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ABSTRACT 

GROUNDWATER-SURFACE WATER INTERACTIONS AND THERMAL REGIME IN 

CLYTHE CREEK, GUELPH, ONTARIO: THREATS AND OPPORTUNITIES FOR 

RESTORATION 

 

 

Hailey E. Ashworth       Advisor:     

University of Guelph, 2012      Dr. Andrea Bradford 

 

Groundwater is an important source of baseflow. Baseflow supports minimum flows and living 

area through dry periods, and moderates surface water temperature. The reductions in baseflow 

after urbanization can cause degradation of the stream ecosystem. The purpose of this study was 

to investigate the groundwater-surface water interaction and thermal regime of Clythe Creek, 

Guelph to illustrate the importance of groundwater/streamflow interaction in determining the 

health of a stream ecosystem. Piezometers were used to quantify vertical and lateral groundwater 

flow direction, and surface water temperature measurements were used to characterize and 

quantify the thermal regime. Groundwater-surface water interaction varied both temporally and 

spatially between the two geomorphic units. Average summer surface water temperatures were 

consistently cooler in the downstream portion of the study reach. The importance of 

groundwater-surface water interactions in supporting stream ecosystems was concluded from this 

study, and restoration strategies to address threats from urbanization were made.   
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Chapter 1 Introduction 

Research and analysis on the effects of urbanization on the hydrology and ecology of streams has 

emphasized the effects on stormflow volumes and rates, and the associated transport of sediment, 

heat and other pollutants (Nelson et al., 2009). Less attention has been paid to the effects of 

urbanization on the groundwater systems that supply the baseflow of streams, although the 

reductions in recharge to groundwater systems caused by the large proportion of impermeable 

surfaces in urban areas is acknowledged (Jacobson, 2011). In cities such as Guelph, Ontario that 

rely on extraction of groundwater for their water supply, additional impacts on baseflow can be 

expected. 

The reductions in baseflow that can arise from changes in recharge after urbanization and from 

groundwater extraction can cause degradation of the stream ecosystem that are in addition to the 

degradation related to increased storm flows. Techniques to identify and quantify the changes in 

groundwater flow regime associated with changes in land surfaces during urbanization and with 

groundwater extraction are needed. Additional techniques are required to establish how critical 

ecological functions and linkages are affected by these changes in groundwater flow. 

Quantifying the magnitude, frequency, timing and duration of stream baseflows and the 

associated shallow groundwater levels is required to understand the role these measures play in 

supporting the critical functions and linkages of a stream ecosystem.  

The hyporheic zone represents an ecotone between stream and groundwater ecosystems, and 

exhibits hydrological, chemical and biological characteristics of both the groundwater and 
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surface water environment (White, 1993; Hancock et al., 2005). The stream hyporheic zone can 

be defined as the subsurface below and adjacent to a stream channel where surface and 

groundwater mix (Bencala, 2000). Hyporheic zones are therefore important components of 

stream systems, and similar to other stream habitats, have suffered degradation from human 

impacts.  

The City of Guelph, Ontario is a community that obtains all its water supply from groundwater 

sources. Guelph’s two rivers (Speed and Eramosa), along with their tributaries, also rely on these 

groundwater sources for the baseflow that sustains their aquatic ecosystem. Through an increase 

in understanding of the relationship of groundwater to streams and wetlands, the hydrological 

and associated ecological functions of these two rivers and their tributaries can be better 

understood. This understanding will allow for water quality and quantity targets to be set, and 

management options selected, to maintain and enhance the aquatic ecosystem.  

The research reported on in this study used Clythe Creek as a representative stream. Clythe 

Creek is a tributary of the Eramosa River located in the north east portion of the City of Guelph. 

Land use in the portion of the Clythe Creek sub-watershed outside the city is dominated by 

agriculture; however, urban development is expanding in the lower region of the sub-watershed. 

The Eramosa-Blue Springs Watershed Study (Beak and Aquafor Beech, 1999) has identified 

Clythe Creek as the most impacted tributary of the Eramosa River due to channel alteration and 

erosion, removal of riparian vegetation and online ponds and weirs. Originally a cold water 

stream, Clythe Creek has been degraded over time through the impact of stormwater 

management ponds and online ponds, agriculture practices, the installation of flow control 



3 

 

structures and numerous channel alterations. These changes have disrupted the stream’s natural 

flow and thermal regimes.  

