BF

A

A 006063 || 35 || SF

Tukey's Studentized Range (HSD) Test for cond
Note: This lest controls the Type | experimentwise error rate, but it generally has a higher Type |l error rate than REGWQ,

Means with the same letter
are not significantly different.

Tukey Grouping Mean N condition
A 006149 35 BF

A

A 0.06063 35 SF
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Temperature

HH leaf-on
Level of N temp
condition
Meadn Std Dav
BF 48 17.3606250 || 3.30131657

SFmax 48 || 17.8270833 || 3.53054093

SFmin 48 || 16.9372017 || 334008074

L Tests (LSD) for tamo
Mote: This lest controls the Type | comparisonwise efror rate, not the experimentwise arror rate.

Means with the same letter

are not significantly different.
t Grouping Mean N || condition
A 17.82711 || 48 || SFmax
A
A 17.3606 || 48 BF
A
A 16.9373 || 48 || SFmin

Tukey's Studenlized Range (HSD) Test for temp

Note: This test ls the Type | imentwise error rate, butil generally has a higher Type Il efror rate ihan REGWQ.
Maans with the same letter
are not significantly different.
Tukey Grouping Mean N condition
A 17.8271 a8 SFmax
A
A 17.3606 || 48 || BF
A
A 16.8373 48 SFmin
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DH leaf-on

Lavel of N temp
condition
Mean Std Dev
‘BF 35 || 17.6508571 || 3.07021207
SFmax 35 17.9222857 2.51175921
SFmin 35 174842857 2.83850231
| Tests (LSD) for tamp
Nota: This test controls the Type | comparisonwise ercor rate, not the exparimeniwse eror rate.
Means with the same letter
are not significantly different.
t Grouping Mean N condltion
A 17.0223 || 35 || SFmax
A
A 17.6509 35 BF
A
A 17.4943 35 || SFmin

Tukey's Studentized Range (HSD) Test for temp
Note: Thistest ¢ontrols the Type | exgerimeniwise error rate, ‘but it generally has a higher Type Il error rate than REGWQ.

Means with the same letter

are not significantly different.
Tukey Grouping Mean N condition
A 17.8223 || 35 || SFmax
A
A 17.6500 35 BF
A
A 17.4943 || 35 || SFmin
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DH leaf-off

Level of N temp
condition

Mean Std Dev
BF 67 || 9.40343284 2.262568997

SFmax 67 || 9.59388060 || 2:.17858070

SFiin 67 || 9.28044776 || 2.18525460

t Tests (LSD) for temp
Note: This test controls the Type | comparisonwise error rate, not the-experimentise error rate:

Means with the same letter

are not significantly different.
t Grouping Mean N condition
A 9,5939 || &7 SFmax
A
A 9.4034 67 BF
A
A 9.2604 67 || SFmin

Tukey's Studentized Range (HSD) Test for temp
Nete: TFhis-test controls the Type:! exparimentwise error rate, but It generally ras a higher Typeill error rate than REGWQ.

Means with the same latter

are not significantly different.
Tukey Grouping Mean N || condition
A 9.5939 67 SFmax
A
A 9.4034 67 BF
A
A 028604 || 67 || SFmin
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RH leaf-on

Level of N temp
condition

Mean Std Dev
BF 36 16.1536111 2.90607851
SFmax 36 16.7488889 3.30260571
SFmin 36 15.8919444 || 3.02228184

t Tests (LSD) for temp
Nole: This test contrals the Type | comparisonwise error rate, not the experimenlwise error rate.

Means with the same letter

are not significantly different.
t Grouping Mean N condition
A 16.7489 36 SFmax
A
A 16.1536 36 BF
A
A 158919 || 36 SFmin

Tukey's Sludentized Range {HSD) Test for temp
Nole: This test controls the Type | experimentwise error rate, but it generally has a higher Type Il error rate than REGWQ.

Means with the same letter

are not significantly different.
Tukey Grouping Mean N condition
A 16.7489 || 36 SFmax
A
A 16.1536 || 36 BF
A
A 15.8919 36 SFmin
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Objective 3

Objective 4
HH BF turbidity
Lovel of N turb
condition
Mean Std Dev
BC 32 30.434375 48,308604
DC 81 177.268889 #01.591783
1t Tests (LSD) for urb
Nale: This test controls the Typa | comparisonwise error rale, nol the experimentwise arror rate.
Mote: Cell sizes are not equal
Means with the same letter
are not significantly different.
t Grouping Mean N condition
A 177.29 81 DCc
B 3043 || 32 || BC
Tukey's Sludentized Range (HSD) Tes for turb
MNote: This tesl the Type | experimantwise error rate, but i generally has a higher Type |l error rate than REGWQ.

Note: Cell sizes are nol equal.

Means with the samo letter
are not significantly different.

