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Stream water quality, including stream temperature, has become an
increasingly important issue in recent years. Warming streams can harm aquatic
ecosystems by pushing fish from traditional breading grounds, forcing them to
migrate, adapt, or perish. Recent research from Scripps Institute of Oceanography at
UC San Diego has shown that climate change is influencing surface water
temperatures more than expected. Oceans, lakes, and streams are warming at faster
rates than previously predicted, which could disrupt ocean cycles and have additional
worldwide impacts on climate. These are realities that politicians and land managers
must prepare for, especially in times of increasing water demand.
This project, conducted in the Oak Creek Watershed, near Corvallis, Oregon,
USA, presents a unique opportunity to study how geologic and anthropologic
variables might influence hydrologic attributes including groundwater flow and
stream temperature. Our goals were to characterize the hydrogeologic framework of
the Oak Creek Watershed geographical area, to examine the connection between
surface water and groundwater along the extent of the stream profile, and to examine
the combined effects that geology, land use, and elevation may have on surface water
and groundwater temperature.

We used previous geologic and hydrologic research done in the Oak Creek
region, logs from deep explorations wells located near the project site, along with
field measurement data to create a geologic conditions map and hydrogeologic crosssections of the Oak Creek region. A hydraulic potentiomanometer was developed
and deployed along the stream profile to investigate surface water-groundwater
relationships and identify areas of the stream that might be gaining or losing
streamflow due to groundwater interactions. Static water levels from groundwater
monitoring wells (18) installed throughout the watershed and publicly available well
logs (620) were used to create a potentiometric surface map of the Oak Creek
Watershed and surrounding region. These products were then applied to create a
conceptual model of shallow, deep, and lateral groundwater flow throughout the
watershed and surrounding region.
Evaluation of the effect of the Oak Creek Watershed hydrogeologic
framework on stream temperatures was done through analysis of data collected from
multiple air (4), stream (21), groundwater (4) and stage (1) sensors installed at select
locations along the length of the stream. Data was collected every hour, converted to
7-day average of daily maximum (7-DADMax) values, and then grouped based on
geology, land use, or elevation variables. Data from individual sensors in each group
were averaged to create a daily 7-DADMax value that was then compared using
graphing and box plots, Pearson correlation, and analysis of variance (ANOVA)
statistical models.
Results indicated that geology is the primary factor controlling surface watergroundwater connections within the Oak Creek Watershed and surrounding area.
Contrasting permeability architecture between highly fractured volcanic basalt
juxtaposed against sedimentary geology influences the flow dynamics of groundwater
as it moves down-gradient through the watershed. This was shown to be exaggerated
near the Corvallis Fault interface, which acts as a hydraulic barrier and deflects
groundwater. Potentiomanometer results suggest the decrease in permeability at the
fault zone slows down-gradient groundwater flow and produces an expanse of
elevated groundwater levels upslope of the fault.