The purpose of this study was to investigate the groundwater-surface water interaction and 

thermal regime of Clythe Creek to illustrate the importance of groundwater/streamflow 

interaction in determining the health of a stream ecosystem. The information collected will be 

used to identify potential restoration projects and stewardship activities to improve the coldwater 

habitat in Clythe Creek.  

The objectives of this study were to: 

1. test the capability of existing techniques of measurement and analysis to characterize and 

quantify groundwater-surface water interaction and the thermal regime of Clythe Creek; 

2. identify the threats and the magnitude of their impact on groundwater-surface water 

interaction and thermal regime;  

3. assess the field techniques and analysis used, and their reliability in identifying and 

quantifying groundwater-surface water interactions and thermal regime in a stream 

environment; and 

4. explore restoration opportunities to improve or enhance the groundwater-surface water 

interaction and thermal regime of Clythe Creek. 

 

The structure of the thesis consists of seven chapters as follows: 

Chapter 2 presents background theory on groundwater-surface water interaction and methods 

used to identify and quantify groundwater-surface water interaction. The influence of 
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groundwater-surface water interaction and the effects of urbanization on the thermal regime of 

both streams and wetlands are reviewed.    

Chapter 3 covers the study methodology including: characterization of the study site, field data 

collection and data analysis methods. Chapter 4 presents the results of the field methods, and 

Chapter 5 provides a discussion of these results. Threats are identified and the magnitude of their 

impacts on temperature and the groundwater-surface water interactions are assessed. Appropriate 

restoration strategies to improve the aquatic ecosystem are proposed. A summary of the major 

conclusions are presented in Chapter 6, along with recommendations for future research in this 

field of study. References are provided in Chapter 7.   
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Chapter 2 Literature Review 

2.1 GW-SW Interaction 

2.1.1 Relationship of Groundwater with Streams 

Sources of stream flow include direct precipitation on the stream channel, surface and near-

surface runoff over land surfaces into the stream channel and groundwater discharge (Striz and 

Mayer, 2008). Streams can be directly hydraulically connected to the saturated (groundwater) 

flow system or separated from the groundwater system by an unsaturated (vadose) zone, as 

illustrated in Figure 2.1.1. When a stream is separated from the saturated groundwater system, it 

will lose water to the unsaturated zone and most or all of this water will percolate down to the 

saturated zone.  Streams directly connected to the groundwater system will gain water if the 

adjacent water table is higher than the water level in the stream, (as illustrated in Fig 2.1.1) or 

lose water to the groundwater system if the adjacent water table is lower than the water level in 

the stream (not illustrated). 
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Figure 2.1.1: Connected and disconnected stream with the underlying aquifer, adapted after 

Winter et al. (1998).  

 

The interaction of hydraulically-connected streams with groundwater is complicated by 

longitudinal and temporal changes. A single stream can gain water from the groundwater system 

in some reaches, lose water to the groundwater system in others, in addition reach characteristics 

can change over time. Movement of groundwater within the vicinity of a stream can occur both 

laterally and vertically. Factors such as the stream channel pattern, surficial geology, and 

streambed composition influence the magnitude of the exchange between groundwater and 

surface water features (Hayashi and Rosenberry, 2002). The groundwater – surface water 

interaction (GSI) in streams is generally defined as the exchange of groundwater and surface 

water at several temporal and spatial scales (Winter et al., 1998). 

A) B) 
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2.1.1.1 Losing vs. Gaining Reaches 

Streams that gain water from groundwater are referred to as gaining streams. In gaining streams, 

the water surface in the stream is below the elevation of the potentiometric surface of the 

adjacent groundwater. In losing streams, the elevation of the potentiometric surface of the 

adjacent groundwater is lower than the water surface in the stream. Losing streams lose surface 

water to the groundwater system. Figure 2.1.1.1 illustrates the use of piezometers to ascertain the 

direction of the vertical component of groundwater exchange. The height to which water rises 

within the piezometer indicates the elevation of the potentiometric surface at the intake (slotted 

portion) of the piezometer.  

Gaining and losing streams can also be under the influence of lateral groundwater flow. If the 

adjacent groundwater table elevation is above the elevation of the water surface in the channel, 

groundwater will flow towards the stream. Groundwater flow direction can vary greatly along 

the length of a channel, with alternating gaining and losing reaches commonly occurring.  