Tukey Grouping Mean N || condition

A 177.29 81 DC
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HH SF turbidity

The 805 Systen
The GLN Procedurs
t Tests (L8SD) For turb

Fontrols the Type | comparisonwise error rate, not the experimentw

Alpha 0.05
Error Degrees of Freedom 111
Errvor Hean Hquare 107025
Critical Value of & 1.98157

Least Slgnificant Difference 135.35
Harmonic Mean of Cell Sizes 45.87611

NOTE: Cell sizes are not equal.

Means with the sane letter are not significantly different.

14:00 Friday, JyJ

L Grouping Nean N condition
n 248.78 3z BC
i
f 126.14 81 DC
[rput = [UntitTed)

Tha S§AB Systen
The GLH Procedure

Tukey's Studentized Aonge (HED) Test for turb

- This test controls the Tvpe | exper inentuise error rate, but It generally has a |

Il error rate thon AEGHO.

fAlipha
Error Degrees of Freedom
Error Mean Bquare

Critical Yalue of Studeritlzed Bange 2.80236

Minimum Significant Difference

Harmonic Mean of Cell Sizes 45.07611

NOTE: Cell sizes are not equal.

Heans with the sone lettor are not signiFicantly different.

Tukey Grouvping Hean N cond | Lion
2 248.78 32 ot
f 126.14 81 D

149:00 Friday, July &

0.05
111
107025

135.35

HH BF pH

Laevel of N pH
condition

Maan Std Dey
BC 38 || 7.30736842 || 0.15136646
pc 84 T.04035714 022546576
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L Tests (LSD) for pH
Note: This test controls the Typs | comparisonwise error rate, not the experimentwise error rate.

Note: Cell sizes are not equal.

Means with the samo letter
are not significantly different.
t Grouping Mean N condition
A 7.30737 38 BC
B 7.04036 84 DC

Tukey's Studentized Range {HSD) Test for pH
Note: This test controls the Type | experimentwise error rate, but it generally has a higher Type Il error rate than REGWQ.

Note: Cell sizes are not equal

Means with the same letter
are not significantly different.
Tukey Grouping Mean N condition
A 7.30737 || 38 BC
B 7.04036 || 84 DC
Level of N pH
condition
Mean Std Dev
BC 38 7.31842105 || 0.14018379
DC 84 || 7.01571429 0.20302701

t Tests (LSD) for pH
Note: This test controls the Type | comparisonwise error rate, not the experimentwise error rate.

Note: Cell sizes are not equal.

Means with the same letter
are not significantly different.
t Grouping Mean N condition
A 7.31842 38 BC
B 7.01571 84 DC
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Tukey's Studentized Range (HSD) Test for pH
Note: This test controls the Typa | experimentwisa error rate, but it generally has a higher Type 1l error rate than REGWQ.

Note: Cell'sizes are not equal.

Means with the same letter
are not significantly different.
Tukey Grouping Mean N condition
A 7.31842 38 BC
B 7.01571 84 DC
HH BF conductivity
Level of N cond
condition
Mean Std Dev
BC kil 0.15393548 0.05150206
DC 82 0.11268537 0.03211936

t Tests (LSD) for cond
Nole: This test conirols Lhe Type | comparisonwise error rate, not the experimentwise error rate,

Note: Cell sizes are not equal.

Means with the same letter
are not significantly different.
t Grouping Mean N condition
A 0.153935 31 BC
B 0.112585 82 DC

Tukey's Studentized Range (HSD) Test for cond
Nole: This test controls the Type | experimentwise error rate, but it generally has a higher Type Il error raie than REGWQ.

Note: Cell sizes are nat equal.

Means with the same letter
are not significantly different.

Tukey Grouping Mean N condition

A 0.153935 H BC
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Means with the same latter
are not significantly different.
Tukey Grouping Mean N condition
B 0.112585 82 DC
HH SF conductivity
Level of N cond
condition
Mean Std Dev
BC 31 0.15620150 0.04086905
DC 82 0.10984796 0.03025173
t Tests (LSD) for cond

Note: This test controls the Type | comparisonwise error rate, not the experimentwise error rate.

Note: Cell sizes are not equal.

Means with the same letter
are not significantly different.

t Grouping Mean N condition
A 0.156202 || 31 BC
B 0.109848 82 DCc

Tukey's Studentized Range (HSD) Test for cond
Note: This test controls the Type | experimentwise error rate, but it generally has a higher Type |l error rate than REGWQ.

Note: Cell sizes are not equal.

Means with the same letter
are not signiflcantly different.

Tukey Grouping Mean N condition
A 0,156202 || 31 BC
B 0.109848 || 82 DC
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HH BF temperature

Level of N temp
condition

Mean Std Dev
BC 3 102458065 || 2.39335855
Dc 82 10.6002439 || 2.41805348

t Tesls (LSD) for termp
Note: This tesl controls the Type | comparisenwise error rate, not the experimentwise error rate.

Note; Cell sizes are not equal.