Statistical analysis of temperature data collected throughout the watershed
revealed a linear relationship between stream and ambient temperatures, and between
stream reaches grouped based on geology, land use, or elevation variables. The most
significant influence on stream temperature was shown to be ambient temperature and
stream gradient. Test groups in higher elevations showed greater statistical difference
in means than test groups from lower elevations. There was no apparent statistical
impact of geology, land use, or groundwater on stream temperature. It is most
probable these components along with other external variables influence the
connection between surface water and groundwater and consequently stream
temperature.
This project demonstrated that geology is the key component regulating
surface water-groundwater interactions, while stream temperature has been shown to
be chiefly related to ambient temperatures and baseflow conditions. It is probable
then that a combination of these components control watershed hydraulic interactions
and water quality.
The results of this research may be useful to watershed and land managers
considering improving surface water quality and the connections between surface
water and groundwater, or to agencies interested in aquifer storage and recovery
projects in nearby fractured basalt aquifers.
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INTRODUCTION
The importance of understanding the hydrologic processes and constraints of a
watershed and implementing policy to mitigate stream warming cannot be overstated
in the face of imminent climate change and water resource constraints. The effective
management of water resources requires an awareness of external factors that might
influence stream water quality. There is no universal solution to stream warming as
distinctive geologic and land use conditions make every watershed unique.
Hydrogeologic research intended to improve understanding of individual hydrologic
processes related to variables such as geology and land use can help develop
recommendations that could be applied to watersheds with similar conditions.
This thesis is a two-part research effort intended to improve the hydrologic
knowledge of the Oak Creek Watershed (OCW) near Corvallis, Oregon, USA. The
intent of this project was to describe the hydrogeologic framework and surface watergroundwater temperature relationships of the OCW. The hydrogeologic framework of
a watershed includes the geologic structure and groundwater flow dynamics that
influence relations between surface water and groundwater systems. This framework
influences relations between surface water and groundwater systems and can
compose processes such as surface water runoff, surface water infiltration,
evaporation, evapotranspiration, surface water-groundwater exchange, and hyporheic
exchange. Research intended to improve the general knowledge of how the
hydrogeologic framework impacts stream temperature is essential for effective water
resource management, especially in periods of complex water demand.
This research, in fulfillment of a Master of Science degree, is part of an
ongoing cooperative research effort to improve understanding hydrologic processes
and components in the OCW. We utilized three-years (October 2016 through October
2019) worth of data collected from 30 stream and groundwater sensors, 18
groundwater monitoring wells, 620 publicly available well logs, well logs from two
deep explorations wells, as well as our own hydraulic potentiomanometer
investigation to develop an interpretation of shallow, deep, and lateral groundwater
flow throughout the Oak Creek Watershed and surrounding area. Although careful
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consideration was paid to sensor placement and data retrieval, gaps in data exist due
to high flow events, geomorphological events, or stream sensors being exposed to
ambient temperatures due to sudden lowering of stream stage.
Chapter one of this study is currently being edited and prepared for journal
submission and includes an interpretation of the OCW hydrogeological framework
including local geology, surface water-groundwater connections, groundwater
elevations, and a conceptual model illustrating shallow, deep, and lateral groundwater
flow. The objectives of this chapter were to characterize the hydrological framework
of the Oak Creek Watershed geographical area and examine the connections between
surface water and groundwater at selected locations along the extent of the stream
profile.
Chapter two was intended to evaluate possible impacts to stream temperatures
caused by geology, land use, or elevation variables through statistical analysis of
stream, ambient, and groundwater 7-day average of daily maximum temperature data.
Temperature sensors were grouped based on geology, land use, and elevation and
compared for linear correlation and statistical variance. The objective of the second
chapter was to examine the combined effects that geology, land use, and elevation
may have on surface water temperature.
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ABSTRACT
A broad understanding of local geology and the hydrologic processes of a watershed
is important for the effective management of water resources. The objectives of this
project were to characterize the hydrological framework of the Oak Creek Watershed
(OCW) geographical area and examine the connections between surface water and
groundwater at selected locations along the extent of the stream profile. Past geologic
and hydrologic studies and our own field measurement data were synthesized to create
a hydrogeologic framework of the watershed including a geologic interpretation and
a conceptual model of shallow, deep, and lateral groundwater flow throughout the
OCW. Study results show that geology is the primary control of the hydrologic
connection between surface water and groundwater at the study site. Highly
permeable volcanic geology in the northern region of the OCW juxtaposed with
sedimentary geology in the southern region create areas of opposing groundwater flow
characteristics (e.g. hydraulic conductivity). The Corvallis Fault is the primary
interface between these two zones and generally acts as a hydraulic barrier, deflecting
groundwater and elevating groundwater levels just upstream of the fault interface. The
extreme angle of the Corvallis Fault and the position of permeable volcanic geology
juxtaposing less permeable sedimentary geology can provide opportunities for
increasing the potential for subsurface storage of bulk water.
Keywords
hydrology; geology; surface water-groundwater interactions; fault permeability;
potentiomanometer; gaining stream; losing stream
Introduction
A broad understanding of surface water-groundwater interactions and dynamics is
critical for the effective management of water resources. It is generally understood that
surface water and groundwater are integrated, and that mismanagement of groundwater
can impact water resources and have wide ranging economic and ecological
consequences including reduced agricultural, industrial, household, and ecological
services (Barlow & Leake, 2012; Barthel & Banzhaf, 2016; Changming et al., 2001;
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Winter, 1998). Establishing land use management policies that protect groundwater
resources within a watershed is critical for economic stability, water security, and
overall ecosystem vitality (Beschta, 2000).
Understanding how groundwater influences surface water attributes such as stream
temperature is especially important for habitat restoration. This is particularly
important for many areas in the Pacific Northwest where declines in fish populations
such as salmonids have been directly linked to stream temperature increases (Anttila et
al., 2015; Isaak & Hubert, 2001). Groundwater inputs into streams temper water
temperature fluctuations as groundwater supplements streamflow with cold water,
especially in summer months of little precipitation and recharge when streamflow is
low and ambient temperatures are high (Bladon et al., 2016; Nickolas et al., 2017).
The connections between groundwater and surface water are highly dependent on
the hydrogeologic framework of a watershed (Caruso et al., 2019; Ochoa et al., 2018;
Savoca et al., 2010; Welch et al., 2015). This framework includes the geologic structure
and groundwater flow dynamics that influence relations between surface water and
groundwater systems and can comprise processes such as surface water runoff, surface
water infiltration, evaporation, evapotranspiration, surface water-groundwater
exchange, and hyporheic exchange. An improved understanding of a watersheds
hydrogeologic framework is critical for the effective management of water resources,
especially in highly urbanized areas or regions with strained water resources (Gogu et
al., 2017; Pappas et al., 2008; Redfern et al., 2016; Schirmer et al., 2013).
A good understanding of local geologic conditions is important for defining the
hydraulic framework as geology has long been considered a chief driver of watershed
hydraulic characteristics (Menichino & Hester, 2014; Price, 2011; Wolbert, n.d.).
Underlying geology effects streambed permeability and the rate of surface water
infiltration into underground aquifers, which can influence local surface watergroundwater relations (Calver, 2001). Variable exchange between surface water and
groundwater can influence the volume of streamflow between any two points along the
stream profile (Barthel & Banzhaf, 2016; Li et al., 2019; Winter, 1998) and can create
stream reaches where groundwater inputs contribute to streamflow or reaches where
permeable substrate create conditions that subtract from streamflow. Quantifying the
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role of hydrogeology in the interaction between surface water and groundwater is
important for understanding the role of groundwater inputs into a stream (E. I.
Anderson & Bakker, 2008; Barthel & Banzhaf, 2016; Calver, 2001).
Typically, the interaction between surface water and groundwater in a stream takes
place in three ways: gaining reaches add water to streamflow from inflow of
groundwater through a permeable streambed; losing reaches lose water to groundwater
from streamflow by outflow through the streambed; and neutral reaches either have an
equilibrium between gaining and losing conditions or a streambed that is near
impermeable (Winter, 1998). Each of these circumstances can influence the stream
baseflow, or the portion of streamflow that is sustained between precipitation events
by groundwater.
Stream baseflow is mainly influenced by hydrologic characteristics of the
underlying geologic material such as porosity (Price, 2011), permeability, and
hydraulic conductivity. Groundwater inputs can constitute a significant portion of the
overall streamflow volume of a gaining reach or stream, especially during low-flow
summer months (Nickolas et al., 2017).
Geologic faults can complicate groundwater hydrology and alter flow paths and
velocities near the fault core zone (Goldfinger, 1991). Faulting fragments and grinds
rock and can create conditions that act as hydraulic barriers, conduits, or a combination
these conditions (E. I. Anderson & Bakker, 2008; Caruso et al., 2019; Goldfinger, 1991;
Ochoa et al., 2018). Impermeable areas within fault zones can sever the hydraulic
continuity of aquifers, producing incongruent groundwater tables and isolated
groundwater compartments. Successive seismic and geologic faulting events can grind
subsurface rock along the fault zone, filling preferential flow paths with less permeable
fault gouge.
Active faults like the Corvallis Fault can have irregular fault core thickness and
degree of damage to surrounding rock along their profile length (E. I. Anderson &
Bakker, 2008). Varying degrees of damage and fault gouge (core) can create differing
degrees of permeability along the fault profile, and as a result, it is possible for a single
fault to be both a barrier and a conduit for groundwater flow (E. I. Anderson & Bakker,
2008; Caine et al., 1996). For the Corvallis Fault, highly fractured and permeable
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volcanic rock could create zones of high damage, however the juxtaposition of these
fractured volcanic rocks with impermeable sedimentary rocks could create appreciable
amounts of fault gouge along the slipping fault line and fill fracture zones with
impermeable material. Additionally, impermeable igneous intrusive rock found
throughout the region and in the fault core zone could further reduce the hydraulic
permeability of the fault interface where it is present (Goldfinger, 1991).
There are multiple established methods used by water scientists to investigate the
hydrological characteristics and framework of a watershed. Geologic investigations
utilizing geologic maps, drillers well log data, and data from previous research in the
region can be integrated to conceptualize subsurface hydrogeological structures and
characteristics (Goldfinger, 1991; Miles, 2014; Yeats et al., 1996). These same data
sources along with physical measurements taken in the field such as stream flow, depth
to groundwater (Caruso et al., 2019), tracer investigations (Nickolas et al., 2017),
potentiomanometer investigations (Winter et al., 1988), and volume of surface water
runoff can be used to map groundwater elevations, flow paths and velocities, identify
areas of the stream that may be gaining or losing stream volume, or complete mass
balance calculations.
The hydraulic potentiomanometer developed and used in this study is a scientific
tool that can be used to measure differences in water pressure. This information can
then give inference about the vertical hydraulic gradient between two water sources at
a specific point. Mapping the vertical hydraulic gradient of many specific points along
the length of a stream can indicate areas where groundwater is supplementing
streamflow or areas where streamflow is being lost.
The Oak Creek Watershed (OCW) of the Willamette Valley near Corvallis,
Oregon presents a unique opportunity to study the interactions between surface water
and groundwater in a local watershed of unique geologic characteristics. Previous
efforts to map groundwater elevations near the OCW region are limited and stop just
east of the watershed (Frank, 1974). A limited number of studies have characterized
the Corvallis Fault architecture, local geology (Goldfinger, 1991), and local shallow
aquifer parameters (Miles, 2014).
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In addition to supplementing existing knowledge within the region this
investigation of the Oak Creek Watershed hydrogeologic framework can provide
additional understanding of groundwater flow and aquifer fluid dynamics in the Siletz
River Volcanics, Willamette Basin, as well as near the Corvallis Fault zone. This is
important for the potential of future aquifer storage and recovery (ASR) projects within
the OCW and the surrounding region. The City of Philomath for example, is located
approximately 6-km southwest from the confluence of Oak Creek and Marys River and
is proposing utilizing ASR within the Siletz River Volcanics formation to augment dry
season water supply (City of Philomath, Water System Master Plan, 2018).
The objectives of this project were to characterize the hydrological framework of
the Oak Creek Watershed geographical area, and to examine the connection between
surface water and groundwater along the extent of the stream profile.
Materials and Methods
Study Site
The Oak Creek Watershed study site (44.57° latitude; -123.30° longitude) is
located in Western Oregon and encompasses nearly 3,360 hectares (Figure 1.1). Oak
Creek flows for approximately 11 km downslope from its source and highest point in
the McDonald-Dunn forest (650 m in elevation) to its lowest point at its confluence
with Marys River (64 m in elevation).
The OCW is contained within the Willamette Ecological Province, near the
interface with the Coastal Ecological Province. The climate is a Mediterranean type,
with a warm and dry season in the summer, and a mild and wet season in the winter.
Mean annual precipitation within the basin ranges from 2,500 mm at higher elevations,
to 1,000 mm at lower elevations. Below the 400 m elevation, streamflow is mostly raindominated, while above that mark a snow-dominated regime persists. Mean
temperature ranges from 28° C in August, to 0° C in December, with the lowest and
highest precipitation also occurring in these two months, respectively (Jefferson, 2011;
Leibowitz et al., 2012; Mattson et al, 1999).
Oak Creek is a fourth-order headwater stream with discharge volumes of between
0.01 m³ s-1 and 0.25 m³ s-1, and peak discharge of 6 m³ s-1. Over 125 tributaries
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contribute to Oak Creek along its length including West Branch Oak Creek, East
Branch Oak Creek, Skunk Creek, Alder Creek, Lamprey Creek, and Mulkey Creek.
Current land use includes 70% state forest lands, 12% agricultural land use, 12% urban
land use, and 6% undeveloped. Including the campus itself, 90% of this land is owned
and/or managed by Oregon State University (OSU) (Jones & Dillinger, 2004).
Hydrogeologic Framework
Site Geologic Conditions Map and Hydrogeologic Cross-Sections
Publicly available geologic data, previous geophysical research conducted in the
OCW (Goldfinger, 1991), and numerous well logs were used to create a map and crosssections of site geologic and hydrogeologic conditions. Well logs of particular interest
include a 655 m (2150 ft) deep well completed in 1934 by the Willamette Petroleum
Syndicate (WPS) located in south Corvallis, and a 2581 m (8470 ft) deep well
completed in 1964 by the Gulf Oil Corporation of California (GOC) located
approximately 18 km to the south-east near Halsey, Oregon. GOC well logs show
geology in the Willamette Valley near Corvallis, Oregon begins at ground surface with
alluvial deposits of soil, clay, sand, and gravel, followed by the Eugene Formation, the
Spencer Formation including approximately 400 m of a water bearing basalt pebblecobble conglomerate, followed by the Yamhill Formation, then the Tyee Formation,
and ending with a conformable contact with the Siletz River Volcanics Formation at
2160 m below ground surface.
The WPS well lithology log is complete to a depth of 655 m except for a section
beginning at 412 m depth and extending to 475 m depth that is lacking description of
geologic material. Well log data did however contain a note that the drillers required a
water shut off valve when they reached approximately 450 m indicating a confined
aquifer at that depth within the missing log section. This could be an indication that
this zone contains a water bearing layer such as the volcano-clastic conglomerate found
in the GOC well log. Lithology surrounding the missing zone in the WPS well is similar
to that of the GOC well and dip estimates taken from drill logs fit distance and elevation
differences between the two locations. However, if the missing zone and the volcanoclastic zone are in fact similar, thickness of this zone between the two wells decreased
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from nearly 450 m thick to 60 m thick, indicating this formation is pinching out or from
east to the west or is fragmented.
Seismic reflection data and deep exploratory well logs throughout the Willamette
Valley show the bottom SRV unit extends from beneath the continental shelf in the
west (P. D. Snavely, 1987; P. D. Snavely & Wagner, 1982) to as far east as the Cascade
Range (Goldfinger, 1991). Geophysical evidence shows thickness of the SRV
formation to be approximately 8-18 km (Couch et al., 1980; Dehlinger et al., 1968;
Keach et al., 1989) with about 4.5 km exposed west of the Corvallis Fault (Goldfinger,
1991).
Bisecting the OCW is the Corvallis Fault, a low-angle reverse-thrust fault
(Goldfinger, 1991) uplifting the northern volcanic region of the watershed over the
southern sedimentary region and pushing it to the southwest. Analysis of Oregon Water
Resource Department (OWRD) well logs show that the position of the fault creates two
distinct geologic areas with opposing hydrogeologic conditions. Portions of the study
site north of the Corvallis Fault overlie the Siletz River Volcanic Formation, which
consists of a mélange of permeable Paleocene to Eocene submarine basaltic pillow
lavas interbedded with less permeable tuffaceous marine sediments. The position of the
fault cutting perpendicularly across the OCW creates an abrupt interface between the
northern high conductivity volcanic geology and the southern low conductivity
sedimentary geology. Additionally, numerous dikes of gabbro, diorite, and aplite rock
cut through the fault zone and act as hydraulic barriers, completely severing the
hydraulic connection at the fault interface and redirecting groundwater in these areas
(Goldfinger, 1991). The low angle of the Corvallis Fault creates a wedge of Siletz
Formation volcanic rocks overlying Spencer and Tyee formation sedimentary rocks
(Goldfinger, 1991), which compartmentalizes vertical groundwater movement and
promotes horizontal groundwater movement parallel to the fault line.
South of the Corvallis Fault geology abruptly transitions into thick repetitious
sequences of bedded units of graded sandstones, siltstones, and shales (Parke D.
Snavely et al., 1966). Fractured marine basalt found north of the Corvallis Fault
interface is highly permeable due to large conduits (fractures) cutting through the
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Figure 1.1. Surface geology map showing locations of geologic cross-sections and main
geologic features in the Oak Creek Watershed and surrounding region
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formation, however, the rock itself is nearly nonporous. Conversely, the sedimentary
formations found south of the fault are more porous but less permeable.
The opposing hydrological characteristics of these two regions influences where
and how groundwater flows, and how late into the dry season water remains in these
formations to supply surface water streams (baseflow). Tyee and Spencer formations
sandstones and siltstones with high porosity (14% to 49%) but low permeability
(1 × 10−11 𝑡𝑜 6 × 10−6 𝑚 ∗ 𝑠 −1) can sustain baseflow into surface water streams later
into the dry season when compared to the less porous (3% to 35%) and more permeable
(4 × 10−7 𝑡𝑜 2 × 10−2 𝑚 ∗ 𝑠 −1) basalts of the SRV Formation (Domenico P. A et al.,
1990; Morris & Johnson, 1967).
To gain a better understanding of the geologic structure of the OCW, we
constructed three hydrogeologic cross-sections (A-A’, B-B’, and C-C’), the locations
of which are shown on the surface geology map (Figure 1.1). Cross-section A-A’ runs
from the McDonald-Dunn forest in the northern region of the watershed in a south-east
direction through Oak Creek and the Corvallis Fault. Cross-section B-B’ runs from
west to east approximately perpendicular to Oak Creek at the OSU Sheep Farm. Crosssection C-C’ is a shorter detail showing the area bordering the Corvallis Fault and is
intended to show the influence of the fault on water table elevations at that location.
Together the cross-sections provide a three-dimensional representation of the
hydrogeologic framework of the OCW, as well as an indication into how the Corvallis
Fault influences OCW groundwater dynamics. Subsurface geology and static water
level information represented on the geologic cross-sections were obtained through
field measurements, from multiple sensors installed throughout the OCW, from
hundreds of surrounding publicly available well logs, deep exploration drill logs, from
available geology maps, and from previous research done in the OCW and surrounding
region. Geologic and hydrologic data of boreholes and wells within 250 m of each side
of the cross-section line were projected onto the cross-section transect to create a
vertical hydrogeologic profile at that point. Additionally, well log stratigraphy from
nearby deep exploration wells such as the WPS and GOC wells were projected to the
cross-section profile. Well log and borehole data, previous research in the region, and
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field measurements were combined to create a complete interpretation of subsurface
geology and vertical and horizontal hydrology along the cross-section transect.
Surface Water and Groundwater Connections
A hydraulic potentiometric manometer (potentiomanometer) was developed to
identify locations where Oak Creek could be influenced by groundwater inputs and
outputs. Our potentiomanometer was designed to detect minute differences in pressure
between surface water and groundwater, which could give an indication of the vertical
hydraulic gradient at that location. If hydrostatic pressure at depth is greater than at the
stream sediment interface, then the stream is most likely gaining volume at that location
as groundwater infiltrates into the stream channel. Conversely, if hydrostatic pressure
is greater at the streambed, then the stream is most likely losing water into the
groundwater table at that location. Averaging multiple measurements taken within
close proximity gives an indication of either gaining, losing, or neutral conditions at
that location. We found Oak Creek gaining/losing conditions were variable within short
distances, especially within the permeable geology of the SRV formation.
We made measurements throughout the length of the Oak Creek stream profile
were stream-channel conditions permitted an adequate seal between the piezometer and
surrounding sediment. Locations with large rocks, highly compacted sediments, or
sand and gravel bottoms typically do not provide adequate conditions for manometer
investigations. In total 20 locations proved suitable for manometer readings including
multiple locations in both the northern volcanic geologic region and the southern basin
sediment infill region. At each location, the manometer was deployed three separate
times and readings were taken. After three successful measurements, results were
averaged to obtain a value for either a positive or negative ‘average vertical gradient’
in mm. Hydrostatic pressure values of zero were verified multiple times, and values
between -1 and 1-mm were considered to be neutral. Only areas where three successful
measurements could be taken were included in the manometer survey data to minimize
erroneous readings or other potential errors.
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Potentiometric Surface Map
We developed a potentiometric surface map (Figure 1.4) based on static water level
data obtained from OWRD well logs, surface water levels of surrounding rivers and
streams, potentiomanometer data, and data obtained from OCW observation wells.
Potentiometric contour lines were created by first generating an Excel® spreadsheet
detailing the position of wells, surface water observation locations, and observation
wells used and the respective static water level at each location. Static water level
(meters below ground surface) was then subtracted from the ground surface elevation
to obtain hydrostatic-head in meters at each location. Contour lines were generated by
using the spatial analyst extension of ArcMap® (Version: 10.4.1, ESRI, Redland, CA,
USA) to create a digital elevation model (DEM) of the water table surrounding the
OCW. Spatial analyst does not consider the influence of the Corvallis Fault when it
evaluates water elevation data and generates the DEM. Consequently, the DEM was
exported to AutoCAD Civil 3d ® (Version: Civil 3D 2020, AutoDesk, San Rafael, CA,
USA) where specific contour lines were edited to more accurately show the elevation
of groundwater as it crosses the geologic interface at the Corvallis Fault. The revised
DEM was then exported from Autodesk Civil 3d ® and imported into ESRI ArcMap
® to create detailed hydrologic contour maps of the OCW watershed. These maps were
compared to and shown to be consistent with past hydrologic research in the area
(Frank, 1974).
The conceptual groundwater flow model developed from this hydrologic
interpretation was used in the development of three hydrogeologic cross-sections
(Figure 1.2) and a three-dimensional conceptual model illustrating the hydrogeologic
framework of the OCW and surround region (Figure 1.5).
Conceptual Model
To gain a three-dimensional representation of the hydrogeologic framework of the
Oak Creek watershed and surrounding region a conceptual (block) model of
surrounding hydrogeologic conditions was created. The model developed is a synthesis
of available topographic, geologic, and hydrologic data and represents an analysis of
the findings of this project.
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The conceptual model illustration was created using Adobe Illustrator (Adobe Inc.
Version: 24.0.2) using data obtained from geographic and geologic maps, OWRD well
logs, field data, and previous research in the watershed (Goldfinger, 1991).
Locations, depths, and representations of geologic formations and structures were
based on geologic descriptions from well logs and maps created by previous research
in the Oak Creek Watershed region (Goldfinger, 1991). Nearby deep exploration wells
drilled by the Willamette Petroleum Syndicate and The Gulf Oil Corporation in areas
south-east of the OCW gave information on the structure of subsurface geology
including lithology, potential water bearing zones, dip and strike of geological layers,
water quality, among other data. Dip angle and the distance from the exploration wells
to the study area were considered when interpreting hydrogeological structure and
conditions.
Results
Hydrogeologic Framework
Hydrogeologic Cross-Sections
Figure 1.2 shows cross-sectional representations of the three distinct geologic
formations at the OCW study site. These formations are the fractured and highly
permeable Siletz River Formation to the north of the Corvallis Fault, the low
permeability Tyee and Spencer Formations to the south of the fault, and the fault zone
itself.
Water level data from the OCW region indicates that the interbedded structure of
the Siletz Formation along with faulting throughout the watershed has created a water
table with numerous shallow and deep aquifer systems, perched aquifer systems, and
evidence of confined aquifer systems. The water table in the sedimentary basin region
of the water table is mulilayered but much more consistant. The hydrologic model
presented in this work fits previous work conducted within and near the OCW
showing muliple discontinuous, perched, and confined aquifers (Miles, 2014). Static
depth to water in this region ranges from nearly ground-surface (<1 to 3 m) in the
upper region of the watershed near the McDonald-Dunn Forest, to nearly 100 m
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a.

