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ABSTRACT 

Hydrologic Characteristics of Summer Stream Temperatures in Little Creek and    
Scotts Creek at the Swanton Pacific Ranch 

 
Justin M. Louen 

 
 

Stream temperature impacts have resulted in increased restrictions on land 
management such as timber harvest and have created considerable uncertainty for future 
planning and management of redwood forestlands. Challenges remain in the assessment 
of downstream cumulative effects given the complexity of stream temperature 
dynamics. The goal of this research is to identify the risk of downstream temperature 
heating based on the summer low flow residence times, stream morphological 
characteristics, stream water storage, and heat budget exchanges. Stream temperature, 
hydrologic, climatic, and channel morphological data were collected on two, 
approximately 800 m stream reaches on Little Creek and Scotts Creek located in mixed 
coast redwood and Douglas-fir forests of Santa Cruz County, California. Spatially and 
temporally explicit stream temperature measurements were collected using distributed 
temperature sensing. A fluorescent dye tracer was used to gather information on 
summer streamflow including the quantification of residence time and hyporheic 
exchange. A heat budget approach was used to quantify individual heat flux 
components and to examine the processes of stream heating and cooling. Comparisons 
of observed and modeled temperatures between the two sites and the relative influences 
of individual heat budget components indicated that the magnitude and spatial 
frequency of subsurface-surface water interactions, along with incoming net radiation, 
played a substantial role in how heat was transferred through each system. Solar 
radiation exposure from stream shading and modeled groundwater inflows were 
important explanatory variables in the magnitude and spatial distribution of stream 
temperatures for the two streams located in the same watershed subjected to similar 
meteorological conditions. The measurement and evaluation of a stream’s hydrologic 
characteristics, stream shading, and aspect ratio were statistically significant 
measurements (! <.05) associated with downstream temperature change for Little 
Creek. Only weak statistical relationships were found for Scotts Creek. Weak 
relationships may have been attributed to very low streamflow due to drought 
conditions creating longer water residence times on Scotts Creek. Heat budget 
modelling results indicated temperature increases in both study sites downstream of the 
hypothetical riparian canopy removal. The increases in stream temperature decreased 
with increased downstream distance from the canopy removal due to increased stream 
shading and advective cooling from hyporheic water exchanges. Potential increases in 
groundwater inflows following hypothetical canopy reduction scenarios reduced the 
effect of downstream temperature increases with greater reductions in stream 
temperature cooling with increased groundwater inputs. 
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CHAPTER 1 

INTRODUCTION 

 The thermal regime of freshwater environments support the unique combinations 

of flora and fauna found in aquatic ecosystems. Water temperature fluctuations result 

from changes in the inputs and outputs that represent a heat budget including: net 

radiation, latent heat (evaporation), convection (air temperature and relative humidity), 

advection (stream bed), and conduction (groundwater and hyporheic exchanges) (Beschta 

et al., 1987; Moore et al., 2005). These energy controls are inextricably linked to the 

hydrologic, geologic, geomorphologic, vegetative, and climatic characteristics of a 

watershed. Alterations to the physical landscape that affect the heat budget, can alter 

stream temperatures to conditions that may become adverse for cold-water fish species. 

Elevated stream temperatures, with respect to seasonal variations in streamflow and 

climate, also have the potential to create cumulative downstream effects.    

A majority of coastal California watersheds have been listed as water quality 

impaired for stream temperature by the California Regional Water Quality Control Board 

(SWRCB, 2002). Riparian canopy retention has been the primary regulatory focus in 

stream temperature protection and has led to increased regulation of forest harvest in 

riparian areas. Appropriate width and canopy levels of riparian area to provide adequate 

stream temperature protection have been widely debated. Adaptive management 

strategies have been recently adopted by the California Board of Forestry to allow for 

more active timber management within riparian zones where management would 

otherwise be excluded by current watercourse and lake protection zone rules. This is in 

recognition that site-specific riparian management has the potential to improve instream 
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aquatic habitat through increased instream cover and habitat structure from introduced 

woody debris, nutrient cycling, and aquatic biological productivity from increased 

sunlight reaching the stream channel (CDF, 2012). Active riparian management also 

allows for the retention of economically productive forestland while simultaneously 

improving and maintaining productive aquatic habitat. Implementation of site-specific 

restoration though is subject to evaluation and documentation of potential downstream 

temperature effects from the proposed management activities. This requires foresters and 

other land managers to use reliable methodologies and field estimates to ensure that 

harvest activities won’t adversely affect stream temperatures among other water quality 

and erosion concerns.   

The challenge of predicting downstream temperature effects is attempting to 

account for the natural spatial and temporal variability of heat energy, fate and transport, 

within the stream system in a manner that is practical for land managers (Webb et al., 

2008). Evaluation of stream temperature controls including streamflow, stream residence 

times, and subsurface-surface water interactions; channel width, depth, distribution of 

instream features including riffles and pools; and watershed-scale characteristics 

including orientation, near stream climate, and drainage patterns is needed to conduct 

more accurate risk-based assessments. Complete analysis of all temperature controls is 

often not feasible for land managers due to constraints on time, resources, and expertise. 

In addition, traditional in-situ temperature measurements often cannot capture the spatial 

and temporal complexity needed for accurate risk-based assessments.  

This thesis will investigate the natural controls and their relative contributions to 

heat energy fate and transport in the Scotts Creek Watershed in Santa Cruz County, 
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California. Stream temperature, using distributed temperature sensing (DTS), hydrologic, 

channel morphologic, and near stream climate data were collected at two study reaches 

on Little Creek and Scotts Creek during the summers of 2014 and 2015. Data were used 

to create a comprehensive heat budget model that will aid in the study of the influences of 

low flow hydrology on downstream transfer of heat. In addition, an attempt was made to 

spatially correlate stream temperature responses with a variety of channel and valley 

morphologic characteristics that could potentially serve as useful and applicable 

indicators of downstream heating potential. 

Goals and Objectives 

The goal of this study is to assess the hydrologic and physical influences on summer 

stream temperature dynamics in the Scotts Creek Watershed and to offer suggestions for 

the assessment of downstream temperature effects.    

Specific objectives for this study include: 

1) Develop a heat budget for approximately 850 m stream reaches of Scotts 

Creek and Little Creek; 

2) Assess the relative influence of hydrologic, climatic, and watershed variables 

on heat energy fate and transport for the stream reaches; 

3) Use the heat budget model to predict temperature response and potential 

downstream effects from near stream vegetation removal   
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CHAPTER  2  

STUDY  LOCATION  

   The  Scotts  Creek  Watershed  is  located  on  the  central  coast  of  California  in  Santa  

Cruz  County  (Figure  1).  The  watershed  encompasses  70  km2  and  most  closely  resembles  

a  dendritic  drainage  pattern  with  five  tributaries,  including  Little  Creek.  Watershed  

elevations  range  from  near  sea  level  at  the  drainage  outlet  into  the  Pacific  Ocean  to  

approximately  610  m  to  the  east  in  the  Santa  Cruz  Mountains.  The  Scotts  Creek  study  

reach  is  located  on  Big  Creek  Lumber  Company  property.  The  Little  Creek  study  reach  is  

  by  Cal  Poly  faculty  

and  students  for  ongoing  research  and  educational  purposes.  Uneven-­aged  timber  

management  is  the  primary  land  use  within  Scotts  Creek  watershed.    

Climate  

Climate  in  the  Scotts  Creek  Watershed  is  characterized  by  warm,  dry  summers  

and  mild,  wet  winters.  Almost  all  precipitation  occurs  as  rainfall  between  the  months  of  

October  and  April  with  very  rare  occurrences  of  snowfall.  Distribution  of  precipitation  is  

largely  influenced  by  orographic  processes  with  annual  averages  ranging  from  450  mm  at  

the  watershed  outlet  to  1400  mm  at  the  higher  elevations  (Gaedeke,  2006).  Localized  

climate  can  be  highly  variable  in  summer,  with  respect  to  distance  from  and  elevation  

above  the  ocean,  due  to  coastal  fog.  
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Figure 1. Scotts Creek Watershed with locations of Little Creek and 
Scotts Creek study sites. 
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Vegetative  and  topographic  shading  also  moderate  summer  air  temperatures  in  riparian  

areas  along  Scotts  Creek  and  its  tributaries  in  contrast  to  drier,  more  exposed  ridgeline  

areas.    

Geology  and  Geomorphology  

   The  Scotts  Creek  Watershed  is  located  in  the  tectonically  active  Santa  Cruz  

Mountains  where  rapid  regional  uplift  and  resulting  stream  channel  incision  occurs  

(Anderson,  1994).  Scotts  Creek  is  situated  in  less-­confined  valley  bottoms  with  more  

floodplain  interaction,  with  the  exception  of  the  uppermost  area  of  the  watershed,  while  

Little  Creek  is  an  incised  channel  within  a  steep  canyon  with  slopes  often  in  excess  of  70  

percent.  Near  stream  erosion  and  bank  failure  are  common  along  most  stream  channel  

segments  in  the  watershed  due  to  high-­intensity  rainfall  events  and  highly  erodible  soil  

parent  material  characteristic  of  the  region.    

   Westward  dipping  Santa  Cruz  mudstone  and  Santa  Margarita  sandstone  overlay  

igneous  Ben  Lomond  Mountain  quartzite  and  lesser  amounts  metamorphic  rock  (mostly  

schist  and  marble)  which  are  exposed  in  lower  stream  valley  bottoms  and  in  the  higher  

elevation  areas  along  the  eastern  edge  of  the  watershed  (Perkins,  2012).  Soils  are  

moderately  deep  and  well  drained  to  excessively  drained.  Soil  surface  layers  are  

comprised  of  loam,  sandy  loam,  or  stony  sandy  loam  (Bowman  and  Estrado,  1976).  

Channel  substrate  along  the  Scotts  Creek  study  site  is  mudstone-­dominated  with  less  

amounts  of  granitic  material.  Channel  substrate  in  the  north  fork  reach  of  the  Little  Creek  

study  site  is  predominantly  composed  of  granitic  material  with  a  gradual  transition  

towards  mudstone-­dominated  substrate  along  the  main  stem  reach.    
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Vegetation  

Forests  within  the  study  reaches  are  composed  of  approximately  60  percent  

redwood  (Sequoia  sempervirens),  25  percent  Douglas-­fir  (Pseudotsuga  menziesii  var.  

menziesii),  and  15  percent  tanoak  (Notholithocarpus  densiflorus)  (Piirto  et  al.,  1999).  

Riparian  corridors  along  the  Scotts  Creek  and  North  Fork  Little  Creek  study  sites  are  

predominantly  redwood  and  Douglas-­fir.  Red  alder  (Alnus  rubra),  big  leaf  maple  (Acer  

macrophyllum),  and  bay  laurel  (Umbellularia  californica)  make  up  a  larger  component  of  

riparian  vegetation  along  the  main  stem  reach  of  Little  Creek  and  occur  to  a  lesser  extent  

throughout  the  previously  mentioned  study  areas.    

Aquatic  Species  of  Concern  

   Endangered  Species  Act  (ESA)-­listed  Coho  salmon  (Oncorynchus  kisutch)  and  

steelhead  trout  (Oncorynchus  mykiss)  are  the  primary  species  of  concern  with  regards  to  

stream  temperature  impacts  and  other  water  quality  concerns  in  the  Scotts  Creek  

watershed.  Both  species  utilize  Scotts  Creek  for  spawning  and  juvenile  development  

while  Little  Creek  is  primarily  utilized  as  temporary  refugia  from  winter  storm  flows  in  

Scotts  Creek  where  summer  stream  temperatures  currently  do  not  exceed  levels  of  

concern  (NOAA,  2012).  Both  Little  Creek  and  Scotts  Creek  are  designated  as  Class  I  

fish-­bearing  streams  where  land  use  practices  are  guided  under  the  anadromous  salmonid  

protection  (ASP)  rules  of  the  California  Forest  Practices  Act  (CDF,  2014).  McCullough  

et  al.  (2001)  reported  physiological  stress  and  blockages  to  migration  occur  for  Coho  

salmon  between  19-­23  deg.  C  and  21-­24  deg.  C  for  steelhead  trout  (WDOE,  2002).  Direct  

lethality  has  been  reported  to  occur  for  both  species  for  mean  weekly  maximum  
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temperatures  of  23-­29  deg.  C  (Wurtsbaugh  and  Davis,  1977;;  Bell,  1986;;  Welsh  et  al.,  

2001).    
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CHAPTER 3 

LITERATURE REVIEW 

Forest riparian management policies focus on canopy retention and subsequent 

stream shading as the primary control in minimizing stream heating and downstream 

cumulative effects. Strong correlations though between stream temperature change and 

other environmental factors found in various studies, from both immediate and upstream 

sources, have made cause-effect relationships from management less certain (Sullivan 

and Adams, 1990; Johnson, 2003).  Downstream effects on stream temperature change is 

further dictated by hydrologic, geomorphic, and diurnal influences and has lead to further 

investigations of their relative influences on stream heat fate and transport (Evans et al., 

1998; Larson et al., 2002). Advancements in technology, including the use of distributed 

temperature sensing (DTS), and continued development of physical-based models have 

improved our ability to understand stream temperature spatial dynamics in an attempt to 

make more informed risk-based assessments for riparian management (Poole et al., 

2001). 

Riparian Management Effects on Stream Temperature  

Many observations of local and downstream heating have been made in small, 

forested streams following clearcut harvests. Various before-and-after clearcut studies 

showed that maximum summer stream temperatures increased in magnitude, ranging 

from 1.8 to 11.6 deg. C, in rain-dominated watersheds in the Pacific Northwest (Harris, 

1977; Feller, 1981). Johnson and Jones (2000) reported that the maximum temperature 
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increased by a magnitude of 7 deg. C and did not return to background conditions for up 

to 15 years following a clearcut in the Oregon Cascades. These findings demonstrated 

that stream heating through increased radiation had the potential to raise stream 

temperatures above the thermal tolerance of some cold-water fish species and for a 

prolonged period of time. It was found that elevated temperatures were continually 

dampened with vegetative re-growth and downstream effects tended to be buffered or 

minimized with regards to the amount of residual upstream riparian canopy following 

harvest (Beschta and Taylor, 1988; Brown and Krygier, 1977; Cole and Newton, 2013; 

Rishel et al., 1982; Swift and Messer, 1971).  