Means with the same letter
are not significantly different.

t Grouping Mean N condition
A 19.2458 || 31 BC
B 10.6002 || 82 DC

Tukey's Studentized Range (HSD) Test for temp
Note: This test controls the Type | experimentwise error rate, but it generally has a higher Typa Il error rate than REGWQ.

Note: Cell sizes are not equal.

Means with the same letter
are not signlficantly different.
Tukey Grouping Mean N condition
A 19.2458 | 31 BC
B 10.6002 82 DC
HH SF temperature

Level of N temp
condition

Mean Std Dev
BCmax 31 19.7822581 2,70368478
BCmin k| 18.9335494 2.16825052
DCmax 82 10.9557317 242888738
DCmin 82 10.2185366 2.32088482

L Tests (LSD) for temp
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Note: This test contrals the Type | comparisonwise error rate, not the experimentwise error rate.

Comparisons significant at the 0.05 leve! are indicated by ***.
condition Difference 95% Confidence Limits
Comparison Between
Means
BCmax - BCmin 0.8487 -0.3522 2.0497
BCmax - DCmax 8.8265 7.8296 9.8234 | ***
BCmax - DCmin 9.5637 8.5668 10.5606 s
BCmin - BCmax -0.8487 -2.0497 0.3522
BCmin - DCmax 7.9778 6.9809 89747 |
BCmin - DCmin 8.7150 7.7181 9.7119 =
DCmax - BCmax -8.8265 -9.8234 -7.8296 e
DCmax - BCmin -7.9778 -8.9747 -6.9809 -
DCmax - DCmin 0.7372 -0.0012 1.4756
DCmin - BCmax -9.5637 -10.5606 -8.5668 el
DCmin - BCmin -8.7150 -9.7119 -7.7181
DCmin - DCmax -0.7372 -1.4756 0.0012

Tukey's Sludentized Range (HSD) Test for temp
Note: This test controls lhe Type | experimentwise error rate,

Comparisons significant at the 0.05 level are indicated by ***.
condition Difference Sl 95% Confid
Comparison Between Limits
Means

BCmax - BCmin 0.8487 -0.7288 24262
BCmax - DCmax 8.8265 7.5171 10.1360
BCmax - DCmin 9.5637 8.2543 10.8732 | "
BCmin - BCmax -0.8487 -2.4262 0.7288
BCmin - DCmax 7.9778 6.6684 9.2873 ="
BCmin - DCmin 8.7150 7.4056 10.0245 e
DCmax - BCmax -8.8265 -10.1360 -7.5171 b
DCmax - BCmin -7.9778 -9.2873 -6.6684 [ ~*
DCmax - DCmin 0.7372 -0.2327 1.707M
DCmin - BCmax -9.5637 -10.8732 -82543 [ **
DCmin - BCmin -8.7150 -10,0245 -7.4056 e
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Comparisons significant at the 0.05 level are Indicated by ***.

condition Difference Simultaneous 95% Confidence
Comparison Between Limits
Means
DCmin - DCmax -0.7372 -1.7071 0.2327

DH BF turbidity HH timeframe

Level of N turb
condition

Mean Std Dev
BC 24 10.6166667 1.777264
DC 76 77.7855263 198.989033

t Tests {LSD) for turb
Note: This test controls the Type | comparisonwise error rate, not the experimentwise error rate

Note: Cell sizes are not equal.

Means with the same letter
are not significantly different.

t Grouping Mean N condition
A 77.79 || 76 DC

A

A 10.62 || 24 BC

Tukey's Studentized Range (HSD) Tesl for turb
Note: This test conlrols the Type | experimentwise error rate, but it generally has a higher Type Il error rate than REGWQ.

Note: Cell sizes are not equal.

Means with the same letter
are not significantly different.

Tukey Grouping Mean N condition

A 77.79 76 DC
A
A 10.62 24 BC
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DH BF turbidity RH timeframe

Lovel of N turb
condition
Mean Std Dev
BC 44 10.078182 7.901898
pc 56 102197500 || 2272498708
| Tests (LSD) for urb
Nate: This test the Type | o

se error rate, not the experimentwise errof rate.

Note: Cell sizes are nol equal.

Maans with the same lotter
are not significantly different.
t Grouping Mean N condiltion
A 10220 || 56 || pC
B 10,08 || 44 || BC

Tukey's Studentized Range (HSD) Test for turb

Note: This test controls the Type | experimentwise error rate, but it generally has a higher Type |l error rate than REGWQ.

Nate: ‘Call sizeés are not equal.

Means with the same fotter
are not significantly different.

Tukey Grouping Mean N || condition
A 102:20 |l 56 || DC
B 10.08 || 44 || BC
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DH SF turbidity HH timeframe

The BAS Syaten 16: 14 Fridoy,
The GLH Procodura
t Toats [LBD) for turb

controly the Teps | conpor inonuise orror roto, bt the expor inont

Mipha 0.05
Error Degrees of Froodon a8
Error Noan Square 106610.8
Critical Value of t 1,90447
Least Significont Difforonce 151,72
Harnonic Moon of Call 8jzes 46,40

NOTE: Coll sizer are not edqual.