b.

c.

Figure 1.2. Geologic cross-sections of the Oak Creek Watershed. (a) Cross-section A – A’
(drawn to scale) runs from the headwaters of Oak Creek in McDonald-Dunn Forest, south-east
to the confluence with Marys River. (b) Cross-section B – B’ (drawn 5x exaggeration) runs
from the headwaters of Oak Creek in McDonald-Dunn Forest, south-east to the confluence with
Marys River. Together they provide a 3-dimensional representation of the geology of the Oak
Creek Watershed. (c) Cross-section C – C’ (drawn 10x exaggeration) is a conceptual profile of
the Corvallis Fault interface. Blue arrows indicate direction of groundwater flow. Note there is
an increase in the saturated thickness of the shallow aquifer just upstream of the fault interface
due to the opposing permeability architecture between the SRV formation, the Tyee and Spencer
formations, and the fault interface.
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below ground surface in the central portion of the watershed near the Oregon State
University Sheep Farm and Horse Center (Figure 1.2.a).
Cross-section A-A’ (Figure 1.2.a) shows the muti-layers aquifer system of the
SRV formation, as well as the shallow and deep aquifer zones of the basin region east
of the fault zone. Evidence from nearby deep exploration drill logs show the water
table in the basin east of the fault is generally within 3 to 5 m of ground surface, with
little fluctuation throughout the year. GOC drill logs show a 400+ meter thick layer of
water bearing zone of volcano-clastic conglomerate that could potentially extend as
far west as the Corvallis Fault. Dip estimations suggest the volcano-clastic layer
shallows to the west from the GOC well, and could potentially be located 10 to 60 m
below the OSU Dairy Farm location. Previous field observations near Philomath on
the Corvallis Fault interface note the presence of this volcano-clastic layer
outcropping in a gravel pit within Spencer Formation siltones. The presence of the
volcano-clastic layer at the Philomath Gravel Pit support the notion that this layer is
contiguous east to the GOC exploration well location, dipping between 1 and 3
degrees to the northwest and striking to the southwest.
Cross-section B-B’ (Figure 1.2.b) is focused on the Siletz River Volcanics region
of the watershed. Data from nearby well logs show evidence of unconfined, confined,
perched, and compartmentalized aquifer systems within the SRV formation near the
OSU Sheep Farm. Water table data is much more erratic as distance from Oak Creek
increases, with static water levels adjacent the creek near ground surface and
decreasing in elevation as distance from the creek increases. Additionally, artesian
wells near the west end of the profile give evidence of confined aquifers within the
SRVs near the OSU Sheep Farm and McDonald-Dunn Forest. The main water
bearing unit in this region during the dry season appears to be individual pockets of
sandstone within the SRVs.
Cross-section C-C’ (Figure 1.2.c) is arrainged perpendicular to the Corvallis
Fault, and shows a short detail of the shallow groundwater table at that location.
Nearby well data along with field potentiomanometer readings indicate that
groundwater is backing-up against the less permeable fault zone as it travels down
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gradient towards the basin. This is evident due to an increase in the saturated
thickness of the shallow aquifer immediately upslope of the fault zone.
Surface water and groundwater connections
Hydraulic potentiomanometer results (Figure 1.3.a and 1.3.b) identified
previously unmapped hydraulic gradients and provided insight into potential gaining
and losing conditions along the Oak Creek stream profile. Survey results with plus 1mm or greater considered gaining conditions, -1-mm or less considered to be losing
conditions, and -1 to 0 to 1 mm variance in readings considered a neutral reach.
Potentiomanometer results are contingent on upwelling hydrostatic pressure of
groundwater into the piezometer, or on negative pressure as water is drawn out of the
piezometer (Winter et al., 1988). Accordingly, results can vary due to conditions such
as time of year, recent precipitation, nearby tributaries, weather conditions,
geography, geology, or other factors. We conducted our survey during the summer
dry season when the OCW water table is generally at is lowest and positive or
negative hydrostatic pressures are small when compared to periods of high
precipitation. Potentiomanometer results could significantly vary or even reverse
during times of high precipitation when water tables surrounding the stream channel
are higher than during dryer months.
Potentiomanometer results showed that the initital section of Oak Creek is losing
streamflow to groundwater in the permeable fractured volcanic geology of the upper
reach near the McDonald-Dunn Forest, with the first reading being the largest
negative pressure mesured over the entire length of the stream. This negative vertical
hydraulic gradient gradually decreases until it reverses approximatly 3-km upstream
of the Corvallis Fault, where multiple readings showed a positive gradient at Bald
Hill Park and immediately upstream of the fault. Once Oak Creek crosses the
Corvallis Fault, hydraulic gradients become much less variable and maintain neutral
or positive pressure conditions.
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a.

b.