 

 

Figure 1.1.1.1: Use of a piezometer to identify a gaining and losing section of the stream. 
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Groundwater flow direction can change over short time scales as a result of individual storms 

causing focused recharge near the streambank, temporary flood peaks moving down the channel, 

or transpiration of ground water by streamside vegetation (Winter et al., 1998). 

Bank storage is the process of stream water moving into the banks, which occurs in response to 

high stream stage associated with heavy precipitation events, rapid snowmelt, or release of water 

from a reservoir upstream (Winter et al., 1998). The loss of stream water to bank storage tends to 

reduce flood peaks and the later return of this water to the stream supplements flows (Winter et 

al., 1998). If a rise in stream stage is sufficient to overtop the banks and flood large areas of the 

floodplain, additional groundwater recharge to the water table can occur. The time it takes for the 

floodplain recharge to return to the stream through groundwater discharge is significantly greater 

than that for the return of stored bank water. This is due to the longer flow path from the 

floodplain to the stream (Winter et al,. 1998). Water may also exit and re-enter stream beds and 

banks through near-stream paths (Winter et al., 1998). 

 

2.1.1.2 Hyporheic Zone 

The stream hyporheic zone can be defined as the subsurface below and adjacent to a stream 

channel where surface and groundwater mix (Bencala, 2000). Hyporheic exchange is the process 

of stream water entering the hyporheic zone, traveling relatively short distances (centimeter to 

meter scale), and returning to the stream (Bencala, 2000). Often described as an ecotone (Vervier 

et al., 1992; Hancock et al., 2005), the hyporheic zone exhibits hydrological, chemical and 
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biological characteristics of both the groundwater and surface water environment (White, 1993; 

Hancock et al., 2005). Due to the heterogeneous nature of the sediment matrix and discharge 

variability, the characteristics of the hyporheic zone vary in space and time. 

 

Hyporheic exchange facilitates the mass transfer of dissolved solutes and particulate matter 

between the stream and the streambed, and supports the transformation and retention of 

nutrients, organic matter, and trace metals (Bencala, 2000). The hyporheic zone can act as both a 

sink, by temporarily trapping chemicals; and as a source of nutrients, which are derived from the 

biogeochemical activity in the hyporheic environment (Bencala, 2000).  

 

Hyporheic exchanges are produced through the interaction between the stream hydrodynamics 

and a number of geomorphological features including bed forms (Hester and Doyle, 2008), 

channel morphological features (Wondzell, 2006), riverbed slope/land surface topography 

(Bencala, 2000), gravel bars and meandering stream channels (Kasahara and Wondzell, 2003). 

The rate and scale at which stream water cycles through the hyporheic zone is controlled by the 

stream geomorphology, streambed hydraulic conductivity and stream flow velocity (Packman 

and Salehin, 2003).   

Vertical hyporheic exchange can be induced by a number of factors such as (Hester and Doyle, 

2008): 

1. Hydraulic gradients created by local steepening of the channel slope relative to the 

average reach channel slope. These gradients drive advective pore water flow into, 
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through, and out of the bed (Savant et al., 1987). Examples include: riffle crests and 

steps, debris dams, logs, boulders and bars.  

2. Substrate heterogeneity created by obstacles within the streambed. Examples could be 

areas of lower hydraulic conductivity or shallower bedrock. These features induce 

upwelling upstream and down welling downstream of the subsurface obstruction.  

3. Areas of turbulent water can create gradients across the bed where flowing water enters 

into the subsurface.  

4. The exchange of water as a bed form migrates in a channel, which traps and releases 

water. 

Physical variables including bed form pattern, size and longitudinal spacing down a stream, as 

well as channel sinuosity, may have important implications for understanding how the process of 

hyporheic exchange flow is controlled in different geomorphic settings (Anderson, 2002). For 

example, bed form pattern may be responsible for controlling the locations of hyporheic 

exchange in a stream, Figure 2.1.1.2. The size of the bed features can serve as an indicator of the 

magnitude of exchange potential between the stream and the hyporheic zone. Bed form spacing 

may determine the scale of a hyporheic flow path along the length of a stream reach (Anderson, 

2002).  
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Figure 2.1.1.2: Exchange flows, adapted after Grieg et al., (2007).   