Heanz with the sane letter oro nobt sighilicantly different.

L Gringdng Hean ] bl | Lion
- 2 148.27 i3 AL
L] 2.7 249 B
The B8NS Spstoen 16214 Friday,

The GLN Procodure
Tukey 'n Studentized Nange (HED) Test for turb

t controls the Tupe | experinentulse error rate, but It penerally
I orror rato thon REGU.

filpha 0.05
Error Degress of Freedon 98
Error Hean Bguaro 106610.8
Critical Value of Studentized Ronge 2.00646
Hininus Significant Difforence 151.72
Harnonic Meon of Cell Sizes 96.48

NOTE: Cell sizes are not egual,

Means with the sano lottor are not significantly difforent,

Tukey Grouping Mean n condition
R 148.27 76 AL
0 31.75 24 HC

DH SF turbidity RH timeframe

o

The SAS Svuten 16:92 Fridoy, J
The GLR Procodurao
t Testas (LSD) for turb

t controls the Type | conpar izonuise error rate, not the experinent

Alphs 0.05%
Error Dogress of Frosodom 98
Error Mean Sguara 105864 .7
Critical Values of t 1.90447
Least Significant D|fference 130,08
Harmonle Moan of Cell Sizes 49.28

NOTE: Coll nizes ara not equal.

Means with the zane lebtter ore nol migniflicantly different.

t Grouping Haan L] condition
R 17o.51 56 ne
n 56.41 44 B
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|- Tha BAG Syston 16:32 Friday, Ju
The GLH Procedure
Tukey's Student izod Bange (HED) Teal for turb

[t controls the Type | psper igentvise ervor rate, but it generally bas
I't error rate than REGHQ.

Alpha 0.05
Error Degroes of Froodoa a8
Error Hoon Oguare 105864, 7

Critical Value of Studentized Range 2.80646
Hintpoa Significant Differonco 130.00
Hermonic Moon of Coll Bizes 48,20

ROTE: Col) sizes aro not equal.

Heans with tho sane Jetter arp not slgnificantly different.

Tukey Grouping Hean N vond H fon
n 17051 58 ne
ft
L 56.41 44 BC

DH BF pH HH timeframe

Lovel of N pH
candition
Mean Std Dev
BC 24 6.45458333 0.29802216
DeC 78 || 630884815 || 0.14991756
| Tests (LSD) for pH

Note: This test controls the Type | comparisonwise error rate, not the experimentwise eror rate.

Note: Call sizes are nol equal.

Means with the same letter
aro not significantly different.
t Grouping Mean N condition
A 6.45458 || 24 || BC
B 6.30885 || 78 || DC

Tukey's Studentized Range (HSD) Test for pH
Nota: This test controls the Type | experimentwise arror rate, bul it ganerally has o higher Type Il arror rate than REGWQ.

Note: Cell sizas are not equal,

Means with the same letter
are nol significantly different.
Tukey Grouping Mean N condition
A 6:45458 || 24 || BC
B 6.30885 || 78 || DC
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®H BF pH RH timeframe

Level of N pH
condition

Mean Std Dev
BC 46 6.31760870 || 0.26347410
DC 56 6.36410714 || 0.13380823

t Tests (LSD) for pH
Note: This test controts the Type | comparisonwise error rate, not the experimentwise error rale.

Note: Cell slzes are not equal.

Means with the same letter
are not significantly different.

t Grouping Mean N condition
-

A 6.36411 56 DC

A

A 6.31761 46 BC

Tukey's Studentized Range (HSD) Test for pH
Note: This test controls the Type | experimentwise error rate, but it generally has a higher Type Il error rate than REGWQ.

Note: Cell sizes are not equal.

Means with the same letter
are not slgnificantly different.

Tukey Grouping Mean N condition
A 6.36411 56 DC

A

A 6.31761 46 BC

DH SF pH HH timeframe

Level of N pH
condition

Mean Std Dev
BC 24 6.44541667 || 0,19575893
DC 78 6.31141026 0.14561758

t Tesls (LSD) for pH
Note: This test contrals lhe Type | comparisonwise error rate, not the experimentwise error rate.
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Nole: Cell sizes ara nol equal.

Means with the same letter
are not significantly different.

t Grouping Mean N condition
A 6.44542 || 24 BC
B 6.31141 78 DC

Tukey's Studentized Range (HSD) Test for pH
Note: This test controls the Type | experimenlwise error rate, but it generally has a higher Type Il error rate than REGWQ.
-

Note: Cell sizes are not equal.

Means with the same letter
are not significantly different.
Tukey Grouping Mean N condition
A 6.44542 24 BC
B 6.31141 78 DC
DH SF pH RH timeframe
Level of N pH
condition
Mean Std Dev
BC 46 6.31847826 0.19723610
DC 56 6.36303571 0.13770746
t Tesls (LSD) for pH

Note: This test controls ihe Type | comparisonwise error rate, not the experimentwise error rate.