The recognized importance of stream shading prompted the continued adoption of 

riparian buffer widths to maximize vegetation retention along stream channels. Gomi et 

al. (2006) found maximum summer stream temperatures to be relatively unaffected in 

stream reaches with both 10 m and 30 m buffer widths of no vegetation removal 

compared to temperature increases, ranging from 2-8 deg. C, found in un-buffered 

reaches in coastal British Columbia. Partial harvesting in riparian buffers, with 10-28% of 

basal area removed and modest decreases in canopy density, showed an increase of 4 deg. 

C with summer maximum temperatures returning to background levels within six weeks. 

Little to no effects on stream temperature were observed in treatment reaches where 

harvesting was limited with increasing distance from the stream channel, resulting in 

little to no change in stream canopy coverage following harvest (Kreutzweiser et al., 

2009). Pollock et al. (2009) modeled daily average maximum and diurnal temperature 

fluctuations in response to 40 years of various basin-wide harvesting and riparian 

harvesting intensities in numerous subbasins in the Hoh and Clearwater basins on 
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Washington’s Olympic Peninsula. While increased and prolonged downstream 

temperature effects were correlated with basin-wide harvesting, riparian harvesting 

intensities within 20 years prior to the study did not correlate well with downstream 

temperature effects. One stream, with 61% riparian canopy reduction upstream and 

conducted less than 20 years prior to the study, had one of the coolest average daily 

maximum temperatures at 10.9 deg. C compared to another site with only 18% upstream 

canopy reduction, harvested less than 20 years prior, with an average daily maximum 

temperature of 14.1 deg. C. The latter of the previous two observations was not dissimilar 

to the observed average daily maximum temperature of 14.3 deg. C for a stream with 

100% upstream riparian canopy removal. Prolonged downstream temperature effects 

were found in other studies comparing buffer widths and riparian canopy retention 

strategies and did not yield discernible differences among the treatments (Harper and 

Macdonald, 2002; Hewlett and Fortson, 1982) where windthrow impacts, stream aspect, 

and other physical watershed characteristics may have been the more influential 

determinants of stream buffer effectiveness (Gomi et al., 2006; Macdonald et al., 2003; 

Pollock et al., 2009).  

Some studies have further suggested the potential influence of other explanatory 

variables, aside from buffer width, on moderating stream temperature change and the 

extent to which heat energy is transferred downstream following riparian harvest. Janisch 

et al. (2012) found that stream temperatures increased regardless of riparian buffer 

strategies in western Washington with less stream heating associated with coarser 

substrate material and discontinuous surface flow. This flow pattern is fairly common in 

forested headwater streams during summer low flow periods and is a likely indicator of 
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subsurface-surface water interactions that act as a heat sink and limit the extent of 

downstream heat transfer. Increased daily maximum temperatures of 4 deg. C were only 

applied over relatively short distances of 600-960 m and short travel times of 2-3 hours 

following upstream reductions in stream shading with temperatures readily cooling as a 

result of increased downstream shading (Rutherford et al., 2004). Modeling of buffer 

width effectiveness, with solar altitude and incident radiation representative of 

summertime conditions in the mid-latitudes of the continental United States, indicated 

that buffer widths greater than 12 m will have a limited effect on stream shading 

compared to riparian vegetation height and density within the buffer (DeWalle, 2010).  

Although a riparian microclimate study by Brosofske et al. (1997) found that standard 

buffer widths of 10-90 m in western Oregon were inadequate in maintaining riparian 

microclimate, which has been shown to influence stream temperature (Anderson et al., 

2007; Moore et al., 2005a).  

While the importance of riparian buffers in moderating downstream temperature 

effects has been documented, designation of appropriate widths and canopy retention 

requirements are further confounded with studies that found that downstream cooling not 

only occurred below buffered reaches, but below non-buffered reaches. A study in 

interior British Columbia found stream cooling of up to 4 deg. C in two shaded reaches 

downstream of non-buffered cutblocks despite observed increases in net radiation 

reaching the streams (Story et al., 2003). Downstream cooling was also documented in a 

study by Mellina et al. (2002) where temperatures were strongly influenced by 

groundwater inflow regardless of upstream harvest intensity. It has been known that 

increases in summer lowflows occur immediately following timber harvest (Andreassian, 
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2004; Keppeler and Ziemer, 1990; Rothatcher, 1970; Surfleet and Skaugset, 2013) and 

that increased inputs of cooler groundwater help moderate seasonal stream temperature 

fluctuations (Poole and Berman, 2001). Departures from earlier findings that denoted 

stream shading, through riparian canopy retention and stream buffer widths, as the 

primary variable in moderating downstream temperature effects has elicited further 

studies into the relative contributions of other heat budget factors to downstream cooling.  

Downstream Heat Transfer and Cooling Mechanisms 

Stream temperature change is a function of both heat and mass transfers within 

the stream network. Streamside vegetation removal promotes heat transfer through 

increased radiation exposure and changes to the microclimate over the stream channel 

and is considered to be the primary control of stream temperature (Brown, 1971; Beschta 

et al., 1987; Moore et al. 2005a). Stream bank stabilization is also reduced with 

vegetation removal and can influence channel width and depth, affecting the area of the 

stream that can receive effective shading from riparian canopy cover. Streamflow is the 

primary mass transfer mechanism of heat energy transport to downstream reaches and 

throughout the greater stream network. Reductions in flow from seasonal influences, 

anthropogenic stream diversions, and through natural gains and losses in flow volume 

through tributary mixing and subsurface exchanges further dictate how heat is dissipated 

and transported through the system. Studies have suggested that stream temperatures are 

not only highly sensitive to alterations for a particular stream reach, but for the greater 

stream network. This is in recognition that streams are not only thermally and 

hydrologically unique but can vary considerably for a stream network within a watershed 
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of similar topography and geomorphic characteristics (Montgomery and Buffington 

1997).  

Stream reaches can be described as gaining or losing. In gaining stream reaches, 

where groundwater inputs create an increase in downstream flow, diurnal changes in 

stream temperatures are shown to be small. As water is transported downstream, mixing 

occurs with cooler groundwater and the water becomes less responsive to any heat inputs 

from upstream sources. The opposite effect occurs in losing reaches where decreases in 

total streamflow, from infiltration into the streambed, enables the water to be more 

susceptive stream temperature change from upstream heating. Constanz (1998) found that 

losing reaches tend to have greater changes in diurnal temperature due to lower 

streamflow where incoming solar radiation was absorbed by a decreased volume of 

water. Ronan et al. (1998) found that infiltration rates in losing stream reaches exhibited a 

diurnal fluctuation with noted temperature dependence on hydraulic conductivity of the 

channel substrate. Variations in upstream and downstream temperatures correlated 

against streambed substrate conductance were not discernible between substrate type 

likely due to diurnal and other hydrologic influences (Evans et al., 1998; Johnson, 2011). 

Heat dissipation, particularly in small headwater streams, is often linked to 

streamflow amount, its interaction with subsurface or tributary surface waters along its 

flow path, and how quickly heat is transported downstream. Channel morphologic 

features, such as riffles and pools, influence water mixing and stratification while other 

physical characteristics, such as slope and channel roughness, influence stream residence 

times. Spatial trends in surface-subsurface water exchange have been linked to 

downstream changes in slope and transitions from riffles to pools (Harvey and Bencala, 
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1993) where hyporheic exchange has shown to be an important downstream cooling 

mechanism (Story et al., 2003; Moore et al., 2005b). Stream residence time and the 

influence of diurnal heat exchanges have also been found to be an important 

consideration in evaluating cumulative effects. Slow resident times of heated water 

following a clearcut in a small headwater stream in the Oregon Cascades, undergoing 

periods of nighttime cooling, promoted downstream maximum daily temperatures that 

were more associated with the cooler environment immediately downstream of the 

harvested area rather than the heated upstream environment (Surfleet, personal 

communication).   

   

Stream Temperature Measurement Development  

Developments in quantitative measurement techniques have allowed for increased 

understanding and monitoring of the controls in thermal behavior and thermal 

heterogeneity of varying spatial and temporal scales. Hydrologic processes, including 

groundwater exchanges and near surface exchanges in the hyporheic zone, have been 

effectively identified through dye trace analysis. Stream discharge, stream residence 

times, and transient storage have been modeled through a single trace analysis and can be 

effectively inferred over varying spatial extents (Laenen and Bencala, 2001). Increased 

ability to observe natural temperature patterns have also allowed for stream temperatures 

themselves to serve as suitable indicators of the spatial distribution of hydrologic controls 

on stream thermal behavior.  

Distributed temperature sensing (DTS) has been adopted and compared against 

traditional methods in identifying groundwater inputs through stream temperature 
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anomalies. A study by Briggs et al. (2012) demonstrated that DTS technology was able to 

spatially identify, and record the magnitude of groundwater inflow with the use of a dye 

tracer, in a large river system where modest groundwater inflow contributed 5% of total 

stream discharge. DTS measurements in other studies have demonstrated its effectiveness 

in using temeprature to identify discrete groundwater sources and have been used in 

conjunction with other stream measurement techniques to quantify groundwater-surface 

water exchanges at the reach scale (Briggs et al., 2012; Lowry et al., 2007; Mamer and 

Lowry, 2013). Obtaining stream temepature measurements at finer spatial extents, 

through the use of DTS, has the added benefit of observing thermal heterogeneity in a 

stream for more comprehensive heat budget studies and in evaluating landuse effects.  

Complexity of stream temperature dynamics is derived from the interrelatedness 

of heat budget components and their relative contributions to a stream’s thermal regime. 

Extensive studies of stream heat budgets have identified relative contributions from 

individual components over a variety of spatial and temporal scales. Evaluation of the 

heat budget in a study in coastal British Columbia by Moore et al. (2005b) found that 

hyporheic exchange promoted a cooling effect with a magnitude of up to 25% that of net 

radiation during periods of maximum daytime warming while other heat budget 

components were considered to have minor influences. The authors noted that 

oversimplification of the heat budget model- due to an inability to account for channel 

geometry, canopy coverage, and spatial stream temperature heterogeneity- may have 

resulted in overestimation of net radiation inputs and underestimation of the magnitude of 

cooling fluxes during the study period. Observed seasonal and inter-annual variability in 
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individual component influences on stream temperatures adds an additional dimension of 

complexity (Webb and Zhang, 1997).  

Determining where and when streams are more vulnerable to heating and the 

subsequent ecological impact is needed. Spatial and temporal variability of natural stream 

temperature controlling factors can be identified with advancements in technology and 

sampling methodologies. Results from heat budget studies have lead to the development 

of robust deterministic models to help predict downstream cumulative effects caused by 

potential changes to individual components. Statistical comparisons of individual heat 

budget components and their controls- including channel geometry, stream shading, and 

stream residence times- with stream temperature change will continue to be needed when 

extensive physical-based modeling is not feasible. Identification of suitable stream 

temperature thresholds for land use policy decisions will depend on the further 

understanding of the influence of upstream thermal processes on potential downstream 

impacts at the stream reach scale (Ice et al., 2004; Boughton et al., 2012). 
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CHAPTER  4  

METHODS  

   Stream  temperature,  hydrologic,  climate,  and  physical  channel  data  were  collected  

in  the  summers  of  2014  and  2015  on  Little  Creek  and  Scotts  Creek  respectively.  While  

some  instrument  setups  and  data  collection  processes  differed  between  sites,  post-­

processing  and  calibration  of  the  data  produced  a  comprehensive  heat  budget  for  each  

system.  Stream  heat  budget  components,  and  channel  morphology  measurements  were  

evaluated  using  regression  analysis  to  determine  influence  on  downstream  heat  transfer  

and  stream  temperature  change  for  Little  Creek  and  Scotts  Creek  study  sites.    Stream  

temperature,  climate,  and  hydrologic  measurements  were  collected  at  the  Little  Creek  

study  site  from  August  20-­25,  2014.    The  study  site  was  830  m  in  length,  comprised  of  

490  m  on  the  north  fork  of  Little  Creek  and  continued  340  m  below  the  confluence  of  the  

north  and  south  forks  of  Little  Creek  (Figure  2).  Stream  temperature  was  measured  using  

distributed  temperature  sensing  (DTS).  A  dye  tracer  was  used  to  measure  streamflow  

above  and  below  the  confluence  of  the  North  and  South  Forks  of  Little  Creek  to  account  

for  tributary  inflow.  Hydrologic  processes,  including  average  stream  residence  time  and  

storage  exchange  rates,  were  modeled  using  dye  tracer  results  within  OTIS-­P  (Runkel,  

1998;;  Runkel  and  Brashears,  1991)  for  the  two  dye  injection  locations.  Discharge  was  

also  measured  using  a  bucket  and  stop  watch  at  the  outlet  of  the  South  Fork  of  Little  

Creek.    
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Figure 2. Little Creek study site with locations of data collecting equipment and hydrologic 
measurement reaches. 
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Stream  temperature,  climate,  and  hydrologic  measurements  were  collected  on  the  

Scotts  Creek  study  site  from  August  12  to  August  17  of  2015.  A  single,  1000  m  DTS  

cable  was  initially  deployed  at  the  site  along  with  a  climate  station  and  hyporheic  

temperature  probes  from  July  25  to  July  29  of  2015.  Equipment  malfunction  however  

produced  erroneous  stream  temperature  data  for  only  a  10  hr.  period  on  July  25.  