 

Channel sinuosity drives hyporheic exchange in the lateral direction. In a meandering river, 

hyporheic exchange tends to occur along subsurface flowpaths through a meander neck and the 

degree of exchange is generally controlled by the river planimetry (Boano et al., 2006). Pressure 

gradients develop between opposite banks of the same meander, which drive stream water into 

the subsurface (Boano et al., 2006). The exchange with the hyporheic zone tends to increase with 

the growth in meander length, and decreases as a result of reduced river sinuosity, such as with 

meander cutoffs and the development of oxbow lakes (Boano et al., 2006).  
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The size and slope of a channel can also influence the location and magnitude of hyporheic 

exchange flows. In small order streams, with steep and narrow channels, hyporheic exchange 

flows are dominantly controlled by pool-step and pool-riffle sequences (Kasahara and Wondzell, 

2003). In contrast, low gradients and wide channels provide space for fluvial processes to build 

complex channel morphologies such as meander bends, channel splits and island bars that drive 

hyporheic exchange flows (Kasahara and Wondzell, 2003).  

 

Hyporheic residence time is determined by a combination of saturated hydraulic conductivity, 

hydraulic gradient, and flow path length. Short hyporheic flow paths (centimeter to meter scale) 

may be influenced by streambed roughness features, such as step-pool features in small ordered 

streams (Edwards, 1998). Hyporheic flow paths around a step-pool feature tend to have short 

flow paths because they create large hydraulic gradients within the channel. Longer hyporheic 

flow paths (tens of meters scale) are influenced by larger stream geomorphic features that exist 

within the stream reach, such as riffle-pool sequences, stream meanders, point bars, and 

secondary channels (Edwards, 1998). For example the steepest hydraulic gradients for longer 

hyporheic flow paths tend to be located at the riffle crest of island bars that split two channels 

(Kasahara and Wondzell, 2003). The size of hyporheic flow paths and water fluxes through them 

tend to fluctuate in response to seasonal variations in groundwater levels, changes in stream 

stage and velocity, and small changes in groundwater level caused by evapotranspirat ion 

(Harvey and Wagner, 2000).  
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2.1.2 Relationship of Groundwater with Wetlands 

Wetlands are transitional between terrestrial and surface water aquatic ecosystems, and are 

usually found between uplands and aquatic systems (Mitsch and Gosselink, 2000). The 

interaction between groundwater and surface water is a common phenomenon in wetlands. 

Groundwater recharge has been recognized as an important function of some wetlands (Gerla 

and Matheney, 1996). Many wetlands exist because of groundwater discharge. The recharge-

discharge function of most wetlands is likely to vary both temporally and spatially. At different 

times and places within a wetland dependent on discharge, recharge may also occur (Gerla and 

Matheney, 1996). The direction of subsurface flow in the vicinity of wetlands may reverse 

several times seasonally.  

 

A wetland’s interaction with groundwater and the relative proportions of surface and 

groundwater inputs are governed by its position within the groundwater flow system, the 

hydrogeologic characteristics of the surrounding soil and rock material, and the climatic setting 

(Winter et al., 1998; Sophocleous, 2002). In regions of deeper glacial deposits, such as the Great 

Lakes regions of southern Ontario, groundwater interactions are influenced by topography and 

substrate grain size distribution (Price and Waddington, 2000). Groundwater inflow results when 

the level of surface water in a wetland is lower than the local groundwater elevation (Mitsch and 

Gosselink, 2003). When the water level in a wetland is higher than the elevation of the local 

groundwater level, groundwater will flow out of the wetland. If a wetland is well above the 

groundwater table, it is referred to as perched (Mitsch and Gosselink, 2003). Within the saturated 
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zone, the flow rate of groundwater into, through and out of a wetland can be described by 

Darcy’s Law. Darcy’s Law is given as 

 

   Q = - (K)*(A)*(dh/dl)    (1) 

 

Where Q = flow rate of groundwater (m3/s) 

 K = hydraulic conductivity (m/s) 

 A = cross-sectional area perpendicular to the flow (m2) 

 dh/dl = hydraulic gradient (m/m) 

 

 

Unfortunately, there is a poor understanding of groundwater hydraulics in wetlands, in particular 

with measuring hydraulic conductivity (Mitsch and Gosselink, 2000).  

 

The movement and storage of groundwater is influenced by a number of factors, including 

hydraulic gradients, hydraulic conductivity, porosity and storativity (Carter and Novitzki, 1986). 