Note: Cell sizes are not equal.

Means with the same letter
are not significantly different.

t Grouping Mean N condition
A 6.36304 || 56 DC

A

A 6.31848 || 46 BC
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Tukey's Studentized Range {(HSD) Test for pH
Note: This test controls the Type | experimenlwise error rate, but It generally has a higher Type |l error rate than REGWQ.

Note: Cell sizes are not equal.

Means with the same letter
are not significantly different.

Tukey Grouping Mean N . condition
A 6.36304 || 56 DC

A

A 631648 || 46 BC

DH BF conductivity HH timeframe

Level of N cond
condition

Mean Std Dev
BC 23 0.08117391 0.00663772
DC 76 0.04580789 || 0.00896836

t Tests (LSD) for cond
Note: This test controls the Type | comparisonwise error rate, not the experimentwise error rate.

Note: Cell sizes are not equal.

Means with the same letter
are not signlificantly different.
t Grouping Mean N condition
A 0.081174 23 BC
B 0.045908 76 0C

Tukey's Studentized Range (HSD) Test for cond
Note: This test controls the Type | experimentwise error rate, bul It generally has a higher Type Il error rate than REGWQ.

Note: Cell sizes are not equal.

Means with the same lettor
are not significantly different.

Tukey Grouping Mean N condition

A 0.081174 23 BC
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Means with the same letier
are not significantly different.
Tukey Grouping Mean N condition
B 0.045608 || 76 || DC

DH BF conductivity RH timeframe

Level of N cond
condition
Mean Std Dev
BC 43 0.06888372 0.01518334
DC 56 || 0.04275000 || 0,00606289
t Tests {LSD) for cond

Mota: This tsst controls the Type | compansonwise arror rate, not the experimantwise error rate.
-

Note: Cell sizas are not equal.

Means with the same letter
are not significantly different.
t Grouping Mean N condition
A 0.068884 || 43 || BC
B 0.042750 f| 56 || DC

Tukey's Studentized Range (HSD) Test for cond
Mote: This test controls the Type | experimentwise error rate, bul it generally has a higher Type |l error rate than REGWQ.

Noter Coll sizes are nol equal.

Means with the same lotter
ara not significantly different.
Tukey Grouping Mean N condition
A 0.068884 || 43 || BC
B 0.042750 || 86 || DC

[167)



DH SF conductivity HH timeframe

Level of N cond
condition

Mean Std Dev
BC 23 (.0 7868565 0.00625543
DC 76 || 0.04532895 || 0.00862305

1 Tests (LSD) for cond
Note: This test controls the Type I:comparisonwise error rate, not the.experimentwise error rate.

Note: Cell sizes are nol equal,

Means with the same letter
are not significantly different.
t Grauping Mean N || condition
A 0.079896 || 23 || BC
B 0.045329 || 76 || DC

Tukey's Studeritized Range (HSD) Test for cond
Note: This test controls the Type | experimentwise erfor rafe, but il generally has a higher Type Il error rate than REGWQ.

Nota: Cell sizes are nol equal.

Means with the same letter
are not significantly different.

Tukey Grouping Mean N || condition
A 0.079696 || 23 || BC
B 0.045320 || 76 || DC

DH SF conductivity RH timeframe

Level of N cond
condition
Mean Std Dev
BC 43 || 0.06769767 || 0.01499767
DC §6 || 0.04226786 || 000620115
t Tests (LSD) for cond

Note: This test controls the Type | comparisonwise error rate, notthe experimentwise error rate.
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Note: Cell sizes are not equal.

Means with the same letter
are not significantly different.

t Grouping Mean N condition
A 0.067698 || 43 BC
B 0.042268 || 56 DC

Tukey's Studentized Range (HSD) Tesl for cond
Note: This test contrals the Type | experimenlwise error rate, but it generally has a higher Type H error rate than REGWQ.

Note: Cell sizes are not equal.

Means with the same letter
are not significantly different.

Tukey Grouping Mean N condition
A 0067698 || 43 || BC
B 0.042268 || 56 DC

DH BF temperature HH timeframe

Level of N temp
condition
Mean Std Dev
BC 24 || 19.4345833 1.35263966
Dc 78 10.0176923 || 2.67885463
t Tests (LSD) for temp

Note: This test controls the Typs | comparisonwise error rate, not the experimentwise error rate.

Nata: Cell sizes are nol equal.

Means with the same letter
are not significantly different.

t Grouping Mean N condition
A 19.4346 || 24 || BC
B 10.0177 || 78 DC

Tukey's Studentized Range (HSD) Test for temp
Note: This test controls the Type | experimentwise error rate, but it generally has a higher Type Il error rate than REGWQ.
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Note: Cell slzes are not equal.

Means with the same letter
are not significantly different.