Seventeen  Hobo  temperature  probes  were  deployed  on  August  12,  as  a  compromise  due  

to  time  and  budget  constraints,  to  carry  out  the  study  and  to  develop  as  close  of  a  

representation  of  a  heat  budget  model  for  Scotts  Creek  under  summer  low  flow  

conditions.  Data  were  collected  on  two,  200  m  reaches  over  an  entire  study  site  length  of  

825  m  where  the  upper  reach  spanned  from  0  to  200  m  and  the  lower  reach  from  625  m  

to  825  m  (Figure  3).    

Stream  Temperature  Measurement  

Little  Creek  Study  Site  

   Stream  temperatures  were  recorded  using  distributed  temperature  sensing  (DTS).  

DTS  is  the  use  of  a  fiber  optic  cable  to  continuously  measure  temperature,  through  

-­meter  scales  (Selker,  2009;;  Tyler  et  al.,  

2009).  The  DTS  was  deployed  with  two  fiber-­optic  cables  extending  from  a  base  station,  

situated  in  the  middle  of  the  study  reach,  with  one  cable  extending  upstream  (upper  

segment)  and  the  other  downstream  (lower  segment).    The  cable  was  placed  on  the  

stream  bed  along  the  thalweg  of  the  stream  channel.  Cable  segments  affected  by  air  

temperature,  from  segments  of  the  cable  which  could  not  be  submerged  due  to  large  

debris  and  sediment  jams,  were  later  omitted  from  the  dataset  during  post-­processing.    
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Figure 3. Scotts Creek study site with locations of data collecting equipment and hydrologic 
measurement reaches. 
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Approximately  20  m  of  fiber  optic  cable  were  coiled  at  end  of  each  segment  

extending  from  the  base  station  and  approximately  10  m  of  cable  were  coiled  at  the  other  

end  of  each  segment  as  part  of  the  post-­processing  calibration  routine.  Ten  meters  of  

coiled  cable  at  the  base  station,  one  for  each  segment,  was  placed  in  a  calibration  bath  

filled  with  ice  water  (~  0  deg.  C).  The  remaining  20  m  of  coiled  cable  for  each  segment,  

at  the  base  station  and  upstream  or  downstream  ends,  were  placed  in  a  separate  

calibration  bath  filled  with  water  from  Little  Creek.  Calibration  baths  were  insulated  to  

maintain  constant  temperatures  and  were  equipped  with  a  bubbler  to  prevent  temperature  

stratification.  Temperatures  of  the  calibration  baths  were  recorded  every  15  min.  with  a  

Hobo  sensor  placed  in  each  bath.    

DTS  output  was  transferred  to  MATLAB  (MathWorks  Inc.)  where  a  calibration  

routine  provided  by  the  Center  for  Transformative  Environmental  Monitoring  Program  

(CTEMP)  was  used  to  calibrate  and  convert  the  raw  Stokes  and  anti-­Stokes  data  into  

stream  temperature  in  degrees  Celsius.  Processed  data  were  created  in  a  vector  format  

along  with  separate  vectors  for  the  timestamp  and  distance.    

  

  

RMSE Bias

Lower 0.088 2.912E-05

DTS cable 
segment

Upper 0.061 1.357E-05

Table 1. DTS post-processing calibration statistics in deg. C. 
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Post-­processing  was  completed  on  both  channels  using  the  single-­ended  method  

developed  by  Hausner  et  al.  (2011)  where  sections  of  reference  temperatures,  recorded  in  

calibration  baths,  were  used  to  reduce  noise  in  the  stream  temperature  data.  Root  Mean  

Square  Error  (RMSE)  and  bias  were  calculated  from  the  processed  data  for  both  

calibration  and  validation  tests  (Table  1).  The  validation  test  used  a  section  of  cable  in  the  

warm  bath  at  the  end  of  the  cable  and  is  independent  of  the  data  used  for  the  calibration.  

Calibrated  stream  temperatures  were  scaled  to  a  spatial  resolution  of  5  m  to  coincide  with  

the  physical  channel  measurements  collected  at  5  m  intervals.  Stream  temperatures  at  the  

1  m  scale  were  not  averaged  per  5  m  interval.    

Hyporheic  temperature  measurements  were  collected  with  a  Hobo  temperature  

sensor  (   0.2  deg.  C  accuracy)  adjacent  to  the  DTS  base  station.  These  sensors  were  

buried  at  a  depth  of  approximately  .25  m  along  sand  and  gravel  bars,  about  1.5     2  m  

away  from  the  active  stream  channel,  to  provide  a  representation  of  temperature  for  water  

which  undergoes  both  downwelling  and  upwelling  within  the  study  reach.  A  temperature  

sensor  was  also  buried  in  a  groundwater  seepage  area  in  a  location  upslope  of  the  study  

site  to  provide  temperature  of  local  groundwater.  

  

Scotts  Creek  Study  Site    

Stream  temperatures  were  recorded  with  Hobo  temperature  sensors  (   0.2  deg.  C  

accuracy)  at  15  min.  intervals.  Probes  were  placed  at  25  m  intervals  within  the  upper  and  

lower  200  m  reaches  along  the  thalwag  of  the  active  channel.  Hyporheic  temperature  data  

were  collected  with  Hobo  temperature  sensors  from  July  25-­29  at  upper  and  lower  ends  
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of  the  study  site  (locations  0  and  825  m).  These  sensors  were  buried  at  a  depth  of  

approximately  .25  m  along  sand  and  gravel  bars,  about  five  to  six  feet  away  from  the  

active  stream  channel,  to  provide  a  representation  of  temperature  for  water  which  

undergoes  both  downwelling  and  upwelling  within  each  study  reach.  It  was  assumed  that  

an  average  hyporheic  temperature  at  both  locations,  given  the  dampened  fluctuations  in  

daily  minimum  and  maximum  temepratures  compared  to  surface  water  temperatures,  

would  suffice  as  representative  hyporheic  temperatures  from  August  12  to  17.  Average  

groundwater  temperature  observed  at  the  Little  Creek  study  site  in  August  of  2014,  

assumed  to  be  representative  of  regional  groundwater  temperatures  within  the  greater  

Scotts  Creek  Watershed,  was  used  for  heat  budget  model  development  for  Scotts  Creek.  

  

Streamflow  and  Hydrologic  Processes  

   A  constant-­rate  injection  method,  using  Rhodamine  WT  as  a  tracer,  was  used  to  

measure  streamflow,  stream  residence  time,  and  relative  amounts  of  surface-­subsurface  

exchanges  occurring  along  two  sections  of  Scotts  Creek  and  Little  Creek  study  sites.  

Complete  mixing  of  the  dye  tracer  in  the  water  column  ensured  that  water  storage  areas  

and  irregular  flow  patterns,  including  those  found  in  pools  and  riffle  sections,  were  

accounted  for  in  determining  accurate  flow  measurements.  A  known  concentration  of  dye  

was  injected  into  the  stream  at  a  constant  rate  with  a  peristaltic  pump  (Solinst  Canada  

Ltd.)  where  instream  dye  concentrations  and  background  stream  concentrations  were  

recorded  every  60  s  at  the  downstream  end  of  each  section  with  a  Cyclops  fluorometer  

(Turner  Designs)  with  a  precision  of  1  ppb.  Dye  was  continuously  injected  for  upwards  
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of  a  few  days  to  achieve  steady-­state  conditions  and  full  mixture  in  the  stream.    The  

published  USGS  mass-­balance  equation  for  constant-­rate  injection  (Kilpatrick  and  Cobb,  

1985)  was  used  to  calculate  streamflow  (equation  1):  

q
cc
cc

Q
b2

21

   (1)  

where  Q  =  measured  streamflow  (L  s-­1),  c1  =  initial  concentration  of  injected  dye  solution  

(µg  L-­1),  c2  =  steady-­state  instream  dye  concentration  (µg  L-­1),  cb  =  background  

concentration  of  the  stream  before  dye  was  injected  (µg  L-­1),  and  q  =  injection  rate  of  the  

pump  (ml  min.-­1).    

The  dye  injection  record  for  each  study  site  (Table  2)  was  input  into  the  United  

States  Geological  Survey  (USGS)  one-­dimensional  transport  model  with  inflow  and  

storage  (OTIS).  OTIS  is  a  transient  storage  model  simulating  the  effect  of  the  temporary  

detainment  of  solutes  in  small  eddies,  stagnant  pockets  of  water,  or  porous  areas  of  the  

streambed.  These  areas  of  storage  can  be  stationary  relative  to  the  faster  moving  waters  

near  the  center  of  the  channel  (Runkel,  1998).  The  timing  and  volume  of  transient  storage  

can  have  an  effect  on  increasing  or  decreasing  solar  radiation  water  receives  as  it  travels  

downstream.    Further,  mixing  of  groundwater  can  alter  water  temperature  through  

advection  based  on  differences  in  groundwater  temperature  relative  to  surface  water  

temperatures.  
   The  OTIS-­P  version  of  OTIS  was  used  with  our  dye  tracer  injection  results.    

OTIS-­P.  The  OTIS-­P  model  couples  the  mathematical  framework  of  OTIS  with  the  NLS  

algorithms  of  STARPAC  (Donaldson  and  Tryon,  1990).  OTIS-­P  thereby  provides  an  

automated  means  of  estimating  model  parameters.    Through  iterations  of  model  runs  
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OTIS-­P  provides  parameters  associated  with  transient  storage  calculations  that  provide  

the  best  fit  to  our  measured  dye  results.    Model  parameters  used  in  this  study  were:  

As  =  cross  section  area  of  storage  zone  (Length2)  

     storage  zone  exchange  coefficient  (1/time)     

Lamda  =  first  order  decay  coefficient  for  dye  in  main  channel  

Lamda2  =  first  order  decay  coefficient  for  dye  in  storage  zone.  

From  the  parameters  hyporheic  exchange  (qs)  can  be  calculated  with  the  following  

method  (equation  2)  by  Harvey  et  al.  (1996):  

              qs            (2)  

where  A  =  cross  section  area  of  surface  water  (Length2).  

The  fluid  residence  time  (ts)  is  estimated  by  (equation  3):  

            ts  =  As/  qs         (3)  

  

  

0.200 0.200 84Lower 3.200E-05 82.20 0.24 15

Upper 3.200E-05 96.00 0.20 15 0.278 0.205 80

Scotts Creek 
Dye tracer reach

4.989 119

South Fork 2.508E+04 76.84 0.09 420 - - -

Main Stem 2.475E+04 33.35 0.11 450 0.138

As (m2) L (m)

0.08 468 0.083 4.544 102

cb (µg L-1) q (ml min.-1) A (m2)
Little Creek Dye 
tracer reach c1 (µg L-1) c2 (µg L-1) 

North Fork 2.508E+04 73.94

Table 2. Dye tracer measurement parameters for Little Creek and Scotts Creek study sites. 
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Groundwater  input  was  determined  by  the  difference  in  streamflow  from  the  upper  to  

lower  ends  of  the  study  reach.      

Climate  Measurements  

   A  portable  weather  station  was  situated  at  the  middle  of  each  study  site  and  was  

outfitted  with  individual  sensors  for  recording  air  temperature  (deg.  C),  relative  humidity  

(%),  and  wind  speed  (m  s-­1).  Net  radiation  data  for  both  of  the  Little  Creek  and  Scotts  

Creek  study  periods  were  obtained  from  CIMIS  climate  station  104  located  in  eastern  

Santa  Cruz  in  the  De  Laveaga  golf  course  (CIMIS,  2016).  Radiation  data  were  collected  

under  open  sky  conditions  (0%  shading)  and  were  extrapolated,  based  on  the  observed  25  

m  stream  shading  figures,  for  each  stream  temperature  location  in  the  study  site.  

Little  Creek  Study  Site  

Mean  air  temperature  of  15.7  deg.  C,  relative  humidity  of  89.6%  and  negligible  wind  

speed  (<  0.01  m  s-­1)  were  observed  during  the  study  period.  No  precipitation  occurred  

during  the  study  period.  

Scotts  Creek  Study  Site  

Climate  data  were  initially  collected  at  15  min.  intervals  using  a  portable  Hobo  weather  

station  (Onset)  from  July  25  to  July  29.  The  weather  station  was  situated  at  the  middle  of  

the  study  site  at  an  approximate  location  of  400  m.  Average  relative  humidity  85.5%  and  

average  wind  speed  of  0.12  m  s-­1  were  computed  from  data  collected  during  the  initial  

July  period  were  assumed  to  be  representative  for  the  August  study  period.  Air  

temperature  for  the  August  study  period  was  recorded  with  two  Hobo  temperature  
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sensors  located  at  both  the  upper  and  lower  reaches.  Mean  air  temperatures  observed  

during  the  study  period  at  the  upper  and  lower  reaches  were  17.9  and  18.5  deg.  C  

respectively.  No  precipitation  was  observed  during  the  study  period.  

Physical  Channel  Measurements      

   A  variety  of  physical  channel  parameters  were  measured  at  varying  intervals  

along  each  study  site  and  used  to  observe  statistical  correlations  with  spatial  trends  in  

mean  daily  maximum  stream  temperatures.  Active  channel  width  (m)  and  average  stream  

depth  (m),  determined  from  three  depth  measurements  along  the  cross-­section  of  the  

active  stream  channel,  were  recorded  at  5  m  intervals  along  the  study  reach  along  with  

the  aspect  (width  over  depth)  ratio.  Bankfull  and  floodprone  widths  (m)  were  measured  

every  25  m  using  physical  indicators  and  a  regional  curve  (Dietterick,  2008)  as  a  guide.  

Percent  stream  shading  over  the  active  channel  from  the  overstory  canopy  was  recorded  

using  the  August  solar  path  on  a  solar  pathfinder  at  25  m  intervals.  Stream  shading  was  

also  recorded  at  the  weather  station  location  and  used  as  a  relative  comparison  to  net  

radiation  at  each  25  m  stream  shading  measurement  point.      