The hydraulic conductivity depends on soil characteristics such as type, size, shape, and packing 

of grains (Carter and Novitzki, 1986) and layering of different materials (geologic setting) as 

well as fluid properties, including viscosity and density which are both a function of temperature. 

Porosity is the fraction of a soil volume occupied by voids, and effective porosity represents the 

potential area through which water can flow (Carter and Novitzki, 1986). The storativity is a 

measure of the amount of water released from an aquifer (per unit surface area) per unit decline 

in hydraulic head (Fetter, 2001). For an unconfined aquifer, the amount of water released is 

mainly due to the change in the saturation of the pores (Fetter, 2001). 
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The primary processes that influence wetland groundwater interaction are precipitation, 

infiltration, groundwater discharge/recharge, shallow and deep groundwater flow, groundwater 

pumping, and evaporation/transpiration (Carter and Novitzki, 1986). The interaction between the 

shallow groundwater zone and the underlying regional groundwater system can influence the rate 

of shallow groundwater transport, and therefore the interaction with surface waters and wetlands. 

In some systems, a confining layer exists that separates the shallow and deep groundwater zones 

(Carter and Novitzki, 1986). In other systems, hydraulically coupled aquifers can exhibit upward 

or downward flow depending on the relative hydraulic heads and spatial variations in soil and 

sediment properties (Carter and Novitzki, 1986). Transpiration results from root uptake by plants 

and the subsequent loss through leaf surfaces (Carter and Novitzki, 1986). Over extended dry 

periods, transpiration can cause a drop in the water table as far as the deep root zone of the 

wetland vegetation (Carter and Novitzki, 1986). The collection of data that primarily influence 

wetland groundwater interactions is required to accurately determine to overall water budget of a 

wetland.   

 

The hydroperiod of a wetland is the seasonal pattern of the water level. It defines the rise and fall 

of a wetlands surface and subsurface water (Mitsch and Gosselink, 2000). The hydroperiod is an 

integration of all inflows and outflows of water within the wetland (Mitsch and Gosselink, 2000). 

Water levels for interior wetlands vary considerably from year to year, in response to climate 

variability and groundwater influences. Water levels in most wetlands are normally not stable but 

fluctuate seasonally, daily, semi-daily or randomly (Mitsch and Gosselink, 2000). The greatest 
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fluctuation in wetland hydroperiod tends to occur in riverine wetlands that are under the 

influence of periodic flooding (Mitsch and Gosselink, 2000).   

2.1.3 Factors Affecting Groundwater Flow and Flux 

The movement of surface water and groundwater is controlled to a large extent by topography 

and the geologic framework of an area (Winter, 1999). The contributions of water to and the loss 

of water from the earth’s surface are controlled by climate (Winter, 1999). There are three main 

outside forces acting on groundwater. The first is gravity, which pulls groundwater downward 

(Fetter, 2001). The second force is external pressure, which includes atmospheric pressure and 

the weight of overlying water that creates pressure in the saturation zone (Fetter, 2001). The third 

force is molecular attraction, which causes water to adhere or adsorb to the surface of solid 

particles (Fetter, 2001). Groundwater flows from high to low hydraulic head, and the hydraulic 

gradient is determined by the slope of the groundwater surface. The rate of flow is determined by 

the hydraulic gradient and the hydraulic conductivity of the porous media.  

The boundary of a shallow groundwater flow system is the water table (Winter, 1999). The 

configuration of the water table continuously changes in response to recharge to and discharge 

from the groundwater system (Winter, 1999). Complex groundwater – surface water interactions 

can develop in the vicinity of surface water features where the groundwater table is near surface 

(Winter, 1999). Temperature, permeability and geological setting control the rate of groundwater 

movement and the nature of groundwater – surface water interactions.  
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2.1.3.1 Geological Setting  

It has been found that geology exerts a strong control on shallow groundwater discharge to 

streams (Bellino, 2009). Geological setting is important as the lithology of the local landscape 

determines the stream bed location relative to the geologic layers. The geologic layers define the 

conductivity of the sediments, with low conductivities limiting exchange and high conductivities 

enhancing exchange (Bellino, 2009). For example, if a stream is situated in highly conductive 

alluvial sediments such as sands and gravels, water will exchange easily in these zones, given the 

appropriate fluvial conditions. If fractures or other preferential flow features are present, 

groundwater-surface water interaction (GSI) may also be enhanced. If a stream is situated in silt, 

clays or incising into rock, near-stream GSI may be limited by these non-conductive sediments 

(Bellino, 2009).  