Tukey Grouping Mean N condition
A 19.4346 24 BC
B 10.0177 || 78 DC

DH BF temperature RH timeframe

Level of N temp
condition =
Mean Std Dev
BC 46 16.2517391 3.66089200
DC 56 8.9326786 219994255
t Tests (LSD) for temp

Nole: This tesl controls the Type | comparisonwise error rate, not the experimentwise error rate.

Note: Cell sizes are not equal

Means with the same letter
are not significantly different,
t Grouping Mean N condition
A 16.2517 46 B8C
B 8.9327 56 DC

Tukey's Studenlized Range (HSD) Test for temp
Note: This test controls the Type | experimentwise error rate, but it generally has a higher Type Il error rate than REGWQ,

Note: Cell sizes are not equal.

Means with the same letter
are not significantly different.

Tukey Grouping Mean N condition
A 16.2517 || 46 BC
B 8.9327 56 DC
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DH SF temperature HH timeframe

Level of N temp
condition

Mean Std Dev
BCmax 24 19.6158333 1.48236273
BCmin 24 || 19.2325000 1.11014786
DCmax 78 10.2473077 || 2.63543716
DCmin 78 9.8867949 263854667

t Tests (LSD) for temp
Note: This test controls the Type | comparisonwise etror rate, not the experimentwise error rate.

Comparisons significant at the 0.05 level are indicated by ***.
condition Difference 95% Confidence Limits
Comparison Between
Means
BCmax - BCmin 0.3833 -0.9815 1.7482
BCmax - DCmax 9.3685 8.2649 10.4724 e
BCmax - DCmin 9.7290 8.6254 10.8327 =
BCmin - BCmax -0.3833 -1.7482 0.9815
BCmin - DCmax 8.9852 7.8816 10.0888 =
BCmin - DCmin 9.3457 8.2421 10.4493 -
DCmax - BCmax -9.3685 ~10.4721 -8.2649 i
DCmax - BCmin -8.9852 -10.0888 -7.8816 hpey
DCmax - DCmin 0.3605 -0.3966 1.1176
DCmin - BCmax -9.7290 -10.8327 -8.6254 L
DCmin - BCmin -9.3457 -10.4493 -8.2421 R
DCmin - DCmax -0.3605 -1.1176 0.3966

Tukey's Sludentized Range (HSD) Test for temp
Note: This test controls the Type | experimentwise error rate.

Comparisons significant at the 0.05 level are indicated by ***.
condition Difference Slmuitaneous 95% Confidence
Comparison Between Limits
Means
BCmax - BCmin 0.3833 -1.4099 2.1765
BCmax - DCmax 9.3685 7.9185 10.8185 b
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Comparisons signiflcant at the 0.05 level are indicated by ***,
condition Difference Simultaneous 95% Confidence
Comparison Between Limits
Means
BCmax - DCmin 9.7290 82791 11.1790 v
BCmin - BCmax -0.3833 -2.1765 1.4099
BCmin - DCmax 8.9852 7.5352 10.4352 aan
BCmin - DCmin 9.3457 7.8957 10.7957 ||
DCmax - BCmax -9.3685 -10.8185 -7.9185 || **
DCmax - BCmin -8.9852 -10.4352 -7.5352 R
DCmax - DCmin 0.3605 -0.6342 1.3552
DCmin - BCmax -9.7290 -11.1790 -8.2791
DCmin - BCmin -0.3457 -10.7957 -7.8957 || ***
DCmin - DCmax -0.3605 -1.3552 0.6342

DH SF temperature RH timeframe

Level of N temp
condition

Mean Std Dev

BCmax 46 16.4663043 3,62045323

BCmin 46 16.1136957 3.54169850

DCmax 56 9.1639286 215711818

DCmin 56 8.7771429 2.10450661

t Tests (LSD) for temp
Note: This test controls the Type | comparisonwise error rate, not the experimentwise error rale.

Comparisons significant at the 0.05 level are indicated by ***.
condition Difference 95% Confidence Limits
Comparison Between
Means
BCmax - BCmin 0.3526 -0.8298 1.5350
BCmax - DCmax 7.3124 6.1840 8.4407
BCmax - DCmin 7.6892 6.5608 8.8175 i
BCmin - BCmax -0.3526 -1.6350 0.8298
BCmin - DCmax 6.9598 5.8314 8.0881 =
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Comparisons significant at the 0.05 level are indicated by ***.

condition Difference 96% Confidence Limits
Comparison Between
Means
BCmin - DCmin 7.3366 6.2082 84649 —
DCmax - BCmax -7.3124 -8.4407 -6.1840 e
DCmax - BCmin -6.9598 -8.0881 -5,8314 e
DCmax - DCmin 0.3768 -0.6948 1.4484
DCmin - BCmax -7.6892 -8.8175 -6.5608
DCmin - BCmin -7.3366 -8.4649 -6.2082 | ***
DCmin - DCmax -0.3768 -1.4484 0.6948

Tukey's Sludentized Range (HSD) Test for temp
Notle: This test controls the Type | experimentwise error rate.