Physical  channel  measurements  were  not  made  at  locations  where  debris  and  

sediment  jams  prevented  the  DTS  cable  from  being  submerged.  The  relative  location  of  

measurement  points  and  sediment  and  debris  jams  to  the  DTS  cable  was  noted  to  aid  in  

spatially  rectifying  stream  temperature  and  physical  channel  data.  A  uniform  sampling  

interval,  as  opposed  to  determining  sampling  intervals  by  stream  habitat  features,  was  

determined  to  be  the  least  biased  and  most  easily  repeatable  approach  for  future  studies.    
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Heat  Budget  Model  

   Spatially  explicit  stream  temperature,  climate,  hydrologic,  and  physical  channel  

data  were  used  to  develop  a  comprehensive  heat  budget  model  by  calculating  individual  

components  of  heat  flux  for  both  study  reaches  using  equations  developed  by  Moore  et  

al.  (2005b).  Modeled  downstream  temperature  change  was  determined  by  the  stream  

  combined  heat  and  water  budgets  (equation  4)  expressed  as:  

dc
QQQQQQ

wdL
TTqq

dt
dT

p

h y pg wcehd su sh y ps )) ((
              (4)  

where  qs  =  streamflow  (m3  s-­1),  qhyp  =  hyporheic  flow  (m3  s-­1),  Tus  =  upstream  

temperature  through  time  (deg.  C)  ,  Tds  =  downstream  temperature  through  time  (deg.  C),  

w  =  width  of  the  active  channel  (m),  d  =  stream  depth  (m),  L  =  reach  length  (m),  Q*  =  net  

radiation  (W  m-­2),  Qh  =  sensible  heat  flux  from  overlying  air  (W  m-­2),  Qe  =  latent  heat  

exchange  (W  m-­2),  Qc  =  streambed  heat  conduction  (W  m-­2),  Qgw  =  heat  flux  associated  

with  groundwater  inflow  (W  m-­2),  Qhyp  =  heat  flux  associated  with  hyporheic  exchange                  

(W  m-­2),     =  water  density  (kg  m-­3),  and  cp  =  specific  heat  of  water  (J  kg-­1  K-­1).  Equations  

used  to  calculate  individual  heat  budget  components  can  be  referenced  in  Moore  et  al.  

(2005b).    

  

Little  Creek  Study  Site  

A  time  step  of  1hr.  and  distance  step  of  100  m  were  determined  to  be  the  most  

appropriate  parameters  to  model  stream  temperature  change  over  the  entire  Little  Creek  

study  area  based  on  average  stream  residence  times  determined  from  OTIS-­P  modelling  
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and  the  observed  distances  over  which  the  dye  tracer  analysis  occurred.  This  approach  

was  believed  to  be  the  most  appropriate  and  effective  means  of  modelling  and  evaluating  

downstream  heat  transport  given  that  stream  temperatures  and  their  relative  change  

through  time  at  a  given  location  is  a  product  of  heat  fluxes  occurring  at  that  location  and  

from  the  upstream  environment.  Stream  temperatures  were  therefore  modeled  at  100  m  

intervals  from  locations  0  (upstream  North  Fork)  to  800  m  (downstream  Main  Stem)  at  1  

hr.  intervals.    

Previously  measured  stream  depths  and  widths  per  100  m  locations  were  used  for  

determining  appropriate  physical  channel  characteristics  within  the  heat  budget  model.  

Air  temperature,  relative  humidity,  and  wind  speed  data  collected  from  the  weather  

station  were  assumed  to  be  representative  of  climate  conditions  for  the  800  m.  Hyporheic  

temperature  and  computed  streambed  conductivity  temperatures,  collected  at  an  

approximate  location  of  400  m,  were  assumed  to  be  representative  for  the  800  m.  

Streamflow  and  hyporheic  exchange  rate  values  were  assumed  to  be  representative  for  all  

100  m  locations  within  the  respective  North  Fork  and  Main  Stem  reaches.    

Individual  heat  budget  components,  along  with  100  m  net  radiation  values,  were  

then  computed  for  every  100  m  location  to  model  temperature  change  per  hour.  Modeled  

stream  temperature  per  100  m  location  were  then  computed  by  adding  the  sum  of  

modeled  temperature  changes,  occurring  between  the  modeled  temperature  location  and  

location  0  m,  with  the  observed  temperature  at  location  0  m.      
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Scotts  Creek  Study  Site  

Distance  and  time  steps  of  100  m  and  1  hr.  were  not  applicable  for  modeling  heat  

transfer  for  Scotts  Creek  due  to  much  longer  observed  stream  residence  times  (Table  in  

Results).  Stream  temperature  change  and  subsequent  modeled  temperatures  were  

modeled  at  25  m  intervals  every  hour  to  utilize  available  data  and  to  potentially  serve  as  a  

comparison  with  the  modeling  approach  at  Little  Creek,  where  distance  and  time  steps  

were  based  on  the  hydrologic  conditions  of  the  system.    

Previously  measured  stream  depths  and  widths  per  25  m  locations  were  used  for  

determining  appropriate  physical  channel  characteristics  within  the  heat  budget  model.  

Air  temperature  data,  collected  at  both  the  upper  and  lower  reaches,  were  assumed  to  be  

representative  for  the  respective  reach  where  data  were  collected.  Average  relative  

humidity  and  wind  speed  collected  from  the  weather  station  during  the  July  study  period  

were  assumed  to  be  representative  of  climate  conditions  for  the  August  study  period  for  

both  the  upper  and  lower  reaches.  Average  hyporheic  temperature  and  computed  average  

streambed  conductivity  temperature  along  with  streamflow  and  hyporheic  exchange  rate  

values,  determined  from  data  collected  at  both  the  upper  and  lower  reaches  during  the  

initial  July  study  period,  were  assumed  to  be  representative  for  the  August  period  for  the  

respective  reach  where  hydrologic  processes  were  measured.    

Individual  heat  budget  components,  along  with  25  m  net  radiation  values,  were  

then  computed  for  every  25  m  location  to  model  temperature  change  per  hour.  Modeled  

stream  temperatures  per  25  m  location  were  computed  by  adding  modeled  temperature  

change  to  the  modeled  temperature  values  occurring  1  hr.  prior.  Computed  temperature  
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change  occurring  between  locations  225  and  625  m  was  found  to  be  adequate  in  carrying  

modeled  temperatures  from  the  upper  reach  to  the  lower  reach.      

  

Statistical  Analysis  and  Modelling  Downstream  Effects  

   Regression  analysis  was  used  to  compare  and  evaluate  individual  heat  budget  and  

physical  channel  variable  influences  on  both  downstream  temperature  changes  through  

time  and  the  spatial  distribution  of  maximum  stream  temperatures.  Variance  inflation  

factors  (VIF)  and  Eigenvalues  were  used  to  evaluate  the  degree  of  multicollinearity  

among  independent  variables.  Variable(s)  were  removed  from  the  regression  analyses  if  

multicollinearity  was  detected  to  provide  better  model  fit  and  coefficient  estimates.  

  

Little  Creek  Study  Site  

Downstream  temperature  change  at  100,  300,  and  800  m  were  statistically  

compared  against  averaged  heat  budget  components  over  the  respective  distance.  

Individual  heat  budget  components  occurring  at  each  location  were  averaged  with  the  

individual  heat  budget  components  occurring  at  each  previous  distance  and  time  step  (i.e.  

100  m  upstream  1  hr.  prior,  200  m  upstream  2  hrs.  prior,  etc.)  up  to  the  location  and  time  

associated  with  the  distance.  This  approach  remained  consistent  with  our  assertion,  based  

on  the  average  residence  time  and  designated  time  and  distance  steps  for  Little  Creek,  

that  it  would  take  1  hrs.  for  water  to  travel  100  m.  Temperature  change  over  800  m,  as  an  
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example,  was  defined  as  the  temperature  at  location  800  m  minus  the  temperature  8  hrs.  

prior  at  location  0  m.    

Mean  maximum,  minimum,  and  average  daily  stream  temperatures  were  

statistically  compared  against  measured  physical  channel  characteristics  at  each  25  m  

location  throughout  the  study  reach.  Mean  daily  or  weekly  maximum  temperatures  are  

commonly  used  indicators  for  monitoring  and  regulating  potential  stream  temperature  

impacts,  particularly  for  cold-­water  aquatic  species,  and  provide  an  effective  and  

repeatable  measure  for  potentially  assessing  stream  reaches  that  are  naturally  more  

susceptible  to  heating.    

   Potential  downstream  effects  at  locations  300  m  and  800  m  were  also  modeled  by  

implementing  hypothetical  scenarios  in  which  stream  shading  was  reduced,  via  canopy  

reduction  from  timber  harvest  or  forest  fire,  along  the  first  300  m  of  the  study  site.  This  

section  along  the  North  Fork  of  Little  Creek  is  managed  by  Swanton  Pacific  Ranch  for  

both  timber  production  and  ecological  restoration.    Two  scenarios  were  modeled  by  re-­

computing  net  radiation  values  corresponding  to  both  a  50%  and  100%  reduction  in  

stream  shading  over  the  300  m  segment.  These  figures  would  more  than  likely  exceed  the  

allowable  reduction  in  timber  canopy  for  a  class  I  watercourse  within  the  California  

Forest  Practice  Rules,  but  serve  as  an  informative  assessment  of  how  downstream  

temperatures  potentially  respond  to  upstream  heating  and  comparative  measure  to  

demonstrate  potential  effects  from  current  uneven-­aged  timber  management  and  future  

habitat  restoration  work.  Deviations  of  mean  daily  maximum,  minimum,  and  average  

stream  temperatures  modeled  under  the  shading  reduction  scenarios  from  present  
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conditions  were  used  to  evaluate  the  magnitude  and  spatial  distribution  of  downstream  

effects.    

   An  additional  analysis  was  performed  by  implementing  hypothetical  scenarios  in  

which  groundwater  inflows  would  increase  following  near-­stream  vegetation  removal,  

presumably  from  decreased  evapotranspiration,  along  the  first  300  m  of  the  study  site.  

Stream  temperatures  were  modeled  with  groundwater  inflow  increases  of  10%,  20%,  

30%,  and  50%  under  both  the  50%  and  100%  shade  reduction  scenarios.  Groundwater  

flow  rates  were  computed  as  a  percentage  of  total  observed  surface  water  flow  and  were  

used  along  with  the  mean  observed  groundwater  temperature  to  predict  the  temperature  

response  at  both  300  m  and  800  m  using  a  standard  temperature  mixing  equation  

(equation  5)  as  follows:  

                    (5)  

where  Tmodel  =  modeled  groundwater  scenario  temperature  (deg.  C),  Ts  =  modeled  surface  

water  temperature  for  specified  shade  reduction  scenario  (deg.  C),  Qs  =  surface  water  

flow  (m3  s-­1),  Tgw  =  mean  observed  groundwater  temperature  (deg.  C),  and  Qgw  =  

computed  groundwater  inflow  (m3  s-­1).    

Deviations  of  mean  daily  maximum,  minimum,  and  average  stream  temperatures  

modeled  under  the  groundwater  inflow  scenarios  from  the  modeled  temperatures  with  no  

groundwater  inflow,  under  both  50%  and  100%  shade  reduction  scenarios,  were  used  to  

evaluate  the  magnitude  and  spatial  distribution  of  downstream  effects.  
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Scotts  Creek  Study  Site  

Downstream  temperature  change  at  locations  50  and  200  m  were  statistically  

compared  against  averaged  heat  budget  components  over  the  respective  distance.  

Individual  heat  budget  components  occurring  at  each  location  were  averaged  with  the  

individual  heat  budget  components  occurring  at  each  previous  distance  and  time  step  (i.e.  

25  m  upstream  1  hr.  prior,  50  m  upstream  2  hrs.  prior,  etc.)  up  to  the  location  and  time  

associated  with  each  distance.  Temperature  change  over  the  entire  825  m  of  the  Scotts  

Creek  study  site  could  not  be  modeled  effectively  due  to  the  longer  observed  stream  

residence  times.  Temperature  change  was  therefore  evaluated  separately  for  the  lower  

reach  (location  625  to  825  m).    Mean  daily  maximum,  minimum,  and  average  stream  

temperatures  were  statistically  compared  against  measured  physical  channel  

characteristics  at  each  25  m  location  throughout  both  study  reaches.    

Potential  downstream  effects  were  modeled  at  locations  200  m  and  825  m  by  

implementing  hypothetical  scenarios  in  which  stream  shading  was  reduced,  via  canopy  

reduction  from  timber  harvest  or  forest  fire,  along  the  first  200  m  (upper  reach).  Modeled  

temperature  change  carried  through  the  400  m  between  the  upper  and  lower  reaches  had  

to  be  assumed  to  predict  representative  modeled  temperatures  within  the  lower  reach.  

Two  scenarios  were  modeled  by  re-­computing  net  radiation  values  corresponding  to  both  

a  50%  and  100%  reduction  in  stream  shading  over  the  first  200  m  of  the  study  area.  

Deviations  of  mean  daily  maximum,  minimum,  and  average  stream  temperatures  

modeled  under  the  shading  reduction  scenarios  from  modeled  temperatures  under  present  

conditions  were  used  to  evaluate  the  magnitude  and  spatial  distribution  of  downstream  

effects.    
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Additionally,  an  analysis  was  performed  by  implementing  hypothetical  scenarios  

in  which  groundwater  inflows  would  increase  following  near-­stream  vegetation  removal  

along  the  first  200  m  of  the  study  site.  Stream  temperatures  were  modeled  with  

groundwater  inflow  increases  of  10%,  20%,  30%,  and  50%  under  both  the  50%  and  

100%  shade  reduction  scenarios  to  predict  temperature  response  at  locations  200  m  and  

825  m  using  the  approach  described  for  the  Little  Creek  study  site.    
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CHAPTER  5  

RESULTS  

  

Little  Creek  

   Stream  temperatures  during  the  August  20  to  25  study  period  of  2014  exhibited  

expected  trends  in  thermal  dynamics  for  a  cold-­water,  forested  stream  in  coastal  

California.  Stream  temperatures  on  average  fluctuated  less  than  2  deg.  C  for  any  given  

location  throughout  the  study  site  with  mean  daily  maximum  temperature  of  15.46  deg.  C  

and  mean  daily  minimum  temperature  of  14.28  deg.  C  observed  throughout  the  study  

period.  Mean  daily  average  temperature  for  the  entire  study  site  was  14.72  deg.  C.  