Figure 1.3. (a). Map of watershed showing results of potentiometric manometer
investigation. (b). Graph showing data from potentiomanometer investigation in mm of
hydrostatic pressure vs. distance along stream profile in km from head of stream. Results
are in mm of variation from zero after 10-minutes.
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Potentiometric Surface Map
The potentiometric surface map (Figure 1.4) generated from shallow static water
level and surface water level data throughout the OCW and surrounding areas shows
that the water table of the region generally follows surface topography across the
study area. Most of the groundwater within the OCW originates in higher elevations
in the McDonald-Dunn Forest and flows down-gradient to the south towards the
confluence of Oak Creek and Marys River. The potentiometric surface map generated
for this project is for shallow groundwater elevations only, and does not take deeper
aquifer water level elevations into consideration.
The northern volcanic portion of the watershed is characterized by downward
vertical gradients that flow from several aquicludes and aquitards, resulting in a
multilayered aquifer system (see cross-section A-A’ Figure 1.2.a). Water tables levels
in the southern sedimentary region of the watershed generally remain much more
consistant throughout the year, only fluctuating between 1 to 5 m throughout the year.
The Corvallis Fault lies at the boundary between the Siletz Formation and the
Tyee and Spencer Formations, and acts as the interface between these two opposing
hydrologic zones. Potentiometric contour lines generated from OWRD well log data
indicate that the fault zone acts as both a barrier and a conduit for groundwater flow
through that interface. Impermeable zones within the fault deflect groundwater, while
large fractures and truncations of the fault allow groundwater to pass. Additionally,
the abrupt change in permeabilities between the two formations as groundwater
passes through the fault area also impacts groundwater vectors, as fluid transfer is
much more efficient in the northern volcanic region of the watershed.
As shown by the blue arrows on Figure 1.4, groundwater flow paths generally
mimic surface gradients and flow from higher elevations towards the basin to the
south until it encounters the Corvallis Fault. At this point, groundwater flows parralel
to the fault plan in most places until it either finds a conduit through the fault zone or
the end of the fault damage zone. Potentiometric contour lines ajacent to the fault
have been altered by the change in permeability architectures and the less-permeable
fault zone and have been disjointed in places. Additionally, water table elevations in
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Figure 1.4. Potentiometric surface map of the Oak Creek Watershed and surrounding region.
Blue arrows indicate direction of groundwater flow. Note lateral deflection of groundwater as
it flows from northwest to the southeast and encounters the Corvallis Fault (orange dashed
line).
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the Oak Creek basin within 1 to 2 km north-west of the fault-line have been elevated,
as evident by the diminutive groundwater flow gradient in that area.
It is evident that water table elevations are 1 to 3 m higher on the northern side of
the fault line, and then drop significantly immediately past the fault. Once past the
fault plane, water table elevations and gradients have much less varience than those of
the volcanic region. In the southern region surface togography affects water table
elevations in places but groundwater in this region generally flows at a consistant
gradient toward either Marys River or the Willamette River.
Conceptual Model
The conceptual model of the Oak Creek Watershed (Figure 1.5) shows that
watershed hyrologic characteristics are dominated by surface topography and
geology. The highly contrasting permeability architecture of the opposing geologic

Figure 1.5. Conceptual model of groundwater system of the Oak Creek Watershed and
surrounding region based on synthesis of topographic features and data from hydrologic and
geologic investigation.
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formations and the presence of the fault between the northern volcanic region and the
southern sedimentary region influences groundwater flow through this interface. Past
drilling and other research (Goldfinger, 1991; Miles, 2014) in the OCW has indicated
numerous intrusions of very low permeability volcanics throughout the region, but
especially along faulting boundaries where geologic integrity is lowest. The
contrasting permeabilities of the northern and southern regions along with
impermeable instrusives along the fault interface has produced a zone of decreased
permeability along the fault plane. As downslope flowing groundwater envounters
this zone velocities decrease and flow is deflected, resulting in an increase in
saturated thickness of the shallow aquifer up slope of the fault.
Groundwater gradients within the two regions of the study site are highly
contrasting, with higher grade in the northern volcanic region compaired to lower
grade in the southern sedimentary region. High permeability of geology coupled with
the higher surface slope in the Siletz Formation results in a fragmented water table,
with numerous perched and confined systems. In contrast, low permeability and low
gradients in the Tyee and Spencer formations of the southern region create a shallow
water table that is generally consistent throughout the year.
Discussion
The goal of this study was to enhance the hydrogeologic knowledge of the Oak
Creek Watershed to help better understand surface and shallow groundwater
interactions. Study results show that geology and faulting within the watershed
significantly influences surface water-groundwater connections, especially at the
Corvallis Fault interface.
In addition to providing important information about surface water and
groundwater relationships within the OCW, the hydrogeologic framework developed
in this study provides additional information about the role of local geology and
faulting on groundwater dynamics. This framework can be used to further inform
watershed managers on the relationship between geology and surface watergroundwater interactions.
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Local deep exploration wells indicate a potential water bearing layer near the
bottom of the Spencer Formation. The water bearing volcano-clastic conglomerate
found in the GOC well and infered to have been found in the WPS well was also
observed in a quarry near Philomath adjacent the Corvallis Fault line. This could be
an indication that the water bearing portion of the Spencer Fomation is contiguous
throughout the Willamette Valley, though thickness of the formation may vary. If this
is true, there could be a water bearing zone approximatly 500 m beneath the OSU
Dairy Farm that extends from the Corvallis Fault line sloping approximatly 2 to 5
degrees east ward to as far east as the Cascade Range.
In addition to surface and subsurface geology, we were able to identify areas of
gaining, losing, or neautral surface water-groundwater interaction along the length of
the stream. Our hydraulic potnetiomanomter investigation showed that surface watergroundwater connections are variable and can be contrasting within short distances.
Gaining conditions are prominent in the northern volcanic region of the watershed
and transition into neutral and losing conditions in the sedimentary region. After Oak
Creek crosses the Corvallis Fault conditions are much more consistant and we were
unable to find a location with losing conditions in this region. This is most likely due
to the low hydraulic conductivity of the volcanic geology that discourages surface
water infiltration into groundwater reserves. Additionally, the high specific storage
value of the Tyee and Spencer formations indicate there is more water stored in
shallow aquifers much later into the year than the fractured SRVs. As a result, the
groundwater table in the southern sedimentary region typically does not vary
significantly and is within a few meters of ground surface, above or near stream water
elevation. It is possible for this trend to be significantly altered during times of high
precipitation when groundwater levels in areas surrounding the stream channel could
be high enough to force gaining conditions along the stream profile.
We developed a potentiometric surface map to better show how groundwater
moves throughout the watershed. This map was developed from surrounding well
logs and field data and shows that there is lateral movement of groundwater along the
Corvallis Fault interface. The fault generally acts as a barrier to groundwater flow,
deflecting potentiometric surface lines near the fault interface. Our data, along with
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previously compiled data within the watershed (Miles, 2014) shows there is more
variability of groundwater levels within the Siletz formations when compared to the
Tyee and Spencer Formations of the Willamette Basin. The water surface map
developed in this project is mostly consistent with the 1974 Water Supply paper and
groundwater map completed in the Corvallis area that stopped just east of the OCW
(Frank, 1974).
Results from our potentiometric surface map give credence to the model of
opposing permeabilty architectures and hydraulic conductivities of the northern and
southern regions. Water contours in the northern region generally have a higher
gradient than those in the southern region due to the greater effective porosity
(permeability) and hydraulic conductivity of the volcanic rock. Water moves more
freely through the northern portion of the watershed, and as a result the hydraulic
gradient is steeper in the northern region when compared to the southern region.
The conduit-barrier model of the Corvallis Fault and elevated expanse of
groundwater north of the fault is corroborated by previous work which mapped well
function of the Benton County area including wells located within the OCW and
SRV, Tyee, and Spencer Formations. Transmissivity, specific capacity, and total
yeild all increased in the area of the Oak Creek Basin near the Corvallis Fault (Miles,
2014). These findings are consistant with the hydrogeologic framework presented in
this article as the production of an unconfined aquifer is generally a function of the
saturated thickness of the aquifer. As groundwater encounters the less-permeable
interface of the Corvallis Fault it backs-up, increasing the amount of groundwater
available for withdrawl as a result of the increase in saturated thickness of the shallow
aquifer.
Our model of groundwater transmission through less-permeable fault zones is
congruous with other work done in fractured volcanic geology in Eastern Oregon
(Ochoa et al., 2018). The Camp Creek Paired Watershed Study (CCPWS) also
showed that groundwater flow through the watershed was primarily influenced by
surface topography. However, geologic faulting in the region significantly influenced
flow. Similar to the Corvallis Fault, faults within the CCPWS were shown to act as
barriers to groundwater flow in some instances and conduits to flow in others.
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Groundwater levels across fault interfaces indicate significant alteration to flow
regiemes.
Aquifer storage and recovery (ASR) projects near the OCW project site and
within the highly fractured and permeable basalt aquifers of the Siletz Formation
suggests potential for bulk water storage in the OCW. ASR in this area could be
particularly effective within the wedge of SRV overlying Tyee and Spencer
Formation sediments. The reduction in permeability at the Corvallis Fault could act as
an aquiclude, and the low angle of the fault as an compartment for groundwater. Bulk
transfer of water into these aquifer systems may provide effective storage of
groundwater for later use. This imformation is important given the interest in ASR in
the SRV formation by the City of Philomath (City of Philomath, Water System
Master Plan, 2018), located approximatly 7-km south-west of the OCW.
Future work regarding hydrology in the OCW region could include the
expansion of potiomanomter investigations in the stream channel to include winter
months when gaining or losing conditions along the stream profile could be
significantly altered or even reveresed. The use of geophysical methods for
identifying additional faulting within the perimeter of the watershed could also be
useful for identifying areas of potential groundwater inputs from adjacent watersheds.
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Abstract
Many aquatic ecosystems, particularly those that host cold-water species such as
salmon can be impacted by current global trends in stream warming. Assessing the
influence of factors including geology, topography, land use, and stream watergroundwater interactions on stream temperature can provide valuable information for
land and ecosystem managers to use in preserving existing species and natural
environments. The objective of this study was to examine the influence of geology,
land use, and elevation on 7-day average of daily maximum stream temperatures along
Oak Creek near Corvallis, Oregon, USA. We used data from automated temperature
sensors installed at multiple air (4), stream (21), stage (1), and groundwater (4)
locations along the entire 12-km stream profile; from its headwaters in the
MacDonald-Dunn Forest, through agriculture fields at mid-elevation, to its
convergence with Marys River next to the urban setting of Oregon State University.
Similarly, we used water level data collected at one surface water monitoring station
and at the five groundwater monitoring locations. We characterized the geology, land
use, and elevation of the entire Oak Creek and its contributing watershed. Temperature
data collected every hour was used to estimate 7-day average of daily maximum
temperature values that were grouped based on unique geology (volcanics and
sedimentary), land use (forest, agriculture, urban), and elevation (high, median, low)
features. We used graphing methods, ANOVA, and linear regression analyses to
determine the potential effects of the two different geologic settings, elevation, and
land use on stream temperature. We evaluated the relationships of stream, air, and
groundwater temperature. Results show there is a strong linear correlation between
stream temperature, ambient temperature, and elevation. We found significant
statistical differences in mean 7-DADMax stream temperature values between
geologic regions, between forest-dominated and other land uses, and between the low
elevation region and other elevation sub-groups. It is probable that geology and land
use conditions influence the connection between surface water and groundwater,
which work together with other external variables to influence Oak Creek stream
temperatures.
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Introduction
Satisfactory water quality is important for the health of fish, mammals, and birds
within riparian ecosystems and for ecosystem services such as water provisioning,
habitat function, and recreation. Water temperature is an important indicator of water
quality that can determine the rate of many physical, chemical, and biological
processes within an aquatic ecosystem (McCullough et al., 2009).
In many regions, such as in the Pacific Northwest (PNW) of the USA, daily
maximum stream temperature profiles are a particularly important consideration for
land use managers due to the sensitivity of riparian and aquatic ecosystems to
increases in stream temperature. Research on salmon migration has shown that mean
stream temperatures in excess of 12°C have been associated with loss of migratory
behavior and eventual declines in the population of anadromous juvenile salmonids
(Richter & Kolmes, 2005). Increases in stream temperature can significantly harm
keystone species including salmonids, which can have ripple effects through other
related natural environments. The potential impacts of stream warming to ecologic
and economic resources highlights the importance of thorough monitoring of stream
temperature along with identification and management of stream water warming
inputs.
Many factors that have been recognized to influence stream temperature include
geology, land use conditions, streamflow, groundwater inflow, vegetation shade, and
topographic elevation. Any one of these, or a combination thereof, can alter stream
temperature in varying proportions at different times of the year.
Past studies (Bladon et al., 2016; Nickolas et al., 2017) in the Marys River
Watershed near Corvallis, Oregon have shown that geology can play a significant role
on groundwater inputs into stream channels. Consolidated sediments such as the
sandstones and siltstones found in the Willamette Basin have been shown to retain
groundwater later into the dry season and supply streams with baseflow inputs later
into the year than highly fractured volcanic geology. This can provide cooler
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groundwater inputs in summer months and warmer inputs during winter months
which act as a buffer for stream temperature fluctuations (Nickolas et al., 2017).
Additionally, as described in Caruso et al. (2019), changes in geology such as
faulting can influence groundwater paths and velocities due to changes in hydraulic
conductivity between differing lithologies. Varying geology and hydraulic properties
along the length of a stream can modify local surface water-groundwater connections
and have large effects on stream water temperature. The porosity and permeability
characteristics of a geologic formation determine the hydraulic conductivity and rate
with which groundwater can travel through that material. The rate of groundwater
contribution to surface stream, or baseflow, has been shown to have a marked impact
on stream temperature and is determinant on these conditions (Nickolas et al., 2017;
Younus & Hondzo, 2000).
In addition to geology, the effects of land use conditions on surface water quality,
including stream temperature, have been well documented (Borman & Larson, 2003;
Cao et al., 2016; Daraio & Bales, 2014; Mayer, 2012; Mellina et al., 2002).
Urbanization and changes in land use from natural surfaces to areas dominated by
less-permeable surfaces can impact hydrologic connections and responses as a result
of increases in surface water runoff and decreases in surface water infiltration and
aquifer recharge. This generally leads to a rise in peak streamflow during rainfall
events and a drop in baseflow relative to predevelopment conditions. Agriculturaldominated land use can have a reverse impact on baseflow and lead to an increase in
surface water infiltration due to irrigation and a reduction in interception by natural
vegetation (Daraio & Bales, 2014).
Geologic and land use conditions can influence streamflow, or the quantity of
water in a stream at any given time. Streamflow has a measurable effect on stream
temperature as a result of additional water in the channel to absorb warming inputs.
Several past research projects have found that maintaining perennial in-channel
streamflow can effectively buffer stream temperature, especially daily maximum
values (Loinaz et al., 2013; Poole & Berman, 2001). Substantial impacts to stream
temperatures were also observed as a result of streamflow fluctuations caused by
changes in land use conditions and streamside vegetation (Cheng, 1989).
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The combination of land use conditions and the hydraulic conductivity of the
surrounding geology can have important implications on the connection between
surface water and groundwater, as well as on stream temperature relations.
Subsurface inflow into stream channels can play an important part in maintaining
streamflow, and thus is an important component of the stream heat budget (Younus &
Hondzo, 2000). Groundwater inflow into stream channels has been shown to be a
primary regulator of stream temperature, especially in low flow or ephemeral streams
where groundwater can be a significant portion of overall streamflow (Ebersole et al.,
2014; Mellina et al., 2002; Winter, 1998). Groundwater inflow can also be related to
hyporheic exchange, which has been shown to be an important process for buffering
stream temperature. The influx of cooler groundwater in the hyporheic zone during
warm water periods cools the stream, while warmer groundwater during cold water
periods has the opposite effect (Arrigoni et al., 2008; Menichino & Hester, 2014).
Land use conditions and uses such as logging and construction can alter the
natural vegetation buffer that lines the stream channel. Reduced streamside vegetation
can lessen stream shading and enhance surface water runoff. Warming inputs from
solar radiation have been shown to be one of the primary explanations for why
streams warm with increased distance from their headwaters. A reduction in shading
can be an important component of stream warming as it can increase the amount of
solar radiation that reaches the stream (Borman & Larson, 2003; Cao et al., 2016;
Kalny et al., 2017).
Topographic elevation also influences stream temperature due to the relationship
between altitude and ambient (air) temperature. Areas of higher elevations tend to be
cooler than areas of lower elevation due to the decreasing air pressure levels
associated with increases in elevation. Ambient temperature is closely related to the
stream temperature (Mayer, 2012; Mohseni & Stefan, 1999; Morrill et al., 2001), and
in many cases can be an accurate predictor of stream temperature (Morrill Jean C. et
al., 2005). Also, stream reaches in higher elevations are generally warmer than
downstream reaches as it is commonly accepted that streams warm in the downstream
direction due to the increase in thermal energy inputs along the length of the stream
(Fritz et al., 2018). Stream reaches located in higher elevations also generally have
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higher stream gradients relative to lower elevation stream reaches. This can influence
stream temperature as the gradient of a stream is directly related to stream velocity,
which in turn affects the amount of time that stream water is subjected to thermal
inputs from solar radiation. The steeper the stream reach, the faster water travels and
the less time water has in that section to be subjected to warming inputs (Johnson,
2004).
It is clear then that there are many components that may control stream
temperature, and that these features most likely vary between watersheds. It is
important then for land and watershed managers to assess and manage each individual
component that may be contributing to stream warming. Through monitoring and
analysis of stream, ambient, and groundwater temperatures along the length of the
stream, it may be possible to identify areas of external influence and potential
warming inputs. The main objective of this study was to examine the influence of
geology, land use, and elevation on 7-day average of daily maximum stream
temperatures.
Materials and Methods
Site Description
The Oak Creek Watershed (OCW) study site (44.57° latitude; -123.30° longitude)
is located in Western Oregon and encompasses nearly 3,360 hectares (Figure 2.1). Oak
Creek flows for approximately 12 km downslope from its source and highest point in
the McDonald-Dunn forest (650 m in elevation) to its lowest point at its confluence
with Marys River (64 m in elevation).
The OCW is contained within the Willamette ecological province, near the
interface with the Coastal ecological province. The climate is a Mediterranean type
with a warm, dry summer season and a mild, wet winter season. Mean annual
precipitation within the basin ranges from 2,500 mm at higher elevations, to 1,000
mm at lower elevations (Nickolas et al., 2017). Below the 400 m elevation,
streamflow is mostly rain-dominated, while above that mark a snow-dominated
regime persists (Jefferson, 2011; Leibowitz et al., 2012). Mean temperatures range
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Figure 2.1. Regional map of Oak Creek Project location, land use, and sensor locations
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from over 28 °C in August, to near 0 °C in December, with the lowest and highest
precipitation also occurring in these months respectively.
Oak Creek is a fourth-order headwater stream that experiences variable discharge
volumes of approximately 0.01 cubic-meters per second (m3 s-1) in the summer to
more than 0.25 m3 s-1 in the winter, with peak flood discharge volumes ranging from
3 to 6 m3 s-1. Over 125 tributaries contribute to Oak Creek along its length including
West Branch Oak Creek, East Branch Oak Creek, Skunk Creek, Alder Creek,
Lamprey Creek, and Mulkey Creek.
As Figure 2.2 shows,
gradients within the Oak Creek
Watershed vary from -0.054 in
higher elevations near the
McDonald-Dunn Forest to nearly
flat (-0.001) close to the center of
the watershed. Stream reaches in
higher elevations have steeper
gradients, with the stream