2.1.3.2 Temperature  

The temperature of stream surface water has been found to control the rate of groundwater 

recharge through the streambed (Constantz, 1998). Rorabough (1963) demonstrated that the 

seasonal increases in groundwater recharge through the streambed during the summer were 

entirely predicted by the expected influence of temperature on the hydraulic conductivity of the 

streambed. The viscosity and density of water are temperature dependent and thus the hydraulic 

conductivity of the streambed varies with temperature. Small streams, which have large 

variations in daily stream temperature, tend to have large changes in streambed hydraulic 

conductivity (Constantz, 1998). Compared to cold water, warm water is less viscous and 

increases the rate at which water flows through the streambed and alluvial material. Recharge 
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rates of stream water through the streambed tend to increase during the summer when stream 

water is warm and will decrease during the winter under similar hydraulic conditions 

(Rorabough, 1963). A study performed by Constantz et al. (1994) demonstrated that the diurnal 

variation in stream temperature was the main mechanism causing diurnal variations in 

streamflow losses to the underlying aquifer.  

In gaining reaches, unlike loosing reaches, stream temperature has a negligible effect on the 

streambed hydraulic conductivity.  The advection of heat in discharging groundwater will 

dominate over the conduction of heat down into the streambed (Silliman et al., 1995).      

 

2.1.3.3 Permeability  

The hydraulic conductivity of a porous media is a function of the properties of the fluid flowing 

through it, but also the properties of the porous media. In freshwater systems, the latter is usually 

emphasized and the intrinsic permeability is a term that represents the properties of the porous 

media alone. The permeability of the upper layer of the streambed is an important variable in 

regards to the exchange processes between groundwater and surface water within streams and 

wetlands. The permeability of the hyporheic zone depends on the permeability of the sediment 

layers (Brunke and Gonser, 1997). The hydraulic conductivity of the streambed influences water 

and solute exchange between streams and surrounding groundwater systems.  The streambed has 

traditionally been represented as a layer of uniform thickness and low saturated hydraulic 

conductivity in most studies related to surface and groundwater interactions (Boulton et al., 

1998). In recent years, hydrogeologists and ecologists have increasingly recognized that 
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subsurface properties of natural streambeds have a high degree of spatial variability (Boulton et 

al., 1998; Sophocleous, 2002. Hydraulic conductivity of the streambed can also be affected by a 

clogging layer, in which the top layer of the streambed is covered by a layer of sediment 

(Blaschke et al., 2003). Clogged sediments are characterized by a low pore space and a high 

stability against increasing discharge (high degree of “packing”) (Blaschke et al., 2003). 

Therefore, clogging can reduce the permeability in the top part of the streambed and thus 

obstruct interactions between surface water and groundwater (Blaschke et al., 2003). 

Determination of streambed hydraulic conductivity is important for studies designed to 

determine base flow; to quantify the impacts of pumping wells on stream flow; to simulate 

regional ground water flow balances and to quantify solute transport between groundwater and 

surface water (Brunke and Gonser, 1997).  

 

2.1.4 Methods used to Identify and Quantify Groundwater-Surface Water 
Interactions 

 

Efforts to develop practical methods to quantify and understand the physical factors influencing 

GSI have been made. However, the accuracy of these methods is unclear due to the inherent 

complexity of the multiple temporal and spatial scales of interactions. Current methods available 

to characterize and measure near-stream GSI include seepage measurements, flow and 

temperature surveys, stream and ground water level measurements, numerical flow and heat 

modeling, and stream and subsurface tracer studies (Harvey and Wagner, 2000; Kalbus et al., 

2006).    
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2.1.4.1 Seepage Meters 

Direct measurements of water flux across the groundwater – surface water interface can be made 

using seepage meters. Seepage meters are based on the principle of isolating a part of the 

groundwater – surface water interface with a chamber open at the bottom. The water flow rate 

through an outlet tube is recorded and the discharge is calculated (Kalbus et al., 2006). The 

fluxes measured with a seepage meter cannot be distinguished as groundwater discharge, shallow 

throughflow or hyporheic exchange flows (Kalbus et al., 2006). Another disadvantage is that 

seepage meters cannot be easily installed in cobble streambeds.   