Temporal  patterns  in  stream  temperatures  were  found  to  be  consistent  with  expected  

diurnal  fluctuations  observed  in  most  systems  with  daily  maximum  temperature  for  a  

given  location  occurring  between  14:00  and  15:00,  coinciding  with  the  timing  of  daily  

maximum  net  radiation  for  that  location.  The  rate  of  daily  diurnal  cooling  and  heating  

remained  consistent  between  observed  days  during  the  study  period  for  all  locations  

(Figure  4).  Daily  maximum  and  minimum  temperatures  however  were  found  to  vary  

spatially  ranging  from  a  daily  maximum  temperature  of  16.21  deg.  C  at  location  800  m  to  

14.97  deg.  C  at  location  200  m  (Figure  5;;  Table  3).  While  heating  and  subsequent  cooling  

occurs  between  all  locations  as  water  moves  downstream,  DTS  temperature  data  

observed  over  the  entire  825  m  reveals  a  net  warming  trend  in  daily  maximum  

temperatures  as  water  moves  downstream  with  no  discernible  heating  or  cooling  trend  in  

daily  minimum  temperatures.      
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Daily  trends  in  surface  water  temperature  compared  to  hyporheic  water  

temperature,  observed  at  location  390  m,  exhibited  expected  patterns  in  subsurface-­

surface  thermal  dynamics  as  diurnal  fluctuations  dampened  with  depth  and  less  exposure  

to  solar  radiation  (Figure  6).  Mean  daily  average  temperatures  of  14.87,  15.28,  and  14.73  

deg.  C  were  observed  during  the  study  period  for  surface,  hyporheic,  and  groundwater  

respectively.  Timing  of  maximum  and  minimum  hyporheic  temperatures  were  also  found  

to  be  lagged  behind  maximum  and  minimum  surface  water  temperatures.  This  

observation,  along  with  higher  daily  average  hyporheic  temperatures  despite  larger  

surface  water  peak  temperatures,  may  indicate  that  heat  entering  the  hyporheic  zone  from  

the  surface  environment  may  reside  longer  in  the  subsurface  and  at  times  create  a  net  

heating  effect  in  the  system,  particularly  when  regional  groundwater  temperatures  only  

deviate  from  surface  and  hyporheic  averages  by  less  than  a  degree.        

Figure 4. DTS stream temperature data (deg. C) on Little Creek from August 20 to 
25, 2014. 
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Hydrologic  Processes  

   Streamflow  dilution  gaging  from  dye  tracer  measurements  indicated  that  a  net  

gain  in  flow  occurred  throughout  the  length  of  the  study  site  with  flow  from  the  North  

Fork  reach  nearly  doubling  following  the  confluence  of  the  South  Fork  (Table  4).  

Downstream  additions  in  streamflow  were  solely  accounted  for  by  tributary  inflows  

indicating  that  gains  from  groundwater  were  non-­existent.  

0 100 200 300 400 500 600 700 800
16.21 
(.081)Maximum

Minimum

Average

15.64 
(.033)

15.11 
(.082)

14.97 
(.148)

14.18 
(.215)

14.09 
(.225)

13.95 
(.229)

14.82 
(.073)

15.34 
(.147)

15.67 
(.153)

15.43 
(.160)

15.42 
(.132)

15.36 
(.076)

15.01 
(.056)

15.23 
(.047)

Mean Daily 
Statistic (std. dev.)

Location (m)

14.54 
(.069)

14.4 
(.076)

14.42 
(.062)

14.57 
(.136)

14.7 
(.117)

14.77 
(.091)

14.25 
(.151)

14.37 
(.162)

13.73 
(.217)

14.48 
(.102)

14.68 
(.091)

14.76 
(.087)

Figure 5. Observed daily maximum stream temperatures (deg. C) per location on Little 
Creek. 

 

Table 3. Mean daily stream temperature statistics per location on Little Creek. 

 

Figure 5. Minimum,  maximum,  25th  and  75th  percentile,  and  median observed daily 
maximum temperatures (deg. C) per location on Little Creek. 
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Figure  6.  Observed  surface,  hyporheic,  and  groundwater  temperatures  at  location  390  m  
on  Little  Creek.    

  

These  findings  are  consistent  with  observations  made  on  similar  streams  occurring  in  

mountainous  regions  with  more  incised,  steeper  channel  gradients  (Hewlett,  1982).  

OTIS-­P  modeling  yielded  higher  hyporheic  exchange  rates  and  stream  residence  times  in  

the  North  Fork  reach  compared  to  the  Main  Stem  reach.  

a measured discharge

Q (m3s-1)

0.0056 a

5.300E-04

North Fork (0-488m)

South Fork Tributary

Main Stem (488-680m)

Residential Drainage

5.300E-04

1.11

0.86

0.86

Study Reach Segment 
and Inflows

-

-

-

-

Hyporheic Exchange 
Rate (m3s-1m-1)

Ave. Residence Time 
(hrs./100 m)

0.0027 a

0.0020 a

0.0047

0.0009 a

7.300E-04

Main Stem (680-835m)

Table 4. Hydrologic measurements on Little Creek per study reach 
segment. 
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Steeper  channel  gradients,  observed  in  the  North  Fork  reach,  often  provide  the  energy  for  

more  downwelling  and  subsurface-­surface  water  mixing  and  therefore  increasing  average  

residence  times.  

Heat  Budget  Modeling  

   Relative  influences  of  heat  budget  variables  on  downstream  temperature  change  

were  found  to  vary  between  distances  which  heat  transfer  and  subsequent  temperature  

changes  occurred.  Individual  heat  budget  variables  also  varied  between  a  net  heating  or  

cooling  effect  on  stream  temperature  change.    

   Observed  and  modeled  stream  temperatures  at  location  100  m  yielded  some  of  the  

lowest  daily  maximum  temperatures  within  the  study  site  (Figure  7)  and  likely  explains  

how  all  heat  budget  components  associated  with  temperature  change  provided  a  net  

cooling  effect  over  the  first  100  m  of  the  study  site  based  on  Pearson  correlations  (Table  

5).  While  correlation  coefficients  of  net  radiation  (Nr),  latent  heat  exchange  (Qe),  and  

sensible  heat  flux  (Qh)  were  closer  to  zero  (indicating  no  relationship),  the  negative  

coefficients  likely  indicate  that  the  magnitude  of  individual  heat  fluxes  decreased  or  were  

less  than  other  locations  in  the  study  site  which  resulted  in  a  net  decrease  in  temperature  

throughout  the  majority  of  the  study  period  (Figure  8).  Latent  heat  exchange  (Qe)  and  

hyporheic  flux  (Qhyp)  were  found  to  be  the  most  statistically  relevant  variables  (   <.05)  

which  remains  consistent  with  the  higher  observed  hyporheic  exchange  rate  along  the  

North  Fork  reach.    
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   Trends  in  heat  budget  variables  and  their  relative  heating  or  cooling  influence  on  

stream  temperatures  began  to  diverge  from  the  net  cooling  trend  observed  over  the  first  

100  m  as  warming  occurred  over  the  first  300  m  (Figure  9).  Hyporheic  flux  (Qhyp)  and  

latent  heat  exchange  (Qe)  were  found  to  be  statistically  relevant  variables  (   <.05)  with  

net  radiation  (Nr)  becoming  more  significant  and  exhibiting  a  net  warming  effect,  likely  

due  to  decreases  in  stream  shading  between  locations  100  and  300  m  (Table  6).    

Table 5. Regression analysis results, comparing heat budget components with 
hourly stream temperature change, on Little Creek over first 100 m. 

 

Qhyp

SE t p

-0.295

-0.583

-0.261
-0.178

-0.614

Pearson 
Correlation 

Heat Budget 
Variable

Nr

Qc

Qe
Qh -0.756 0.452

0.000 0.000 -1.092 0.277
- - - -

-0.012 0.001 -8.263 0.000

constant - -0.072 0.037 -1.973 0.051

-0.011 0.004 -2.734 0.007
-0.003 0.004

Figure 7. Observed and modeled stream temperatures on Little Creek at location 100 m 
from August 20-25, 2014. 
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Figure  8.  Plots  of  net  radiation  (top),  heat  budget  components  (middle),  and  stream  
temperature  change  (bottom)  on  Little  Creek  at  location  100  m  from  August  20-­25,  2014.    
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While  average  net  radiation  was  found  to  be  less  than  average  net  radiation  over  the  first  

100  m  and  averages  for  all  other  heat  budget  variables  were  found  to  be  similar,  further  

stream  temperature  cooling  between  locations  100  and  200  m  (Table  3)  indicates  that  

enough  heat  was  added  to  the  system  between  locations  200  and  300  m  to  offset  this  

cooling  effect  and  create  a  net  warming  effect  by  the  time  water  reached  location  300  m  

(Figure  10).    

    

Figure 9. Observed and modeled stream temperatures on Little Creek at location 300 m 
from August 20-25, 2014. 

 

Table 6. Regression analysis results, comparing heat budget components with 
hourly stream temperature change,	
  on Little Creek over first 300 m. 

 
pHeat Budget 

Variable
Pearson 

Correlation 
SE t

0.064
constant - 0.516 0.061 8.481 0.000
Nr 0.162 0.001 0.000 1.871

0.001
Qc -0.837 - - - -
Qe 0.249 0.020 0.006 3.452

0.000
Qh 0.055 0.002 0.004 0.402 0.689
Qhyp -0.837 -0.041 0.002 -17.892
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Figure 10. Plots of net radiation (top), heat budget components (middle), and stream 
temperature change (bottom) on Little Creek at location 300 m from August 20-25, 2014.  
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An  additional  net  warming  effect  between  locations  300  m  and  800  m  lead  to  

warmer  daily  maximum  and  average  stream  temperatures  observed  at  location  800  m  

(Figure  11).  Hyporheic  flux  (Qhyp)  and  streambed  conduction  (Qc)  were  found  to  exhibit  

negative  correlations  with  temperature  change  while  the  positive  correlation  of  net  

radiation  (Nr)  became  stronger  compared  to  correlations  observed  over  the  first  100  and  

300  m  (Table  7).  Net  radiation,  hyporheic  flux,  and  latent  heat  exchange  were  found  to  be  

highly  significant  (   <.05).    

Figure 11. Observed and modeled stream temperatures on Little Creek at location 800 m 
from August 20-25, 2014. 

 

Table 7. Regression analysis results, comparing heat budget components with 
hourly stream temperature change, on Little Creek over 800 m. 

 pHeat Budget 
Variable

Pearson 
Correlation 

SE t

0.000

constant - 1.823 0.110 16.571 0.000

Nr 0.411 0.004 0.001 6.510

0.000

Qc -0.694 - - - -

Qe 0.271 0.039 0.010 4.051

0.000

Qh 0.171 -0.005 0.005 -0.992 0.324

Qhyp -0.769 -0.088 0.004 -19.674
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Figure  12.  Plots  of  net  radiation  (top),  heat  budget  components  (middle),  and  stream  
temperature  change  (bottom)  on  Little  Creek  at  location  800  m  from  August  20-­25,  2014.    
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The  weaker  relationship  between  hyporheic  heat  exchange  and  stream  temperature  in  the  

main  stem  (lower  segment)  are  a  departure  from  the  significant  influences  of  hyporheic  

flux  on  downstream  temperature  change  within  the  North  Fork  reach  (upper  segment).  

Lower  measured  hyporheic  exchange  rates  along  the  main  stem  reach,  along  with  

reductions  in  canopy  coverage  as  the  occurrence  of  streamside  hardwood  tree  species  

increases  along  the  main  stem,  may  explain  the  predominant  influence  of  net  radiation  on  

downstream  heating  as  exhibited  by  daily  maximum  stream  temperature  trends  at  

location  800  m  (Figure  12).      

  

Physical  Characteristics  and  Daily  Maximum  Temperatures  

   Aspect  ratio  (stream  width  to  depth)  and  percent  shading  were  the  only  two  

variables  to  be  statistically  significant  (   <.05)  from  regression  analysis  of  physical  

channel  characteristics  to  daily  maximum  daily  temperatures  (Table  8).  Correlation  

coefficients  indicate  that  higher  aspect  ratios  (greater  width  to  depth)  and  lower  stream  

shading  values  corresponded  to  greater  daily  maximum  temperatures  throughout  the  

study  site.  Channel  reaches  with  higher  aspect  ratios  are  generally  associated  with  

shallow  gravel  bars  and  riffles  where  more  downwelling,  hyphoreic  exchange,  and  

localized  stream  temperature  cooling  potentially  occurs.  Reductions  in  percent  shading,  

and  subsequent  increases  in  net  radiation,  are  consistent  with  results  from  similar  studies  

and  help  explain  stream  heating  not  only  over  100  m  distance  steps  but  possibly  over  the  

entire  825  m  of  the  study  site.    
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Modeled  Effects  from  Shade  Reduction  

   Modeled  stream  temperatures  at  locations  300  m  and  800  m  responded  noticeably  

to  both  50%  and  100%  shade  reductions  occurring  over  the  first  300  m  with  the  increased  

heat  having  less  of  an  effect  as  water  moves  downstream  (Table  9).  Daily  maximum  

temperatures  at  location  300  m  increased  by  an  average  of  1.76  and  2.16  deg.  C  for  the  

50%  and  100%  shade  reduction  scenarios  respectively,  while  daily  maximum  

temperatures  at  location  300  m  increased  by  an  average  of  1.54  and  1.62  deg.  C  for  the  

50%  and  100%  shade  reduction  scenarios  respectively.  Mean  daily  minimum  

temperatures  were  found  to  decrease  under  both  shade  reduction  scenarios  at  both  

locations  but  only  deviated  by  a  maximum  magnitude  of  0.50  deg.  C.  Mean  daily  average  

temperatures  were  found  to  increase  under  both  scenarios  at  both  locations  with  only  

modest  deviations  of  0.31  deg.  C  or  less.    