Figure 2.2. Oak Creek sensor elevations and
stream gradient

gradient becoming less as the creek flows downslope.
Vegetation found within the Oak Creek Watershed is typical of the Willamette
Ecological Province and the Willamette Lowland Sub-province. Cottonwood
(Populus angusifolia), willow (Salix hookeriana), alder (Alnus rubra), and ash
(Fraxinus latifolia) trees are commonly found along lowland riparian areas, with
increasing numbers of Douglas-fir (Pseudotsuga menziesii), white fir (Abies
concolor), big-leaf maple (Acer macrophyllum), and Oregon white oak (Quercus
garryana) was found in forest-dominated regions. The foothill interface between the
forested region and lowland agricultural-dominated pasturelands are populated by
big-leaf maples, Oregon white oak, Scotch broom (Cytisus scoparius), and scattered
pockets of Pacific madrone (Ardutus menziesii) (E. W. Anderson et al., 1998).
Understory shrub species including vine maple (Acer circinatum), snowberry
(Symphoricarpos), blackberry (Rubus ursimus), and bracken fern (Pteridium
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aquilinum) are mostly dominated by invasive Himalayan blackberry (Rubus
armenicacus).
Land use management within the Oak Creek Basin varies from highly vegetated
forest and agricultural regions to urban regions near the City of Corvallis (Figure 2.1).
The Oak Creek watershed is comprised of approximately 51% forest-dominated land
cover, 33% agricultural-dominated land use, and 13% urban-dominated land use.
Land ownership based on tax lot information shows that approximately 40% is owned
or managed by Oregon State University, 55% by private landowners, and 5% by the
city or county.
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As chapter 1 of this study describes in detail, the OCW is bisected by two regions
of contrasting hydraulic and geologic conditions (Figure 2.3). The region north of the