Comparisons significant at the 0.05 level are indicated by **,

condition Difference Simultaneous 95% Confidence
Comparison Between Limits
Means

BCmax - BCmin 0.3526 -1.2008 1.9060
BCmax - DCmax 7.3124 5,8299 8.7948 AR
BCmax - DCmin 7.6892 6.2067 9.1716 o
BCmin - BCmax -0.3526 -1.9060 1.2008
BCmin - DCmax 6.9598 5.4773 84422 o
BCmin - DCmin 7.3366 5.8541 8.8190 -
DCmax - BCmax -7.3124 -8.7948 -5.8299 .
DCmax - BCmin -6.9598 -8.4422 -54773 e
DCmax - DCmin 0.3768 -1.0311 1.7847
DCmin - BCmax -7.6892 -9.1718 -6.2067 =
DCmin - BCmin -7.3366 -8.8190 -5.8541 had
DCmin - DCmax -0.3768 -1.7847 1.0311
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RH BF turbidity

Lavel of N furb
condition
Mean Std Dev
BC 16 || 17.6187500 33.608813
1] 71 || 493788732 || 159.081048
| Tests {LSD) for turb

Mota: Thistest controls the Type | compatisonwise error rate, not the expenimentwise error rata,

Maote: Cell sizes are not equal,

Means with the same letter
are not significantly different.

t Grouping Mean N condition

A 49.38 || T DC
A
A 1762 || 16 BC

Tukey's Studentized Range (HSD) Test for turb
Note: This test controls the Type | experimentwise error rate, but it genarally has a higher Type |l error rate than REGWQ.

Mote: Cell sizes are not equal.

Means with the same letter
are not significantly different.

Tukey Grouping Mean N condition

A 49038 71 DC
A
A 17.62 16 BC

[174]



RH SF turbidity

ey
The SAE Hyston 14119 Friday, July 22,

The LA Procodurs
t Testu (LED) for turh

est cantrolzs the Type | comparisonuine error rate, not the sxpor inentuise arr

filpha 0.05
Error Degrees of Frosdon B5
Error Hean Squaro FOO73,.67
Critical Value of t 1.58827

Lonst Significant DIfference 146.549
Harmonic Mean of Coll Sizas  26.11494

NOTE: Coll sizen are not equal,

Heans with the sene lotter are nobl zignilicantly difforont.

L Grouping Hoan L] condtlon
: 100,67 16 BE
n BO. 36 (2] e
Prtiledi
The SAT Synten 14:19 Friday, July

The GLH Procedure
Tukey's Student ized Range (HBD) Test for turb

tost controlz the Type | oxperisontuise error rate, hut it gonorally has a
error raly than AEGHO.

flpha 0.05
Error Degrass of Freedon #5
Error Hean Sguare 70974.67
Critical Value of Studontized Range 2.001104
Ninisun Significant Difference 146.59
Harmonie Nean of Coll Sizes 2611494

ROTE: Cell sizes are not squsl,

Heane with the sans letter are not significantly different.,

Tukey Grouping Heon H cond| tion
: 100.67 (11 BE
f 00,496 7l ne

RH BF pH

Level of N pH
condition
Mean Std Dev
BC 18 || 6.31333333 || 0.03199265
DC 54 || 6.23000000 || 0.09245090
1 Tests (LSD) for pH

Nale: This test conlrofs the Type | comparisonwise error rate, not the experimentwise efror rate.
Mol Cell sizes are not equal,

Means with the same letter
are not significantly different.
t Grouping Mean N || conditlon
A 6.31333 18 BC

[175]




it

Means with the same letter
- are not significantly different.
t Grouping Mean N condition
B 6.23000 54 DC

Tukey's Studentized Range (HSD) Test for pH
Note: This test conlrols the Type | experimenlwise error rate, but it generally has a higher Type Il error rate than REGWQ.

Nole: Cell sizes are not egual.

Means with the same letter
are not significantly different.
Tukey Grouping Mean N condition
A 6.31333 18 BC
B 6.23000 54 DC

RH SF pH

Level of N pH
condition

Mean Std Dev
BC 18 6.32502954 0.03609778
DC 54 6.29809199 0.69092473

t Tests (LSD) for pH
Note: This test controls the Type | comparisonwise error rate, not the experimentwise error rate,

Note: Cell sizes are not equal.

Means with the same letter
are not significantly different.

t Grouping Mean N condition
A 6.3250 18 BC

A

A 6.2981 54 DC

Tukey's Studentized Range (HSD) Test for pH
Note: This test controls the Type | experimentwise error rate, but it generally has a higher Type il error rate than REGWQ.

Note: Cell sizes are not equal.

[176]



Means with the same letter
are not significantly different.