  

  

Table 8. Regression analysis results, comparing physical channel variables and mean 
daily maximum stream temperature, on Little Creek. 

Bankfull width -0.084 0.241 0.224 1.079 0.291
Entrenchment ratio -0.092 0.349 0.312 1.116 0.275

p
Physical Variable

Pearson 
Correlation 

SE t

0.709
constant - 19.119 1.845 10.362 0.000
Width -0.102 -0.058 0.155 -0.377

0.001

Depth -0.207 0.646 1.641 0.394 0.697

Aspect ratio 0.633 0.008 0.002 3.920

0.234
Percent shading -0.419 -0.047 0.020 -2.421 0.023
Floodprone width -0.231 -0.149 0.123 -1.218
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Results  could  not  conclude  what  distance  beyond  825  m  would  be  affected  by  the  

additional  heat,  but  do  suggest  that  the  additional  upstream  heat,  coupled  with  localized  

cooling  processes  which  naturally  occur  between  various  reaches,  began  to  dissipate  with  

increased  distance  downstream  of  the  heat  source.      

  

  

Modeled  Effects  from  Groundwater  Inflows  

   Modeled  increases  in  groundwater  inflows  resulted  in  a  net  cooling  effect  of  

modeled  temperatures  at  both  300  m  and  800  m  locations  (Tables  10,  11).  Deviations  of  

mean  daily  maximum  temperatures  at  location  300  m  ranged  from  -­0.27  deg.  C  for  a  10%  

increase  and  -­1.00  deg.  C  for  a  50%  increase  in  groundwater  inflow.  Decreases  in  mean  

daily  maximum  temperatures  at  800  m  ranged  from  -­0.21  deg.  C  to  -­0.78  deg.  C  for  10%  

and  50%  increases  in  groundwater  inflow  respectively.  The  magnitude  of  the  net  cooling  

800 m
Current 15.34 16.21
50% reduction 17.10 1.76 17.75 1.54
100% reduction 17.50 2.16 17.83 1.62
Current 13.73 14.76
50% reduction 13.42 -0.31 14.56 -0.20
100% reduction 13.23 -0.50 14.60 -0.16
Current 14.43 15.23
50% reduction 14.52 0.09 15.51 0.28
100% reduction 14.63 0.20 15.54 0.31

deviation 
from current

deviation 
from current

Average

Mean Daily 
Statistic Shading scenario 300 m

Maximum

Minimum

Table 9. Modeled results of shade reduction scenarios on Little Creek at locations 
300 m and 800 m. Values for results at the distances and deviation from current are 
in deg. C 
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effect  only  had  a  modest  increase  at  location  300  m  from  the  50%  to  100%  shade  

reductions  scenarios  while  magnitude  effect  increased  at  location  800  m  from  -­0.78  deg.  

C  to  -­0.92  deg.  C  for  the  50%  and  100%  shade  reduction  scenarios  respectively.  Modeled  

results  indicate  that  potential  groundwater  increases  from  reduced  evapotranspiration  

following  near  stream  vegetation  removal  have  the  potential  to  partially  mitigate  the  

effects  of  additional  heat  added  to  the  system.      

  

10% increase 16.89 -0.21 17.25 -0.25
20% increase 16.71 -0.39 17.04 -0.46
30% increase 16.56 -0.54 16.87 -0.63
50% increase 16.32 -0.78 16.58 -0.92
10% increase 13.54 0.12 13.37 0.14
20% increase 13.64 0.22 13.48 0.25
30% increase 13.73 0.31 13.58 0.35
50% increase 13.86 0.44 13.74 0.51
10% increase 14.54 0.02 14.64 0.01
20% increase 14.56 0.04 14.65 0.02
30% increase 14.57 0.05 14.66 0.03
50% increase 14.60 0.08 14.67 0.04

deviation from no 
groundwater 

100% shade 
reduction

deviation from no 
groundwater 

Maximum

Minimum

Average

Mean Daily 
Statistic Groundwater scenario

50% shade 
reduction

10% increase 17.48 -0.27 17.55 -0.28
20% increase 17.25 -0.50 17.32 -0.51
30% increase 17.06 -0.69 17.12 -0.71
50% increase 16.75 -1.00 16.80 -1.03
10% increase 14.57 0.01 14.61 0.01
20% increase 14.59 0.03 14.63 0.03
30% increase 14.60 0.04 14.63 0.03
50% increase 14.62 0.06 14.65 0.05
10% increase 15.44 -0.07 15.28 -0.26
20% increase 15.39 -0.12 15.36 -0.18
30% increase 15.34 -0.17 15.41 -0.13
50% increase 15.26 -0.25 14.47 -1.07

Minimum

Average

100% shade 
reduction

deviation from no 
groundwater 

inflow
50% shade 
reduction

deviation from no 
groundwater 

inflow
Mean Daily 
Statistic Groundwater scenario

Maximum

Table 10. Modeled results from groundwater inflows for 50% and 100% shade reduction 
scenarios on Little Creek at location 300 m.  

Table 11. Modeled results from groundwater inflows for 50% and 100% shade 
reduction scenarios on Little Creek at location 800 m.  
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Scotts  Creek  

   Stream  temperatures  during  the  August  12  to  17  study  period  of  2015  yielded  

mostly  warmer  temperatures  with  differing  trends  in  heating  and  cooling  compared  to  

Little  Creek.  Diurnal  stream  temperatures  fluctuations  varied  from  approximately  1  and  4  

deg.  C  among  locations  throughout  the  study  site  with  mean  daily  maximum  temperature  

of  17.34  deg.  C  and  mean  daily  minimum  temperature  of  15.30  deg.  C  for  the  study  

period.  Mean  daily  average  temperature  for  the  entire  study  site  was  16.32  deg.  C.  

Temporal  patterns  in  stream  temperatures  were  found  to  be  consistent  with  expected  

diurnal  fluctuations  observed  in  most  systems  with  daily  maximum  temperature  for  a  

given  location  occurring  later  in  the  day  between  16:00  and  17:00,  which  lagged  behind  

peak  daily  maximum  net  radiation  for  that  location.  Daily  maximum  and  minimum  

temperatures  however  were  found  to  vary  spatially  (Table  12;;  Figure  13).      

  

  

  

  

Table 12. Mean daily stream temperature statistics per location on Scotts Creek. 

	
   0 25 50 75 100 125 150 175 200 625 650 675 700 725 750 775 800 825
16.66 
(.203)

15.51 
(.222)

16.16 
(.205)

17.95 
(.412)

15.52 
(.265)

16.58 
(.287)

17.01 
(.208)

15.94 
(.228)

16.55 
(.233)

16.8 
(.305)

15.54 
(.238)

16.34 
(.229)

Location (m)

18.28 
(.871)

15.23 
(.344)

16.76 
(.420)

16.65 
(.192)

15.77 
(.308)

16.57 
(.129)

17.86 
(.290)

15.42 
(.244)

16.54 
(.232)

17.25 
(.152)

15.51 
(.286)

16.48 
(.191)

17.68 
(.369)

15.39 
(.331)

16.61 
(.263)

16.24 
(.346)

16.64 
(.293)

Temperature 
statistic (std. dev.)

15.61 
(.282)

16.24 
(.346)

15.74 
(.317)

15.46 
(.262)

16.42 
(.407)

16.56 
(.337)

15.01 
(.416)

14.87 
(.394)

14.86 
(.383)

15.23 
(.336)

15.02 
(.345)

15.32 
(.304)

18.25 
(.412)

Mean Daily 
Maximum

Mean Daily 
Minimum

Mean Daily 
Average

17.8 
(.700)

16.33 
(.149)

17.31 
(.626)

15.22 
(.391)

15.05 
(.363)

15.01 
(.345)

16.5 
(.376)

16.52 
(.244)

16.12 
(.240)

18.67 
(.692)

17.65 
(.571)

17.31 
(.626)
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For  example  daily  maximum  temperature  of  16.52  deg.  C  was  measured  at  location  75  m  

while  18.67  deg.  C  was  measured  at  location  125  m  (Figure  13).  Variable  heating  and  

cooling  trends  occurred  between  all  locations  as  water  moved  downstream  with  no  

discernible  net  heating  or  cooling  effect  occurring  over  the  entire  825  m.  Average  

hyporheic  temperatures  were  found  to  be  less  than  surface  water  temperatures  throughout  

the  study  site  with  average  hyporheic  temperatures  of  15.85  deg.  C  in  the  upper  reach  (0-­

200  m)  and  16.62  deg.  C  in  the  lower  reach  (625-­825  m).      

  

Hydrologic  Processes  

   Streamflow  dilution  gaging  from  dye  tracer  measurements  indicated  that  a  net  

gain  in  flow  (Table  13)  was  found  to  be  negligible  (<0.001  m3s-­1)  and  likely  fell  within  

the  expected  accuracy  of  the  methods  used  to  compute  streamflow  for  the  study.  It  was  

therefore  determined  that  any  groundwater  inflows  would  also  be  negligible  and  were  

Figure 13. Minimum, maximum, 25th and 75th percentile, and median observed daily 
maximum stream temperatures (deg. C) per location on Scotts Creek. 
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excluded  from  heat  budget  model  computations.  OTIS-­P  modeling  yielded  higher  

hyporheic  exchange  rates  but  lower  stream  residence  times  in  the  upper  reach  compared  

to  the  lower  reach.  Average  residence  time  of  approximately  17  days  for  the  lower  reach  

(Table  13)  is  likely  attributed  to  the  very  low  streamflow  during  the  study  period  and  

presence  of  large  pools  and  lower  frequency  of  riffle  sections.    

  

  The  relatively  lower  average  residence  time  of  approximately  2.5  days  for  the  upper  

reach  potentially  explains  the  accumulation  of  streamflow  downstream  (assuming  similar  

water  velocities)  due  to  an  approximate  seven-­fold  increase  in  the  amount  of  time  for  that  

same  water  to  move  through  the  lower  reach.        

Heat  Budget  Modeling  

   Relative  influences  of  heat  budget  variables  on  downstream  temperature  change  

were  found  to  vary  between  distances  which  heat  transfer  and  subsequent  temperature  

changes  occurred.  Individual  heat  budget  variables  also  tended  to  vary  depending  on  

whether  they  provided  a  net  heating  or  cooling  effect  on  stream  temperature  change.    

61.24

423.65

Study Reach 
Segment 

Hyporheic Exchange 
Rate (m3s-1m-1)

Ave. Residence Time 
(hrs./100 m)

8.36E-04 4.20E-03

Lower Reach (625-
825m)

Q (m3s-1)

9.77E-04

Upper Reach (0-
200m)

5.62E-04

Table 13. Hydrologic measurements on Scotts Creek per study reach segment. 
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   Observed  and  modeled  stream  temperatures  at  location  50  m  yielded  a  net  cooling  

trend  from  location  0  m  but  with  even  more  cooling  from  0  to  25  m  and  warming  from  25  

to  50  m  (Figures  14,  15).  All  heat  budget  components  were  found  to  have  a  statistically  

significant  ( <.05)  correlation  with  stream  temperature  change  with  the  exception  of  

sensible  heat  flux  (Table  14).    Net  radiation  (Nr)  had  the  highest  correlation  in  

downstream  heating  over  the  50  m.    

  

Figure 14. Observed and modeled stream temperatures on Scotts Creek at location 50 m 
from August 12-17, 2015. 

 

Table 14. Regression analysis results, comparing heat budget components with 
hourly stream temperature change, on Scotts Creek over first 50 m. 

	
  

-0.005 0.001 -3.271 0.001

constant - -0.471 0.032 -14.709 0.000

0.004 0.001 4.16 0.000
0.002 0.003 0.613 0.541

0.004 0.000 10.238 0.000

0.127 0.035 3.633 0.000

Qhyp

SE t p

0.922

0.237

0.592
-0.086
0.296

Pearson 
Correlation 

Heat Budget 
Variable

Nr

Qc

Qe
Qh
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Figure  15.  Plots  of  net  radiation  (top),  heat  budget  components  (middle),  and  stream  
temperature  change  (bottom)  on  Scotts  Creek  at  location  50  m  from  August  12-­17,  2015.    
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Trends  in  heat  budget  variables  and  their  relative  heating  or  cooling  influence  on  

stream  temperatures  began  to  diverge  from  the  net  cooling  trend  observed  over  the  first  

50  m  as  a  net  warming  effect  occurred  over  the  first  200  m  (Figures  16,  17).  Net  

radiation,  latent  heat  exchange,  and  hyporheic  flux  were  found  to  have  statistically  

significant  ( <.05)  correlations  with  stream  temperature  change  from  50-­200  m  (Table  

15).  Net  radiation  exhibited  a  net  warming  effect,  likely  due  to  decreases  in  stream  

shading  between  locations  50  and  200  m  (Table  15).    

Figure 16. Observed and modeled stream temperatures on Scotts Creek at location 200 m 
from August 12-17, 2015. 

 

Table 15. Regression analysis results, comparing heat budget components with 
hourly stream temperature change, on Scotts Creek over first 200 m. 