Figure 2.3. Map of Oak Creek geology and sensor locations
OSU Sheep Farm overlie volcanic flood basalts of the Siletz River Volcanics
formation approximately 1 to 3 m below the soil horizon. South of the OSU Sheep
Farm geology transitions into alluvial basin infill rich in clay and silt. Bisecting these
two distinct geological regions is the Corvallis Fault, a thrust fault which runs in a
northwest-southeast direction through the watershed. The Corvallis Fault delineates
the southern extent of the Siletz River Flood Basalts.
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Field Data Collection
Sensor Installation
In 2017 and 2018 stand-alone temperature sensors (ONSET TidBit v2 UTBL001, ONSET Pendant MX2201 Water Temperature Loggers, ONSET HOBO U20L
Water Level Logger, Onset Computer Corp. Borne, MA, USA) were installed
throughout the length of the stream channel, at the Oregon State University Dairy
Farm and Sheep Farm, in the McDonald-Dunn Research Forest, and within the Oak
Creek riparian corridor. Prior to field installation, all sensors were tested in the OSU
Ecohydrology Lab for accuracy and were determined to be operating correctly and
functioning within acceptable error ranges.
Stream Stage and Local Precipitation
Oak Creek stage levels were monitored using a stainless-steel cased drivepoint
piezometer hand driven into the creek channel near the Covered Bridge location
(south of the OSU Dairy Farm). A stand-alone water level logger (ONSET HOBO
U20L Water Level Logger. Onset Computer Corp. Borne, MA, USA) was installed at
the bottom of the piezometer and set to record data every one hour.
Daily precipitation data was downloaded from NOAA datasets available online.
NOAA weather stations near the higher elevation (station: Corvallis 6.7 N, OR US
US1ORBN0022 ELEV: 114.6 m LAT: 44.6673° N LONG: -123.2802° W) forested
region and in the lower elevation basin (station: Corvallis 1.9 SSE, OR US
US1ORBN0032 ELEV: 71.32 m LAT: 44.5882° N LONG: -123.3068° W) were
chosen in order to compare and contrast precipitation regimes from multiple
elevations and land use conditions.
Stream and Ambient Temperature
Four ambient and 21 in-stream temperature sensors (ONSET TidBit v2 UTBL001, ONSET Pendant MX2201 Water Temperature Loggers, Onset Computer Corp.
Borne, MA, USA) were installed at selected locations throughout the stream profile.
Ambient temperature sensors were installed hanging from trees approximately 1.5 m
from the ground in the forested region near the headwaters, in the agricultural section
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near the center of the stream profile, and in the urban region near the confluence of
Oak Creek and Marys River. Effort was made to comprehensively monitor ambient
and stream temperature throughout the entire length of the stream; however, access to
the stream channel proved to be the determining factor for final temperature sensor
location.
Temperature sensors were also installed in the major tributaries of Oak Creek
including Alder, Lamprey, and Mulkey Creeks near their confluence with Oak Creek;
then at equidistant locations within Oak Creek upstream and downstream of the
tributary confluence with Oak Creek in an attempt to quantify thermal inputs from
tributary streams.
Ambient and in-stream temperature sensors were installed in white PVC
housings to protect them from damage, and then were either hung from trees, or
attached to rebar driven into the stream channel until submerged. Locations were
chosen where extraneous influences such as shading would not impact temperature
readings, and then set to record ambient or stream temperature at one-hour intervals.
Sensor data was then manually collected using a waterproof shuttle (ONSET HOBO
U-DTW-1 Waterproof Shuttle Data Transporter, Onset Computer Corp. Borne, MA,
USA) and then appended to the final data table. Care was taken to collect data often
and to expeditiously replace lost sensors in order to minimize data loss.
Groundwater Monitoring
Data from four geotechnical boreholes for monitoring groundwater level
(hydraulic head) and temperature that were installed at the OSU Dairy Farm and
Sheep Farm locations were used in this study (see Figure 2.3). Geotechnical
boreholes consisted of either 31.75 mm stainless steel cased drive point type with a
1.2 m screen (0.5 mm perforation) at the bottom of the casing, or a 51 mm
acrylonitrile butadiene styrene (ABS) cased plastic type with a 1.2 m screen (4.6 mm
perforation) at the bottom of the casing. Drive point type boreholes were manually
driven into the ground surface using a fence post pounder. Once installed, the upper
0.5 m of soil surrounding the borehole casing was removed, and the hole was sealed
with bentonite clay to prevent vertical seepage into the borehole. Boreholes (51 mm
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ABS) are drilled using a 152 mm auger, inserted into the empty hole, and then packed
with 20 mm gravel past the screen to create a filter pack. Auger drilled 51 mm
boreholes are located in agricultural fields that are plowed every year, and are
consequently cut 0.4 m below ground surface and capped, and then covered with a
25.4 cm circular valve box. The bottom of the valve box is sealed with bentonite clay
to prevent vertical seepage into the borehole, and then then hole was backfilled. Once
the fields were plowed, the valve boxes were excavated, and the borehole casing was
extended to 0.5 m above ground surface. All completed boreholes are capped and
locked to prevent precipitation getting into the borehole and/or potential vandalism.
Boreholes are outfitted with pressure transducers inserted 8 cm from the bottom of
the borehole for monitoring of groundwater levels and temperatures. Pressure
Transducer sensors are either stand-alone type (U20L Water Level Logger. Onset
Computer Corp. Borne, MA, USA), or are wired (CS450-L Pressure Transducer.
Campbell Scientific, Inc., Logan, UT, USA) to CS300 dataloggers (Campbell
Scientific, Inc., Logan, UT, USA). Pressure transducers are set to continuously
monitor data, and then average values and record data at one-hour intervals.
Surface Water-Groundwater Temperature Relationships
Oak Creek stream temperature sensors were grouped based on geology, land
use, and elevation to contrast stream temperature. We analyzed the difference in
means between Oak Creek stream temperature (n=17), tributary stream temperature
(n=4), and ambient temperature (n=4) for the period of record October 2016 through
October 2019. Hourly-measured temperature data were used to estimate a 7-day
average of daily maximum stream temperature (7-DADMax) records. The 7DADMax for any given day was calculated by averaging that day’s daily maximum
stream temperature and the daily maximum stream temperature values of the three
days prior and the three days after that day. The 7-DADMax stream temperature data
were grouped based on geology (volcanic and sedimentary), land use (forest,
agriculture, and urban), and elevation features. Elevation (m ASL) was categorized as
high (150-200 m), median (100-150 m), and low (50-100 m).
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A Mann-Whitney Rank Sum t-test was conducted to assess stream temperature
variability between volcanic and sedimentary sub-groups; between forest,
agriculture, and urban sub-groups; and between high, median, and low elevation subgroups. Also, a linear regression analysis that used daily-averaged values of stream
temperature, air temperature, and groundwater temperature was conducted to test the
relationship among these variables. Similarly, we calculated Pearson coefficient (r)
values for stream vs air and stream vs groundwater temperature to test for linear
correlation between datasets using SigmaPlot® (version 14.0. Systat Software, Inc.,
San Jose, CA, USA).
In addition, we used the statistical software r (R Core Team. 2013. R: A language
and environment for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. URL http://www.R-project.org/) and daily-averaged values of
stream, air temperature, and groundwater to determine the strength of association
between these variables. We calculated Pearson coefficient values for stream vs air
and stream vs groundwater temperature.
Finally, we completed one-way ANOVA comparison methods using
Microsoft Excel™ to compare stream temperature mean 7-DADMax values of subgroups within geology, land use, and elevation groups. One-way ANOVA is used to
compare the means and variance of test group data. P-values of less than 0.05
indicated a statistical difference in mean values.

Results
Field Data Comparison
Stream Stage and Local Precipitation
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All data was tabulated and analyzed in Microsoft Excel™ including calculated
stream water stage and precipitation records from two NOAA weather stations. Care
was taken to remove erroneous data such as periods where stream stage lowered
sufficiently to expose stream sensors to ambient temperatures. The stream stage and
local precipitation graph (Figure 2.4) shows there is a relationship (R = 0.70) between
precipitation and stream stage. Relatively large precipitation events were closely
followed by increases in stream stage. In general, greater precipitation was observed in
the higher elevation rain gauge (4490 mm) in the forest when compared to the lower
elevation rain gauge (3060.7 mm) in the valley (Figure 2.4).

Figure 2.4. Oak Creek stage (bottom) and precipitation (top)
Stream, Ambient, and Groundwater Temperature
We used temperature records from multiple stream (n=21), ambient (n=4), stream
stage (n=2), and groundwater (n=4) temperature sensors for evaluating surface watergroundwater temperature relationships along Oak Creek. Comparison of data between
sub-groups was done with similar data counts (n) and similar time periods. See
Appendices A for mainstem and tributary stream and ambient sensor data information
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including sensor ID, type, geology, land use, elevation, record count (n), period of
record, mean, and variance.
Data generated by field sensors was converted from hourly values of temperature
to 7-day maximum stream temperature values, or 7-day average of the daily
maximum temperatures (7-DADMax). The 7-DADMax for any given day is
calculated by averaging that day’s daily maximum temperature with the daily
maximum temperatures of the three days prior and three days after that date.
Stream and Ambient Temperature
Data analysis of OCW stream and ambient temperatures show that stream
temperature mimics ambient temperature with peak stream and ambient temperatures
occurring near the end July and minimum temperatures occurring December through
the end of January. Mean stream temperature is 12.3 °C with a variance of 17.3 °C,
while mean ambient temperature is 20.4 °C with a variance of 61.9 °C.
In order to test stream and groundwater temperature relations we grouped sensors
based on geology, land use, and elevation. We further divided these groups based on
unique conditions. Geology sensors were sub-grouped based on volcanic or
sedimentary geology. Land use sensors were sub-grouped based on forest-dominated,
agricultural-dominated, or urban-dominated conditions. Elevation sensors were subgrouped based on whether they were located in high (200 m to 150 m amsl), median
(150 m to 100 m amsl), or low (100 m to 50 m amsl) altitudes. Temperature values
from sensors of sub-groups were averaged together to create one dataset per subgroup. Organized and averaged mean 7-DADMax temperatures from each sub-group
within the geology, land use or elevation groupings were then compared to other subgroups within similar main groups. Statistical analysis was completed on sub-group
data based on a similar period of record to minimize variance due to seasonal
temperature variations.
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The box plot of all temperature sensors (Figure 2.5.a) shows that ambient
temperature is normally higher with wider variance than stream temperature sensors.
The graph of stream and ambient temperatures (Figure 2.5.c) shows volcanic stream
temperature is generally cooler than sedimentary stream temperature, and that stream
temperatures parallel ambient temperatures
a.

b.

c.

Figure 2.5. (a) Box plot of all individual stream and ambient temperature
sensors (b) Box plot of average stream and ambient 7-day average daily
maximum temperature. (c) Graph of sedimentary and volcanic stream, and
average ambient temperatures
Comparing stream temperature data based on geology reveals a slight difference
between mean values. The mean stream temperature value for the volcanic reach is
11.9 °C, higher than the 10.8 °C mean value of the sedimentary reach. Variance in the
volcanic region of the watershed was also higher (17.4 °C) than the sedimentary
region (15.4 °C). Maximum and minimum temperature values were both found in the
sedimentary reach of the stream.
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Figure 2.6. Box plot of Oak Creek 7-day maximum
stream and ambient temperature grouped based on
geology
Comparing stream temperature based on land use shows an increase in
maximum temperatures and decrease in minimum temperatures in a downstream
direction from forest-dominated, to agricultural-dominated, to urban-dominated land
uses. Mean 7-DADMax values were 11.9 °C for forest-dominated, 12.4 °C for
agricultural-dominated, and 12.5 °C for urban-dominated land uses; with a variance
of 12.9 °C, 18.5 °C, and 22.6 °C respectively. Stream temperatures cool and variance
increases through each transition from forest-dominated, to agricultural-dominated, to
urban-dominated land uses.

Figure 2.7. Box plot of Oak Creek 7-day maximum
stream and ambient 7-day average daily maximum
temperature grouped based on land use
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Arranging stream temperature data based on elevation showed similar
variation in mean, maximum, and minimum temperatures across high, median, and
low elevation sensors. High-elevations sensors between 200 m to 150 m above sea
level (amsl) showed a mean 7-DADMax of 12.0 °C with a variance of 12.9 °C,

Figure 2.8. Box plot of Oak Creek 7-day
maximum stream and ambient 7-day average daily
maximum temperature grouped based on elevation
median-elevation (150 m to 100 m amsl) showed a similar mean of 12.0 C° with a
variance of 12.9 °C, while low-elevation (100 m to 50 m amsl) sensors showed a
mean of 12.1 °C with a variance of 19.8 °C.
Groundwater Monitoring
Box plots of groundwater temperatures (Figure 2.9.a) show that groundwater
near the OSU Sheep Farm in volcanic geology is colder than OSU Dairy Farm
groundwater temperatures located in sedimentary geology, especially in wells located
far from the stream channel (DFW1, SFW1). This trend is similar at the OSU Dairy
Farm, where data from wells located furthest from the stream channel (DFW1) show
warmer temperature values than wells located closer to the stream (DFW2).
Figure 2.9.b shows OSU Dairy Farm stream and groundwater temperatures
from October 2016 through October 2019. Minimum and maximum groundwater
temperatures at the OSU Dairy Farm follow stream temperature but are delayed by a
few months each year. The OSU Dairy Farm is located within the sedimentary
portion of the watershed, overlying clay, sandstone, and siltstone geology of low
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hydraulic conductivity. It is likely that low velocities and long residence times of
groundwater in these formations allows for a delay of groundwater temperature
increases in response to annual increases in ambient temperatures. This delay in
groundwater response due to low conductivity was noted in previous research studies
conducted in the OCW region (Nickolas et al., 2017).
As Figure 2.9.c demonstrates, the fluctuation of stream stage and groundwater
levels near the OSU Dairy Farm appear to be closely related. Increases in stream
stage are closely followed by increases in groundwater levels, though the amplitude
a.

b.

c.