2.1.4.2 Temperature  

The difference in temperature between groundwater and surface water can be used to 

characterize groundwater discharge or recharge zones and quantify water fluxes at the 

groundwater – surface water interface (Kalbus et al., 2006). Temperature surveys are expected to 

indicate areas of ground water discharge at times of the year when surface- and ground water 

temperatures are distinct. A set of techniques to quantify GSI include stream and ground water 

temperature monitoring and heat modeling. Silliman and Booth (1993) and Constantz (1998) 

provided some of the first examples of the use of temperature measurements to identify losing 

and gaining portions of streams. Silliman et al. (1995) provided mathematical formulae to 

quantify flux across the streambed for one-dimensional flow using measured temperatures. 

Conant (2004) used ground water levels and mapped streambed temperature to quantify stream 

bed GSI. Becker et al. (2004) quantified ground water discharge using stream flow 
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measurements, stream temperature surveys and heat transport modeling of temperature gradients 

below the stream bed. 

 

Temperature surveys can locate losing and gaining portions of streams. Vertical temperature 

profiles can be used to produce quantitative estimates of ground water discharge or recharge. 

Gaining reaches are identified by relatively stable streambed temperatures and moderate diurnal 

variations in surface water temperatures, whereas losing reaches are characterized by highly 

variable streambed and surface water temperatures (Winter et al., 1998). This allows the 

identification of the general nature of the flow regime by recording temperature time series in the 

stream and the streambed (Kalbus et al., 2006). Heat transport in the streambed is a combination 

of advective heat transport (i.e., heat transport by the flowing water) and conductive heat 

transport (i.e., heat transport by heat conduction through the solid and fluid phase of the 

sediment). It can be expressed by a heat transport equation (e.g. Domenico and Schwartz, 1998) 

and seepage rates through the streambed can be calculated from the temperature profiles 

measured within the streambed (Constantz et al., 2002; 2003; Becker et al., 2004). 

2.1.4.3 Piezometers 

The flux of groundwater discharge into a stream can be quantified using Darcy’s law (Equation 

1). Hydraulic conductivity can be estimated using grain size analysis, laboratory testing of 

sediment permeability, slug and bail tests, pumping tests and groundwater tracers (Kalbus et al., 

2006). Piezometers are used to measure hydraulic gradients and provide a tool to detect and 

quantify patterns in groundwater-stream water exchange at nested spatial scales.    
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2.1.4.4 Stream Gauging  

Certainly the most common method of assessing groundwater discharge to streams is to separate 

a stream hydrograph into baseflow and quickflow and then assume that baseflow represents 

ground water discharge (Winter, 1999). To determine the baseflow contribution for a specific 

reach, flow gauging may be done under baseflow conditions, and an increase in flow between 

measurement points along the stream may be attributed to ground water discharge. This 

technique relies on identification of stream reaches that do not receive flows from tributaries or 

other discharges (Halford and Mayer, 2000). Stream gauging provides a lumped baseflow 

contribution for the section of stream investigated, in contrast to groundwater flux measurements 

which quantify ground water discharges at measurement points (and the spatial variability of 

discharges provided there are numerous measurements). There is uncertainty associated with 

flow measurements using stream gauging techniques and it may not be possible to quantify 

baseflow contributions, particularly where they result in a relatively small change in total flow 

within the reach of interest.  

2.1.4.5 Tracers 

Environmental tracers can be used as a method to identify locations of groundwater – surface 

water interaction within the streambed. In tracer tests, a conservative tracer, e.g. a dye, such as 

uranine, or a salt, such as calcium chloride, is introduced to a well, and the travel time for the 

tracer to arrive at a downstream observation well is recorded. Groundwater velocity can be 

computed from the travel time and distance data (Freeze and Cherry, 1979). Tracer-based 

hydrograph separation using isotopic and geochemical tracers provides information on the 
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temporal and spatial origin of streamflow components (Kendall and Caldwell, 1998). Stable 

isotopic tracers, such as stable oxygen and hydrogen isotopes, are used to distinguish rainfall 

event flow from pre-event flow, because rain water often has a different isotope composition 

than stream water (Kendall and Caldwell, 1998). Environmental tracers can also be used to 

distinguish between groundwater and surface water and can be used to identify zones of 

groundwater discharge or recharge, assuming that the differences are sufficiently large (Kendall 

and Caldwell, 1998). 