	
  

0.002
Qh 0.145 0.007 0.006 1.063 0.290
Qhyp 0.250 0.003 0.001 3.192

0.047

Qc 0.141 - - - -

Qe 0.59 0.005 0.003 2.005

0.000

constant - -1.152 0.133 -8.650 0.000

Nr 0.948 0.029 0.002 16.612

pHeat Budget 
Variable

Pearson 
Correlation 

SE t
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Figure  17.  Plots  of  net  radiation  (top),  heat  budget  components  (middle),  and  hourly  
stream  temperature  change  (bottom)  on  Scotts  Creek  at  location  200  m  from  August  12-­
17,  2015.    
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A  net  cooling  trend  in  temperatures  occurred  between  locations  625  and  825  m  

with  localized  cooling  and  heating  of  differing  magnitudes  occurring  between  distance  

steps  in  the  lower  reach  (Figures  18,  19).  All  variables,  with  the  exception  of  sensible  

heat  flux  and  hyporehic  flux,  were  found  to  have  a  statically  significant  ( <.05)  

correlation  with  stream  temperature  change,  with  net  radiation  the  most  highly  correlated  

(Table  16).    

  

Figure 18. Observed and modeled stream temperatures on Scotts Creek at location 825 m 
from August 12-17, 2015. 

 

-

Qh -0.004 -0.008 0.010 -0.810 0.419

Qhyp 0.016 - - -

0.000

Qc 0.217 0.043 0.014 2.983 0.004

Qe 0.660 0.009 0.002 4.381

0.000

constant - -1.627 0.071 -22.854 0.000

Nr 0.963 0.032 0.002 16.831

pHeat Budget 
Variable

Pearson 
Correlation 

SE t

Table 16. Regression analysis results, comparing heat budget components with 
hourly stream temperature change, on Scotts Creek from locations 625  to 825 m. 
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Figure  19.  Plots  of  net  radiation  (top),  heat  budget  components  (middle),  and  hourly  
stream  temperature  change  (bottom)  on  Scotts  Creek  at  location  825  m  from  August  12-­
17,  2015.    
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Less  hyporheic  influence  in  the  lower  reach  (625-­825  m)  is  likely  attributed  to  the  

lower  measured  hyporheic  exchange  rate  compared  to  the  upper  reach  possibly  due  to  

deviations  in  channel  geometry  and  gradient  which  influence  rates  of  downwelling.  The  

dominant  influence  of  net  radiation  throughout  the  lower  reach,  as  well  as  the  upper  

reach,  is  not  only  from  localized  reductions  in  stream  shading  from  canopy  gaps  but  from  

the  slow  movement  of  water  and  long  stream  residence  times,  potentially  allowing  heat  to  

reside  in  the  system  for  much  longer  compared  to  Little  Creek.  While  long  residence  time  

of  water  at  a  given  location  has  the  potential  to  cause  greater  influence  on  daytime  

heating  for  that  location,  longer  residence  times  conversely  allow  stream  water  to  

undergo  nighttime  cooling  in  a  shorter  distance  as  exhibited  in  daily  temperature  changes  

occurring  over  the  lower  reach  (Figure  19).    

Physical  Characteristics  and  Daily  Maximum  Temperatures  

   No  measured  physical  characteristics  were  found  to  be  statistically  significant  (

<.05)  to  daily  maximum  daily  temperatures  (Table  17).    

  

Bankfull width 0.08 0.296 0.478 0.619 0.549

Entrenchment ratio -0.163 1.475 2.55 0.578 0.576

0.562

Percent shading -0.425 -0.036 0.024 -1.514 0.161

Floodprone width -0.141 -0.151 0.252 -0.6

0.760

Depth -0.025 -0.019 1.689 -0.012 0.991

Aspect ratio 0.186 0.004 0.012 0.314

0.952

constant - 17.358 4.855 3.576 0.005

Width 0.154 -0.011 0.176 -0.061

Physical Variable
Pearson 

Correlation SE t

Table 17. Regression analysis results, comparing physical channel variables and mean 
daily maximum stream temperature, on Scotts Creek. 
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Mostly  weak  correlations  existed  between  all  variables  with  a  weak  relationship  between  

lower  stream  shading  values  and  daily  maximum  temperatures  (p  value  of  0.16).  It  is  

suspected  that  hydrologic  processes  observed  for  Scotts  Creek,  including  relatively  

longer  residence  times  and  lower  streamflow  values,  have  effectively  negated  the  

influences  of  variables  such  as  increased  depth  and  aspect  ratios  which  would  normally  

be  associated  with  cooler  stream  temperatures.    

  

Modeled  Effects  from  Shade  Reduction  

   Modeled  stream  temperatures  at  locations  200  m  and  825  m  responded  noticeably  

to  both  50%  and  100%  shade  reductions  occurring  over  the  first  200  m  with  the  increased  

heat  having  less  of  an  effect  as  water  moves  downstream  (Table  18).  Daily  maximum  

temperatures  at  location  200  m  increased  by  2.27  and  3.30  deg.  C  for  the  50%  and  100%  

shade  reduction  scenarios  respectively,  while  daily  maximum  temperatures  at  location  

825  m  increased  by  1.84  and  3.11  deg.  C  for  the  50%  and  100%  shade  reduction  

scenarios  respectively.  Mean  daily  minimum  temperatures  were  found  to  decrease  under  

both  shade  reduction  scenarios  at  both  locations  but  only  deviated  by  a  maximum  

magnitude  of  0.65  deg.  C.  Mean  daily  average  temperatures  were  found  to  increase  under  

both  scenarios  at  both  locations  with  only  modest  deviations  of  0.49  deg.  C  or  less.  

Results  could  not  conclude  what  distance  beyond  825  m  would  be  affected  by  the  

additional  heat,  but  do  suggest  that  the  additional  upstream  heat,  coupled  with  localized  

cooling  processes  which  naturally  occur  between  various  reaches,  began  to  dissipate  with  

increased  distance  downstream  of  the  heat  source.      
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Modeled  Effects  from  Groundwater  Inflows  

   Modeled  increases  in  groundwater  inflows  resulted  in  a  net  cooling  effect  of  

modeled  temperatures  at  both  200  m  and  825  m  locations  (Tables  19,  20).  Deviations  of  

mean  daily  maximum  temperatures  at  location  200  m  ranged  from  approximately  -­0.53  

deg.  C  for  a  10%  increase  and  approximately  -­1.93  deg.  C  for  a  50%  increase  in  

groundwater  inflow.  Decreases  in  mean  daily  maximum  temperatures  at  825  m  ranged  

from  approximately  -­0.27  deg.  C  to  -­1.00  deg.  C  for  10%  and  50%  increases  in  

groundwater  inflow  respectively.  The  magnitude  of  the  net  cooling  effect  increased  at  

location  200  m  from  -­1.93  to  -­2.27  deg.  C  for  the  50%  to  100%  shade  reductions  

scenarios  respectively  while  only  a  modest  increase  in  magnitude  occurred  at  location  

825  m  from  -­1.00  deg.  C  to  -­1.03  deg.  C  for  the  50%  and  100%  shade  reduction  scenarios  

respectively.  Modeled  results  indicate  that  potential  groundwater  increases  from  reduced  

evapotranspiration  following  near  stream  vegetation  removal  have  the  potential  to  

partially  mitigate  the  effects  of  additional  heat  added  to  the  system.      

825 m
Current 18.25 17.95
50% reduction 20.52 2.27 19.79 1.84
100% reduction 21.55 3.30 21.06 3.11
Current 15.32 15.52
50% reduction 15.24 -0.08 15.43 -0.09
100% reduction 14.67 -0.65 15.39 -0.13
Current 16.71 16.62
50% reduction 17.17 0.46 17.10 0.48
100% reduction 17.19 0.48 17.11 0.49

deviation 
from current

deviation 
from current

Maximum

Minimum

Average

Mean Daily 
Statistic Shading scenario 200 m

Table 18. Modeled results of shade reduction scenarios on Scotts Creek at locations 
200  and 825 m. Values for results at the distances and deviation from current are in 
deg. C.  
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10% increase 19.99 -0.53 20.93 -0.62
20% increase 19.55 -0.97 20.41 -1.14
30% increase 19.18 -1.34 19.98 -1.57
50% increase 18.59 -1.93 19.28 -2.27
10% increase 15.19 -0.05 14.68 0.01
20% increase 15.16 -0.08 14.68 0.01
30% increase 15.13 -0.11 14.69 0.02
50% increase 15.08 -0.16 14.70 0.03
10% increase 16.95 -0.22 16.97 -0.22
20% increase 16.77 -0.40 16.79 -0.40
30% increase 16.62 -0.55 16.63 -0.56
50% increase 16.37 -0.80 16.38 -0.81

100% shade 
reduction

deviation from no 
groundwater 

inflow

Maximum

Minimum

Average

Mean Daily 
Statistic Groundwater scenario

50% shade 
reduction

deviation from no 
groundwater 

inflow

10% increase 19.33 -0.46 20.49 -0.57
20% increase 18.95 -0.84 20.01 -1.05
30% increase 18.62 -1.17 19.61 -1.45
50% increase 18.11 -1.68 18.96 -2.10
10% increase 15.37 -0.06 15.33 -0.06
20% increase 15.32 -0.11 15.28 -0.11
30% increase 15.27 -0.16 15.24 -0.15
50% increase 15.20 -0.23 15.17 -0.22
10% increase 16.88 -0.22 16.90 -0.21
20% increase 16.71 -0.39 16.72 -0.39
30% increase 16.56 -0.54 16.57 -0.54
50% increase 16.31 -0.79 16.32 -0.79

100% shade 
reduction

deviation from no 
groundwater 

inflow

Maximum

Minimum

Average

Mean Daily 
Statistic Groundwater scenario

50% shade 
reduction

deviation from no 
groundwater 

inflow

Table 19. Modeled results from groundwater inflows for 50% and 100% shade reduction 
scenarios on Scotts Creek at location 200 m.  

	
  

Table 20. Modeled results from groundwater inflows for 50% and 100% shade reduction 
scenarios on Scotts Creek at location 825 m.  
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CHAPTER  6  

DISCUSSION  

Observed  stream  temperature  patterns  for  both  the  Little  Creek  and  Scotts  Creek  

study  sites  were  found  to  be  highly  variable  with  respect  to  spatial  distribution  of  daily  

maximum  temperatures  and  with  relative  influences  of  individual  heat  budget  variables.  

While  results  indicated  a  strong  influence  of  net  incoming  radiation  on  daily  

temperatures,  hydrologic  characteristics  of  each  study  site  were  also  influential.    

Hydrologic  effects  on  stream  temperature  from  hyporheic  exchange  and  modeled  

groundwater  inflows  were  important  explanatory  variables  in  the  magnitude  and  spatial  

distribution  of  stream  temperatures  between  two  streams  located  in  the  same  watershed  

subjected  to  similar  meteorological  conditions.  The  measurement  and  evaluation  of  a  

provide  resource  managers  a  methodology  to  predict  stream  temperature  response  to  near  

stream  vegetation  removal.    

Stream  Temperature  Spatial  Distribution  

   Spatial  distribution  of  maximum,  minimum,  and  average  daily  temperatures  were  

found  to  be  highly  variable  for  both  Little  Creek  and  Scotts  Creek  study  sites  with  no  

discernible  trend  in  the  spatial  distribution  of  reaches  where  localized  heating  and  cooling  

occurred.  Locations  of  localized  temperature  increases  were  associated  with  higher  

amounts  of  incoming  radiation  with  localized  cooling  occurring  where  greater  hyporheic  

exchange  occurred.  The  spatial  complexity  is  readily  observable  in  the  temperature  
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measurements  at  both  study  sites  and  demonstrates  the  uncertainty  with  predicting  the  

downstream  transport  and  fate  of  added  heat  to  streams.    

Heat  budget  modeling  provided  the  ability  to  evaluate  temperature  impacts  with  

increasing  distance  downstream  of  a  heat  source  and  the  relative  contributions  of  

individual  heat  budget  components  to  localized  heating  and  cooling  mechanisms.  

Correlations  between  net  radiation  and  physical  channel  measurements  with  stream  

temperature  on  Little  Creek  were  found  to  be  much  weaker  on  Scotts  Creek.  The  

hydrologic  characteristics  of  each  stream  system  appears  to  be  the  difference.    Scotts  

Creek  had  very  low  flow  streamflow  due  to  drought  conditions  creating  longer  water  

residence  times.    This  low  streamflow  and  long  residence  time  influenced  stream  

temperature  magnitude  and  distribution.  

Hydrologic  Processes  and  Influence  

   Regression  analysis  indicated  that  hyporheic  energy  fluxes  were  negatively  

associated  with  increases  in  stream  temperatures  on  Little  Creek.  Results  from  modelling  

of  different  shade  reduction  scenarios  from  hypothetical  canopy  removal  indicated  a  

decreased  effect  of  added  heat  to  the  system  as  water  moved  downstream  of  the  upstream  

heat  source  largely  in  part  of  subsurface-­surface  water  interactions  occurring  at  various  

locations  through  the  study  site  as  hypothesized.  Observed  hyporheic  exchange  rates  and  

the  prevalence  of  subsurface  water  mixing  within  both  the  North  Fork  and  Main  Stem  

Little  Creek  segments  appears  to  be  associated  with  channel  morphological  

characteristics  of  the  stream  which  include  steeper  channel  gradients  and  the  predominant  
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step-­pool  and  cascade  configuration  observed  in  the  study  site.  The  step-­pool  and  cascade  

configuration  of  Little  Creek  promotes  concentrated  areas  of  downwelling  and  subsurface  

water  mixing,  particularly  in  riffles  downstream  of  pools  as  indicated  by  the  observed  

statistical  relationship  between  higher  aspect  ratios  and  lower  daily  maximum  

temperatures.  The  spatial  occurrences  of  these  subsurface  water  interactions  in  Little  

Creek  are  consistent  with  previous  research  on  streambed  topography  influences  on  

surface-­subsurface  water  interactions  (Harvey  and  Bencala,  1993;;  Moore  et  al.,  2005b;;  

Burkholder  et  al.,  2008).  Departures  from  the  steeper,  step-­pool  configuration  observed  at  

Scotts  Creek-­  with  shallower  channel  gradients  and  more  frequent  occurrences  of  pools  

and  glides  compared  to  riffles-­  more  than  likely  influenced  the  higher  residence  times  of  

water  and  lower  rates  of  hyphoreic  exchange,  particularly  in  the  lower  study  reach.  These  

attributes  of  the  hydrologic  regime  of  Scotts  Creek,  coupled  with  much  lower  surface  

flows  compared  to  Little  Creek,  provide  a  rationale  for  the  larger  modeled  increases  in  

maximum  stream  temperatures  compared  to  Little  Creek.  