Figure 2.9. (a) Box plot of Oak Creek groundwater temperature from OSU Dairy
Farm Wells (DFW1 and DFW2) and OSU Sheep Farm Wells (SFW1 and SFW2). (b)
Graph of combined mean stream temperature values from sensors near the OSU
Dairy Farm (TS19 and TS21) and groundwater temperature from OSU Dairy Farm
well 2 (DFW2). (c) Graph of groundwater elevation (head) from OSU Dairy Farm
well 1 (DFW1) and Oak Creek stream stage
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of this trend appears to be muted during low-flow periods. Additionally, the low
conductivity of the sedimentary geology delays the response of groundwater levels to
precipitation events when compared to stream stage.
Surface Water-Groundwater Temperature Relationships
Stream and Ambient Temperature
Table 2.1. Pearson Correlation (R): Stream vs. Ambient Temperature
Stream

Ambient

Temperature

Temperature

Stream Temperature

1

Ambient Temperature

0.94

1

The complete data set of stream and ambient temperature sensors were
grouped together and analyzed to test linear correlation and statistical differences of
means. Calculation of Pearson correlation resulted in a coefficient of 0.94, indicating
a strong linear correlation between stream and ambient temperature. ANOVA testing
resulted in a P-value of 3 𝑥 10−168 which is significantly smaller than 0.05. There is
statistical evidence to suggest mean 7-DADMax temperatures between stream and
ambient sensors are different. Ambient temperatures have a mean temperature over 8
°C higher than stream temperatures as well as higher maximum and lower minimum
values than stream temperatures.
Table 2.2. ANOVA: Stream vs. Ambient Temperature
Sensor Group

n

Mean

Variance

Mean Stream Temperature

1106

12.28

17.29

Mean Ambient Temperature

1106

20.37

61.86

Source of Variation

SS

df

MS

F

P-value

F crit

Between Groups

36153.11

1

36153.11

913.45

3 𝑥 10−168

3.85

Within Groups

87468.86

2210

39.58
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Geology
Table 2.3. Pearson Correlation (R): Geology
Volcanic

Sedimentary

Geology

Geology

Volcanic Geology

1

Sedimentary Geology

0.96

1

We compared all stream temperature sensors north of the Corvallis Fault in
the Siletz River Volcanics region of the watershed against all stream sensors installed
in sedimentary geology south of the Corvallis Fault. Linear analysis showed a
Pearson coefficient of 0.96, indicating a strong linear correlation. ANOVA resulted in
a P-value of 1.04 𝑥 10−10, which would reject the null hypothesis. There is statistical
evidence to suggest a differnece in mean 7-DADMax stream temperatures between
the volcanic reach and the sedimentary reach of Oak Creek.
Table 2.4. ANOVA: Volcanic vs. Sedimentary Geology
Sensor Group

n

Mean

Variance

Volcanic Geology

1106

11.94

17.35

Sedimentary Geology

1106

10.82

15.36

Source of Variation

SS

df

MS

Between Groups

689.45

1

689.45

Within Groups

36144.68

2210

16.36

F
42.15

P-value
1.04 𝑥 10

−10

F crit
3.85

Land Use
Table 2.5. Pearson Correlation (R): Land Use
Forest-

Agriculture-

Urban-

Dominated

Dominated

Dominated

Forest-Dominated

1

Agriculture-Dominated

0.99

1

Urban-Dominated

0.99

0.99

1

Stream sensors were then grouped based on surrounding land use conditions
to test whether or not the mean 7-day maximum stream temperature is impacted by
forested, agricultural, or urban dominated land use conditions. Pearson correlation
analysis showed a considerable linear relationship between all three land-use types (R
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= 0.99). There is statistical evidence to suggest that stream temperature between
forest-dominated and agricultural-dominated land use is similar (P-value = 0.01).
Table 2.6. ANOVA: Forest-Dominated vs. Agricultural-Dominated
Sensor Group

n

Mean

Variance

Forest-Dominated

750

11.90

12.87

Agricultural-Dominated

750

12.43

18.46

Source of Variation

SS

df

MS

F

P-value

F crit

Between Groups

103.58

1

103.58

6.61

0.01

3.85

Within Groups

22999.85

1468

15.67

ANOVA testing of agricultural-dominated land use paired with urbandominated land use provided a P-value of 0.41, which is significantly greater than
0.05. Data analysis indicates a strong correlation between Oak Creek stream
temperatres in forest-dominated and agricultural-dominated land use conditions.
Table 2.7. ANOVA: Agricultural-Dominated vs. Urban-Dominated
Sensor Group

n

Mean

Variance

Agricultural-Dominated

658

12.35

19.64

Urban-Dominated

658

12.49

22.59

Source of Variation

SS

df

MS

F

P-value

F crit

Between Groups

6.37

1

6.37

0.30

0.58

3.85

Within Groups

27750.32

1314

21.12

The final statistical analysis of land use between forest-dominated and urbandominated sensors provided a P-value of 0.01, which is less than the 0.05 significance
level. There is statistical evidence to suggest that the mean 7-DADMax stream
temperatures between these two regions are different.
Table 2.8. ANOVA: Forest-Dominated vs. Urban-Dominated
Sensor Group

n

Mean

Variance

Forest-Dominated

653

11.88

11.88

Urban-Dominated

653

12.48

22.77

Source of Variation

SS

df

MS

F

P-value

F crit

Between Groups

116.91

1

116.91

6.36

0.01

3.85

Within Groups

23987.1

1304

18.40
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Elevation
Table 2.9 Pearson Correlation (R): Elevation
High

Median

High

1

Median

0.99

1

Low

0.99

0.99

Low

1

Stream sensors were grouped based on elevation to determine if altitude
influences the 7-DADMax stream temperature. The highest elevation sensor in the
watershed is TS2 in the McDonald-Dunn Forest near 200 m amsl, while the lowest
elevation sensor in the watershed is TS24 at 60 m amsl; providing an overall
difference in elevation of 140 m. Sensors were grouped based on 50 meter elevation
changes and then compaired for statistical similarity.
7-day maximum stream temperature data from high-elevation sensors were
analyized against data from median-elevation sensors to produce a P-value of 0.88,
significantly greater than the significance level of 0.05. There is significant evidence
to suggest that mean stream temperatures between high and median elevations are not
different.
Table 2.10. ANOVA: High-Elevation vs. Median-Elevation
Sensor Group

n

Mean

Variance

High

750

11.99

12.88

Median

750

12.02

12.94

Source of Variation

SS

df

MS

F

P-value

F crit

Between Groups

0.28

1

0.28

0.02

0.88

3.84

Within Groups

19339.4

1498

12.91

Median-elevation stream temperature sensors were then compaired against
low-elevation stream temperature sensors. ANOVA results produced a P-value of
0.004, or less than the significance value of 0.05. There is statistical evidence to
suggest that mean stream temperatures between median and low elevation stream
reaches are not different.
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Table 2.11. ANOVA: Median-Elevation vs. Low-Elevation
Sensor Group

n

Mean

Variance

Median

974

11.54

12.72

Low

974

12.06

19.80

Source of Variation

SS

df

MS

F

P-value

F crit

Between Groups

134.53

1

134.53

8.27

0.004

3.85

Within Groups

31647.7

1946

16.26

Finally, high-elevation stream sensors were analyized against low-elevation
stream sensors. ANOVA results produced a P-Value of 0.007, less than the
significane level of 0.05. There is statistical evidence to suggest that high-elevation
mean stream temperatures are different than low-elevation mean stream temperatures.
Table 2.12. ANOVA: High-Elevation vs. Low-Elevation
Sensor Group

n

Mean

Variance

High

750

11.99

12.88

Low

750

12.56

20.73

Source of Variation

SS

df

MS

F

P-value

F crit

Between Groups

121.143

1

121.143

7.21

0.007

3.85

Within Groups

25173

1498

16.80

Based on these findings, we believe steep gradients in the higher elevation
regions of the watershed coupled with lower ambient temperatures in these areas create
conditions that warm Oak Creek in the down-stream direction. There were statistical
differences between the mean temperature values of all sub-groups except for between
agriculture-dominated vs. urban-dominated land uses and between high and median
elevations. Differences in mean temperature values between these groups were
determined to be similar with little difference in variance, indicating the presence of an
external influence on Oak Creek stream temperature in these regions.
Discussion
The objective of this study was to determine if data analysis could reveal impacts
to Oak Creek stream temperatures based on geologic, land use, or elevation differences.
Simple analysis of stream temperature data using statistical evaluation methods could
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help land managers better assess and manage factors that could contribute to stream
warming.
Contrasting hydraulic conductivity between volcanic and sedimentary geologic
formations within the watershed influences groundwater paths and velocities including
baseflow into surface water streams. Analysis of data collected from stream, ambient,
and groundwater sensors shows significant differences of mean 7-DADMax stream
temperature based on geologic, land use, and elevation conditions except for between
agriculture-dominated and urban-dominated land use and high and median elevation
sub-groups. Statistical difference in mean temperature values show that neither
geology, land use, nor elevation by themselves appear to have direct influence on
stream temperatures in the OCW. It is apparent that stream and groundwater
temperatures in higher elevations, where stream gradients are steeper, are constantly
cooler than temperatures in lower elevations where gradients are less steep. Stream
gradient can play an important role in regulating stream temperatures as stream velocity
is greater in areas of high gradient and diminishes as slopes become less steep. Surface
water flowing at high velocity does not have ample time to warm from solar inputs.
Additionally, as Oak Creek flows from high elevation to low elevation it warms
from solar inputs along the way. The increased time that downslope water has been
exposed to solar warming inputs compared to water located in higher elevations might
explain the increase in stream temperature.
Similarities in mean stream temperature between high and median elevation subgroups might have to do with high amount of shading and steep gradients in higher
elevation regions of the OCW. Consistent shading coupled with steeper gradients in
high and median elevation region do not allow the stream to warm from solar inputs as
it flows down slope. Additionally, high hydraulic conductivity of the volcanic geology
in higher elevation regions of the watershed result in high groundwater inputs during
high flow winter months, and low groundwater inputs during low-flow summer months
that do not significantly impact stream temperatures. Conversely, similar mean stream
temperatures between agriculture-dominated and urban-dominated regions of the OCW
could be a result of the low hydraulic conductivity of the sedimentary region of the
OCW where a majority of the agricultural region and the entirety of the urban region
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of the watershed lie. Low hydraulic conductivity results in little infiltration or
hyporheic mixing of stream water, as well as colder groundwater inputs due to longer
residence time of groundwater in nearby aquifers. Additionally, impermeable surfaces
in this region contribute to surface water runoff and reduced groundwater inputs. As a
result, stream temperatures are more influenced by ambient temperatures and solar
radiation inputs in the southern sedimentary region of the watershed.
Our conclusions on the relations between stream temperature and a combination
of elevation and gradient are similar to other research into stream temperature relations.
As described by Issak and Hubert (2007), summer maximum stream temperatures
across montane landscapes were found to be directly related to mean elevation and
stream gradient (Isaak & Hubert, 2001). Stream temperature patterns in forestdominated and agricultural-dominated land use conditions have been shown to be
different than urban-dominated landscapes, where stream temperature has been shown
to be chiefly influenced by stream flow rate and ambient temperature. Of the many
external factors that influence stream temperature streamflow has been shown to be a
primary driver.
Our findings are both similar and different than previous research into stream
temperature controls in the Pacific Northwest that indicated variations in ambient
temperature and streamflow explained up to 94% of the variance of annual thermal
regimes and up to 68% of summer thermal regimes at individual sites (Mayer, 2012).
While streamflow might explain temperature variation in the Oak Creek Watershed,
ambient temperatures do not appear to be a primary driver of stream temperatures. This
is evident by the decrease in ambient temperatures from median to low elevation
compared to the increase in stream temperature between the two regions.
Other research has shown that an increase in impermeable surfaces from
urbanization leads to a rise in stream temperatures and a decline in variance (Tan &
Cherkauer, 2013; Xin & Kinouchi, 2013). This has been shown to be the case in Oak
Creek, where mean 7-DADMax temperatures increased from agricultural-dominated
to urban-dominated land use conditions. Stream temperature variance also increased
from agricultural-dominated to urban-dominated land use conditions, most likely due
to quick discharge of surface water into Oak Creek in the urban reach. Surface water
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runoff has a temperature more closely related to ambient temperatures, which can
significantly contrast stream temperatures. Large inputs of water of differing
temperature into the stream channel can significantly alter surface water temperatures
and boost cooling trends in winter months and warming trends in summer months.
Research on the effects of land use changes on stream temperature has found that
reduction in vegetation lead to an increase in streamflow, especially in lower portions
of the watershed (Daraio & Bales, 2014; LeBlanc & Brown, 2000). The increase in
streamflow has been attributed to an increase in surface water infiltration and baseflow
into streams which led to an increase in stream temperatures, though riparian buffers
along stream channels were able to mitigate much of this increase. This could explain
some of the temperature increase of Oak Creek, as the watershed transitions from
forest-dominated, to agricultural-dominated, to urban-dominated along its course.
Vegetation covering the stream decreases along its length, increasing the potential for
warming inputs from solar radiation as distance from the headwaters increases.
Our data analysis showed that tributaries feeding into Oak Creek influenced stream
temperature downstream of their convergence. With exception of the forest tributary
(TS3) were post-tributary temperatures increased, influx of tributary streamflow
increased Oak Creek stream temperatures downstream of Alder (TS8), Mulkey (TS12),
and Lamprey (TS16) Creeks. This pattern is most likely due to the morphology of the
smaller tributaries feeding into Oak Creek which are smaller and more susceptible to
temperature inputs from solar radiation, especially in summer months.
This study contributes to the body of knowledge by providing evidence into the
thermal regimes of the Oak Creek Watershed. Additional research in the Oak Creek
Watershed could include time series analysis of data and research into groundwater
flow and temperature, tributary temperature, and influence of gaining and losing
conditions on streamflow.
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APPENDICES A