Tukey Grouping Mean N condition
A 6.3250 18 BC
A
A 6.2981 54 DC
RH BF conductivity
Level of N cond
condition
Mean Std Dev
BC 18 0.08900000 0.08097567
bc 75 0.03208000 0.00338821
t Tesls (LSD) for cond . ~

Note: This test controls the Type | comparisonwise error rate, nol the experimenlwise error rate.

Note: Cell sizes are not equal.

Means with the same letter
are not significantly different.

t Grouping Mean N condition
A 0.089000 18 BC
B 0.032080 75 DC

Tukey's Studentized Range (HSD) Test for cond
Note: This test controls the Typs | experimentwise error rate, but it generaily has a higher Type Il arror rate than REGWQ,

Note: Cell sizes are not equal.

Means with the same letter
are not significantly different.

Tukey Grouping Mean N condition
A 0,089000 18 BC
B 0.032080 75 DC
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RH SF conductivity

Level of N cond
condition

Mean Std Dev
BC 18 || 0.08811111 0.08341666
DC 75 || 0.03178667 || 0.00341813

t Tests (LSD) for cond
Note: This test controls the Type | comparisonwise error rate, not the experimentwise error rate.

Note: Cell sizes are not equal.

Means with the same letter
are not slgnificantly different.

t Grouping Mean N condition
A 0.088111 18 BC
B 0.031787 75 DC

Tukey's Studentized Range (HSD) Test for cond
Note: This test controls the Type | experimentwise error rate, but it generally has a higher Type |l error rate than REGWQ.

Note: Cell sizes are not equal.

Means with the same letter
are not significantly different.
Tukey Grouping Mean N condition
A 0.088111 18 BC
B 0.031787 75 DC
RH BF temperature
Level of N temp
condition
Mean Std Dev
BC 18 18.8133333 0.75534176
DC 80 9.8811250 2.39828525
t Tests (LSD) for temp

Note: This test contrels the Type | comparisonwise error rate, not the experimentwise error rate.
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Note: Cell sizes are not equal.

Means with the same letter
are not significantly different.

t Grouping Mean N condition
A 18.8133 18 BC
B 9.8811 80 DC

Tukey's Sludentized Range (HSD) Tesl for temp
Note: This test conlrols lhe Type | experimentwise error rate, but it generally has a higher Typeé |l error rate than REGWQ.

Note: Cell sizes are not equal.

Means with the same letter
are not significantly different.

Tukey Grouping Mean N condition
A 18.8133 18 BC
B 9.8811 80 DC

RH SF temperature

Level of N temp
condition

Mean Std Dev

BCmax 18 19.7916667 1.09588669

BCmin 18 18,7061111 0.71425106

DCmax 80 10.1510000 2.41754903

DCmin 80 9.6333750 || 2.29316924
{ Tests (LSD) for ternp
Note: This test conlrols the Type | comparisonwise error rate, not the experimentwise error rate.
Comparisons significant at the 0.05 level are indicated by ***.
condition Difference 95% Confidence Limits
Comparison Between
Means
BCmax - BCmin 1.0856 -0.3428 25139
BCmax - DCmax 9.6407 8.5228 10.7586 || **+
BCmax - DCmini 10.1583 9.0404 11.2762
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Comparisons significant at the 0.05 level are indicated by ***,

condition Difference 95% Confidence Limits
Comparison Between
Means
BCmin - BCmax -1.0856 -2.5139 0.3428
BCmin - DCmax 8.5551 7.4372 9.6730 -
BCmin - DCmin 9.0727 7.9549 10.1906 || ***
DCmax - BCmax -9.6407 -10.7586 -8.5228 -
DCmax - BCmin -8.5551 -9.6730 -7.4372 -
DCmax - DCmin 0.5176 -0.1599 1.1952
DCmin - BCmax -10.1583 -11.2762 -9.0404 e
DCmin - BCmin -9.0727 -10.1906 -7.9549 S
DCmin - DCmax -0.5176 -1.1952 0.1599

Tukey's Studentized Range (HSD) Tesl for temp
Note: This test controls the Type | experimentwise error rats,

Comparisons significant at the 0.05 level are indicated by ™*,

condition Difference Si 95% C
Comparison Between Limits
Means
BCmax - BCmin 1.0856 -0.7913 2.9624
BCmax - DCmax 9.6407 8.1718 11.1095 e
BCmax - DCmin 10.1583 8.6894 11.6272 || **
BCmin - BCmax -1.0856 -2.9624 0.7913
BCmin - DCmax 8.5551 7.0862 10,0240 || *+*
BCmin - DCmin 9.0727 7.6039 10,5416 ||
DCmax - BCmax -0.6407 -11.1095 -8.1718 i
DCmax - BCmin -8.5551 -10.0240 -7.0862 || **
DCmax - DCmin 0.5176 -0.3726 1.4079
DCmin - BCmax -10.1583 -11.6272 -8.6804 || **
DCmin - BCmin -9.0727 -10.5416 -7.6039 fI
DCmin - DCmax -0.5176 -1.4079 0,3726
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