   Modeled  increases  of  daily  maximum  stream  temperatures  for  both  the  50%  and  

100%  shade  reduction  scenarios  in  the  upper  300  m  of  the  Little  Creek  study  site  resulted  

in  modest  increases  of  1.76  and  2.16  deg.  C  respectively.  Other  studies  on  maximum  

stream  temperature  increase  due  to  forest  clearing  found  much  higher  increases.    

compared  to  an  approximately  5  deg.  C  increase  in  daily  maximum  temperatures  

observed  in  a  study  by  Moore  et  al.  (2005b)  evaluated  downstream  temperature  response  

to  clear-­cut  harvesting  in  a  forested  headwater  stream  in  coastal  British  Columbia  found  a  

5  deg.  C  increase.  Heat  budget  modelling  in  the  Moore  et  al.  (2005b)  study  did  indicate  

that  hyporheic  exchange  promoted  localized  daytime  cooling  effects,  similar  to  Little  
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Creek.  Discrepancies  in  maximum  temperature  increases  following  canopy  removal  

downwelling  in  Little  Creek.  In  a  headwater  stream  in  the  western  Cascades  of  Oregon  

following  timber  harvest  maximum  stream  temperature  increased  by  7  deg.  C  (Johnson  

and  Jones,  2000).  Streambed  conduction  from  a  bedrock  channel  was  reported  to  be  an  

influential  factor  in  this  large  stream  temperature  increase.    The  bedrock  channel  bed  

would  have  had  little  to  no  hyporheic  exchange.  Warmer  observed  daily  maximum  

temperatures  and  larger  modeled  increases  following  canopy  removal  (~3  deg.  C)  on  

Scotts  Creek  compared  to  Little  Creek  can  possibly  be  attributed  to  greater  influence  by  

streambed  conduction  and  lower  rates  of  subsurface-­surface  water  interactions.  Higher  

observed  maximum  streambed  temperatures  on  Scotts  Creek  along  with  a  greater  range  in  

streambed  conduction  fluxes  (-­29.3  to  15.5  Wm-­2)  may  indicate  a  more  frequent  

occurrence  of  downwelling  and  less  upwelling  of  cooler  water  within  the  study  site  

compared  to  lower  observed  maximum  streambed  temperatures  and  lower  fluctuations  in  

daily  streambed  conduction  fluxes  (-­1.5  to  22.7  Wm-­2)  observed  on  Little  Creek  as  

suggested  by  findings  by  Moore  et  al.  (2005b).  These  inferences  however  cannot  be  fully  

substantiated  by  the  heat  budget  modeling  approach  taken  for  this  study  as  streambed  

hydraulic  conductivity  and  streambed  composition  were  not  measured.      

   While  groundwater  inflows  were  found  to  be  negligible,  and  not  a  measured  

element  of  the  two  study  sites,  the  potential  for  increases  in  groundwater  inflows  

following  near  stream  vegetation  removal  can  be  significant  (e.g.  Mellina  et  al.,  2002;;  

Surfleet  and  Skaugset,  2013;;  Story  et  al.,  2013).  The  cooling  effect  from  groundwater  

convection  on  stream  temperatures  provided  the  importance  of  modelling  stream  
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temperature  responses  to  potential  groundwater  increases  following  canopy  removal  for  

both  Little  Creek  and  Scotts  Creek.  Modeled  increases  in  groundwater  inflows,  as  

expressed  by  increases  in  overall  surface  water  flow,  dampened  the  effect  of  stream  

temperature  increases  from  canopy  removal  with  50%  increases  in  streamflow  under  the  

100%  shade  reduction  scenario  causing  temperature  increases  (e.g.  mean  daily  max.  of  

19.28  deg.  C  for  Scotts  Creek  at  location  200  m)  to  be  less  than  that  of  temperature  

increases  from  the  50%  shade  reduction  scenario  with  no  groundwater  inflow  (e.g.  mean  

daily  max.  of  21.55  deg.  C  for  Scotts  Creek  at  location  200  m).  Observations  of  stream  

temperature  and  streamflow  responses  following  potential  canopy  removal  in  either  of  

the  two  study  sites  will  be  necessary  to  better  evaluate  the  potential  cooling  effects  of  

groundwater  inflows,  but  modelling  of  different  magnitudes  of  groundwater  inflows  

provides  some  useful  insight  into  potential  downstream  temperature  effects  at  both  study  

sites.    

Proposed  Methodologies  for  Predicting  Downstream  Effects  

   Results  from  this  study  demonstrate  a  potential  approach  to  spatially  identify  

localized  areas  of  heating  and  cooling  and  to  be  able  to  model  the  risk  of  potential  

downstream  cumulative  temperature  effects.  Measurements  of  stream  temperature  along  

with  the  collection  of  meteorological,  channel  morphological,  and  hydrologic  data  were  

beneficial  in  the  development  of  a  heat  budget  model  that  predicted  daily  maximum  

temperatures  within  0.55  deg.  C  for  both  study  sites.  Dye  tracer  methods  proved  to  be  

particularly  important  in  obtaining  precise  low  flow  measurements  and  modeling  for  

hyporheic  exchange,  average  stream  residence  time,  and  the  assessment  of  heat  fate  and  
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transport.  Accurate  depictions  of  the  hydrologic  characteristics  of  a  stream  system  can  

potentially  provide  resource  managers  with  a  better  understanding  of  the  potential  

localized  and  downstream  effects  from  forest  harvest.  Methods  used  in  this  study  for  

obtaining  this  hydrologic  information,  however,  is  likely  not  a  viable  approach  for  most  

resource  managers  and  regulators  due  to  time  and  monetary  constraints.  Collection  of  

high-­resolution  spatial  stream  temperature  data  along  with  meteorological  data  and  

subsequent  heat  budget  modeling  are  also  not  likely  to  be  feasible  options  compared  to  

more  simplified  methodologies  of  statistically  relating  physical  channel  variables  or  

canopy  cover  to  the  spatial  distribution  of  maximum  stream  temperatures.    

   Simple  physical  channel  measurements  of  stream  shading  and  aspect  ratio  proved  

to  be  a  statistically  relevant  (

daily  maximum  temperatures  for  the  Little  Creek  study  site.  Summer  low  flow  

conditions,  where  annual  maximum  stream  temperatures  are  highest,  have  the  most  

potential  to  exceed  regulatory  or  management  thresholds  following  forest  harvest  or  other  

landscape  disturbance  such  as  wildfire.  These  variables  however  were  not  found  to  be  

complexity  of  stream  temperature  dynamics  among  two  streams  within  the  same  

watershed  and  the  challenge  in  the  development  of  a  more  practical,  repeatable  approach  

to  predict  potential  downstream  temperature  impacts.    

   More  detailed  and  repeated  measurements  of  physical  channel  variables  and  

statistical  analyses  in  their  predictive  power,  beyond  the  approach  taken  in  this  study,  are  

needed  to  draw  better  conclusions  about  the  development  of  a  more  simplified  and  
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accurate  methodology  for  predicting  downstream  effects.  Measurements  of  streambed  

topography  including  slope,  slope  change,  channel  geometry,  and  streambed  composition  

could  potentially  provide  more  predictive  power  in  identifying  localized  areas  of  

hyporheic  exchange,  downwelling,  or  upwelling.  A  survey  of  channel  morphological  

features,  including  the  frequency  and  size  of  pools  and  riffles,  could  also  allow  for  better  

inferences  of  surface-­subsurface  water  exchanges  for  a  stream.    

Challenges  in  developing  universally  applicable  methods  that  use  simple  physical  

channel  variables,  along  with  other  easier-­to-­obtain  data  such  as  air  temperature,  are  more  

than  likely  linked  to  varying  hydrologic  conditions  among  stream  systems.  Measurement  

and  prediction  of  hyporheic  exchange  and  groundwater  flow  are  often  limited  by  time  

and  budget  restraints  for  most  resource  managers.  Further  investigation  into  the  potential  

relation  of  simple  physical  channel  measurements  with  location  and  occurrence  of  

hyporheic  exchange  could  help  offset  the  effort  required  to  predict  hyporheic  exchange.  

Streamflow  measurements  made  periodically  downstream  through  a  study  reach  of  

interest  would  also  be  an  efficient  way  of  determining  net  flow  gains  and  losses  from  

groundwater.  Results  from  this  study  demonstrated  that  measured  groundwater  

temperature  and  potential  groundwater  inflows,  along  with  measured  hyporheic  exchange  

and  hyporheic  temperatures,  were  beneficial  in  assessing  potential  buffer  effects  to  

stream  temperatures.  Canopy  cover,  as  a  surrogate  for  net  radiation,  and  aspect  ratio  were  

also  beneficial  measurements  in  predicting  the  spatial  distribution  of  daily  maximum  

temperatures  in  some  streams.  Hydrologic  measurements  are  likely  needed  in  conjunction  

with  other  physical  or  meteorological  measurements  to  better  assess  potential  site-­

specific  impacts.    



72 
 

CHAPTER 7 

CONCLUSIONS 

 Data collection methods and heat budget modeling provided meaningful insight 

into the thermal dynamics of Little Creek and Scotts Creek and their potential 

temperature response to upstream forest harvest or disturbance resulting in canopy and 

stream shading reduction. Stream temperatures, particularly mean daily maximum 

temperatures, were found to vary spatially (ranging from 14.95 to 17.91 deg. C on Little 

Creek and 16.52 to 18.67 deg. C on Scotts Creek) due to a variety of observed and 

measured cooling and heating mechanisms occurring throughout both study sites. Daily 

maximum, minimum, and average temperatures were found to be warmer for Scotts 

Creek (average daily maximum of 17.34 deg. C) compared to Little Creek (average daily 

maximum of 15.46 deg. C) likely due to differences in measured and modeled hydrologic 

conditions between the two sites and position in the stream network.  Scotts Creek has 

greater watershed area above it with potentially greater heat accumulation than Little 

Creek. 

Statistical analyses of individual heat budget component contributions to stream 

heating and cooling indicated that the magnitude and spatial frequency of subsurface-

surface water interactions, along with incoming net radiation, were the most significant 

variables in both Little Creek and Scotts Creek. The influence of net radiation and 

hyporheic exchange however varied within both study sites. While hyporheic exchange 

was found to be highly significant (p = 0.000) over all distances which temperature 

change was observed on Little Creek, net radiation became more significant with 
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increased downstream distance (p = 0.277 to 0.067 to 0.000 over the first 100, 300, and 

800 m respectively). Net radiation (p = 0.000) was highly significant over all distances in 

Scotts Creek while hyporheic exchange (p = 0.002) was significant for only the upper 

reach. Spatial discrepancies in hyporheic influence on stream temperatures in Scotts 

Creek were attributed to the lower hyporheic exchange rates and much longer average 

residence time in the lower reach (~17.6 days) compared to the upper reach (~2.5 days). 

Cooler stream temperatures measured on Little Creek and the greater dissipation of heat 

is likely attributed to the higher measured streamflow and lower average residence times 

(~0.99 hrs.). Inherent assumptions made in hydrologic modeling, including the potential 

presence of lateral subsurface inflow and other transient storage factors, creates 

uncertainty in hyporheic exchange rate estimates, but serve as a useful metric in 

computing and evaluating the relative influence of hyporheic fluxes on stream 

temperatures relative to other heat budget variables. 

Accurate or representative depictions of hyporheic and groundwater fluxes are 

particularly important in systems like Little Creek with channel morphological 

characteristics that promote more subsurface-surface water interactions. Stream aspect 

ratio was a highly significant predictor (p = 0.001) of daily maximum temperatures in 

Little Creek but not on Scotts Creek (p = 0.760). The difference in the significance of 

aspect ratio is likely linked to the hydrologic characteristics of the two creeks including 

rates of concentrated upwelling and downwelling. More detailed analyses of physical 

channel characteristics, coupled with hydrologic measurements made at higher spatial 

resolutions, could provide more insight into the predictive power of physical channel 

measurements on stream temperatures.     
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The development of a comprehensive heat budget model provided pertinent 

predictions in downstream temperature response to potential upstream forest harvest. 

Modeling results from stream shade reductions indicated daily maximum temperature 

increases of 2.16 deg. C in Little Creek and 3.30 deg. C in Scotts Creek immediately 

downstream of the hypothetical harvested reaches and indicated decreased impacts with 

increased downstream distance of the harvested reaches (1.62 and 3.11 deg. C for Little 

Creek and Scotts Creek respectively). Daily average and minimum temperatures only 

deviated by a maximum of +/- 0.65 deg. C for both study sites. Modeled results from 

potential increases in groundwater inflows following hypothetical canopy reduction 

scenarios, where groundwater inflow was negligible or nonexistent under current 

conditions, reduced daily maximum temperatures by upwards of 2.27 deg. C in Scotts 

Creek and 1.03 deg. C in Little Creek from daily maximum temperatures modeled under 

the 100% shade reduction scenario. 

Hydrologic characteristics of Little Creek and Scotts Creek were significant 

variables in the magnitude and distribution of stream temperatures and helped explain the 

spatial variability of daily maximum temperatures between and within study sites. 

Temperature observations and modeling over longer time periods would provide more 

insight into persistence and potential recovery of stream temperature impacts following 

forest harvest. Observations of stream temperatures following forest harvest, ecological 

restoration, or other landscape disturbance would also be necessary to confirm or 

potentially validate modeling results from this study. Nevertheless, predicted stream 

temperature responses to near stream canopy reductions from this study provides 

pertinent information to land managers and policy-decision makers in the assessment of 
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potential impacts and development of adaptive management strategies for Little Creek 

and Scotts Creek.     
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