Table A1: Oak Creek Sensor Information

Sensor

Elev.

Mean

Variance

ID

Type

Land Use

Geology

(m)

n

Period of Record

(°C)

(°C)

TS1

Ambient

Forest

Volcanic

200.3

1106

10/19/2016 - 10/29/2019

19.2

72.3

TS2

Stream

Forest

Volcanic

199.5

1002

12.8

12.7

12.3

11.5

11.7

12.2

11.9

11.8

11.4

14.4

12.6

12.5

12.6

14.1

22.1

61.9

10/25/2016 – 11/13/2018;
02/20/2019 – 10/29/2019
10/25/2016 – 07/13/2018;

TS3

Tributary

Forest

Volcanic

199.3

928

08/24/2018 – 11/12/2018;
03/21/2019 – 10/29/2019

TS4

Stream

Forest

Volcanic

197.5

1002

10/25/2019 – 11/13/2018;
02/20/2019 – 10/29/2019
08/03/2017 – 11/08/2017;

TS5

Stream

Forest

Volcanic

123.1

708

11/15/2017 – 12/07/2018;
02/20/2019 – 06/25/2019;
07/26/2019 – 10/29/2019
10/26/2016 - 08/28/2018;

TS6

Stream

Agriculture

Volcanic

110.6

969

12/07/2018 - 06/25/2019;
07/26/2019 - 10/29/2019

TS7

Tributary

Agriculture

Volcanic

110.3

1005

10/25/2016 - 08/28/2018;
12/02/2018 - 10/29/2019
10/25/2016 - 09/13/2018;

TS8

Stream

Agriculture

Volcanic

109.1

986

12/07/2018 - 06/25/2019;
07/26/2019 - 10/29/2019
10/19/2016 - 05/19/2018;

TS9

Ambient

Agriculture

Volcanic

112.2

1021

07/14/2018 - 06/25/2019;
07/26/2019 - 10/29/2019

68

10/25/2016 - 02/22/2017;
TS10

Stream

Agriculture

Volcanic

107.9

266

03/27/2018 - 05/14/2018;

12.0

13.4

11.4

14.5

13.7

29.0

13.1

22.4

07/26/2019 - 10/29/2019
10/19/2016 - 01/21/2017;
TS11

Stream

Agriculture

Volcanic

89.3

885

03/21/2017- 06/27/2017;
08/03/2017 - 05/14/2019;
09/18/2019 - 10/29/2019
10/20/2016 - 08/22/2018;

TS12

Tributary

Agriculture

Volcanic

88.4

853

TS13

Stream

Agriculture

Volcanic

84.1

901

TS15

Stream

Agriculture

Sedimentary

80.8

1106

10/19/2016 - 10/29/2019

12.0

17.0

TS16

Tributary

Agriculture

Sedimentary

80.2

938

10/19/2016 - 05/14/2019;

11.6

18.9

TS17

Stream

Agriculture

Sedimentary

80.2

976

12.9

20.5

11.0

18.1

19.7

67.1

13.2

20.4

14.0

20.8

12.6

21.3

03/22/2019 - 09/18/2019;
10/19/2016 - 08/28/2018;
03/22/2019 - 10/29/2019

10/19/2016 - 11/11/2018;
03/22/2019 - 10/29/2019
10/19/2019 - 02/02/2017;

TS19

Stream

Agriculture

Sedimentary

80.2

768

09/11/2017 - 05/20/2019;
09/16/2019 - 10/29/2019
10/19/2016 - 02/27/2017;
04/26/2017 - 05/04/2017;

TS20

Ambient

Agriculture

Sedimentary

78.6

882

05/13/2017 - 08/01/2017;
08/08/2017 - 09/11/2017;
11/08/2017 - 05/20/2019;
08/26/2019 - 10/29/2019

TS21

Stream

Agriculture

Sedimentary

73.8

724

08/01/2017 - 05/20/2019;
08/25/2019 - 10/29/2019
05/15/2017 - 08/01/2017;

TS22

Stream

Urban

Sedimentary

76.8

691

09/06/2017 - 12/15/2017;
02/15/2018 - 07/25/2018;
08/24/2018 - 08/06/2019;

TS23

Stream

Urban

Sedimentary

72.8

1056

10/20/2016 - 11/11/2018;
12/07/2018 - 02/08/2019;
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02/20/2019 - 03/10/2019;
03/24/2019 - 10/29/2019
10/21/2016 - 11/11/2018;
TS24

Stream

Urban

Sedimentary

67.7

942

12/07/2018 - 02/08/2019;
02/20/2019 - 03/10/2019;

12.7

21.2

18.2

68.8

12.4

0.7

11.5

0.3

03/24/2019 - 10/29/2019
10/19/2016 - 02/27/2017;
TS25

Ambient

Urban

Sedimentary

64.6

875

08/15/2017 - 09/06/2017;
11/09/2017 - 10/29/2019

DFW1

GW

Agriculture

Sedimentary

79

995

02/14/2017 – 08/24/2017;
09/27/2017 – 01/13/2020
03/13/2017 – 11/09/2017;

DFW2

GW

Agriculture

Sedimentary

77.6

889

12/13/2017 – 12/03/2018;
12/13/2018 – 04/07/2019;
07/02/2019 – 01/08/2020

SFW1

GW

Agriculture

Volcanic

158.2

271

11/18/2018 – 09/01/2019;

11.6

1.3

SFW2

GW

Agriculture

Volcanic

116.8

161

02/27/2019 – 08/06/2019

9.9

2.7

Agriculture

Sedimentary

74.2

17646

0.54

0.03

Agriculture

Sedimentary

74.2

12357

0.96

0.03

SS1

SS2

Stream
Stage
Stream
Stage

11/01/2016 – 03/01/2018;
01/09/2019 – 10/02/2019
01/26/2018 – 06/25/2019
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GENERAL CONCLUSION

The intent of this project was to improve knowledge of the hydrogeologic
framework of the Oak Creek Watershed, and to identify potential variables that
attribute to stream warming. We synthesized publicly available data, previous
research, and field data to develop an interpretation of this framework including a site
geologic conditions map, hydrogeologic cross-sections, a map of groundwater levels,
a map of gaining and losing conditions along the length of the stream profile, and a
conceptual model of shallow, deep, and lateral groundwater flow through the Oak
Creek Watershed and the surrounding region. In addition, data collected from
October 2016 through October 2019 was used to determine the statistical difference
between stream and ambient temperature sensors based on identifiable variables such
as geology, land use, and elevation. This project is part of an ongoing cooperative
research project that as highlighted the importance of watershed scale hydrologic
research in furthering the understanding of water resource management.
Results showed that geologic conditions are the primary driver of surface
water-groundwater connections in the OCW. Contrasting permeability conditions
between fractured volcanic geology north of the Corvallis Fault and sedimentary
geology south of the fault influence the down-gradient flow of groundwater through
the Corvallis Fault interface, which primarily acts as a barrier to groundwater flow.
This barrier alters groundwater flow and velocity and elevates groundwater levels in
areas upslope of the fault.
Our potentiomanometer investigation showed that the connection between
surface water and groundwater is related to geology and varies along the length of the
stream channel. We found primarily gaining conditions north of the fault, which
transitions into neutral and losing conditions south of the fault. Gaining and losing
conditions can be associated to the permeability and hydraulic conductivity of the
underlying geologic lithology. Geology such as the fractured volcanics north of the
fault interface are more permeable and allow increased infiltration of surface waters
when compared to sandstones and siltstones found to the south.
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Statistical analysis of stream temperatures suggested that a combination of
elevation, gradient, and distance from the headwaters were the primary controls of
stream temperature within the OCW. As the stream flows from the higher forested
regions of the McDonald-Dunn Forest into the urban-dominated areas near Corvallis,
the amount of streamside vegetation decreases and areas of potential solar radiation
warming inputs increase. As water flows down-gradient it flows too fast to warm in
shaded higher elevations, but then slows and flows through areas of decreased
vegetation and increased solar energy inputs.
Although baseflow has been shown to be a significant factor in stream
warming, our analysis of temperature data did not indicate geology by itself impacts
stream temperature. We found statistical differences between geology, land use, and
elevation data sets, indicating stream temperatures vary between these regions. We
found similarities between high and median elevation, and agricultural-dominated and
urban-dominated land uses, indicating potential groundwater contributions in these
areas. It is most probable that a combination of geology, land use, and elevation
components together with ambient temperature and gradient are the primary controls
of stream temperature in the Oak Creek Watershed.