2.2  Thermal Regime 

Temperature plays a key role in the health of stream biota, both in the water column and in the 

benthic habitat of streambed sediments (Constantz, 2008). Exchanges between streams and 

shallow groundwater systems play a key role in controlling temperatures in both stream water 

and their underlying sediments. Analyses of subsurface temperature patterns can provide 

information about these exchanges.   

2.2.1 Factors Influencing the Thermal Regime in Streams 

Heat flows continuously between surface water, underlying sediments and adjacent groundwater 

(Constantz, 2008). Stream channel water temperature is determined by the interaction between 

external drivers of stream temperature, which determine heat and water delivery to the stream, 

and the internal geomorphologic structure of the stream system, which determines the stream’s 

resistance to warming or cooling (Berman and Poole, 2001). The primary controls of stream 

temperature are external climatic drivers (such as solar radiation, air temperature, and wind 
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speed), geomorphologic structure of the stream, groundwater influences, and riparian canopy 

condition (Sullivan and Adams, 1991).  

Within the stream, heat is exchanged at the air/stream surface interface and the streambed/water 

interface as a result of four heat-transfer mechanisms: radiation, conduction, convection, and 

advection (Constantz, 2008). At the air/surface water interface, heat flux occurs as a result of 

energy exchange mainly through: (i) solar radiation or net short-wave radiation; (ii) net long-

wave radiation; (iii) evaporative heat flux (evaporation); and (iv) convective heat transfer (flux 

resulting from temperature differences between the river and the atmosphere) (Caissie, 2006). A 

study performed by Webb et al. (2008) showed that net radiation (solar radiation and net long-

wave radiation) was the most important component in both heat gain and heat loss within 

streams. Riparian vegetation plays an important role in protecting a stream from temperature 

changes. It blocks incoming solar radiation, as well as incoming and outgoing long-wave 

radiation, and reduces wind speed adjacent to the channel, thereby reducing heat exchange 

between the water surface and the atmosphere (Caissie, 2006).    

At the streambed/water interface, heat conduction occurs as diffusive molecular transfer of 

thermal energy between the surface of the streambed and the underlying sediments (Constantz, 

2008). Convective heat transfer occurs when stream water of a different temperature flows above 

the streambed. Advective heat transfer is the exchange of heat within the streambed through 

groundwater contribution and hyporheic exchange (Constantz, 2008). Figure 2.2.1 shows a 

schematic of these interactions. The use of heat as a tracer of streambed water exchanges is 

normally focused on heat advection through the streambed sediments (Constantz, 2008).  
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. 

Figure 2.2.1: Longitudinal view of a stream and streambed with the four significant heat transfer 
mechanisms depicted passing over or through the streambed, adapted after Constantz (2008).  

 

Generally, streambed heat fluxes cool streams during summer months and release heat 

throughout the winter months (Caissie, 2006). In a study comparing heat exchange at the 

air/water surface interface to that of the streambed/water interface, Evans et al. (1998) found that 

82% of the energy exchange occurred at the air/water interface and approximately 18% at the 

streambed/water interface and by other processes. This limited data suggests that heat exchange 

occurs mainly at the air/water interface. It is fair to assume this statement is true for larger 

streams, mainly due to less shading and sheltering by riparian vegetation. However, the relative 

importance of streambed heat fluxes in very small streams may be much more significant 

(Caissie, 2006).  



26 

 

2.2.1.1  Hyporheic Exchange and Thermal Regime 

An important function of the hyporheic zone is its ability to act as a stream temperature buffer. 

Without stream channel insulating and buffering influences, streams will rapidly trend towards 

atmospheric temperatures (Berman and Poole, 2001). In summer months, this could result in 

stream water temperatures exceeding the thermal threshold of many aquatic organisms.  

Buffering processes within a stream channel function by storing heat already in the stream and 

releasing it at a later time (Berman and Poole, 2001). The stream channel pattern, bedform 

morphology, streambed heterogeneity, alluvial aquifer structure, and streamflow variability 

determine the magnitude of hyporheic flow in a stream and its ability to buffer stream water 

temperature (Berman and Poole, 2001).  As warm stream water moves through the hyporheic 

zone it dissipates heat, mixes with colder groundwater, and may return to the stream cooler than 

when it originally entered the hyporheic zone, thus acting as a regulator of stream water 

temperature (Winter et al., 1998).   

2.2.2  Factors Affecting the Thermal Regime in Wetlands 

Interactions between wetlands and their environment can be related to atmospheric controls, 

groundwater inputs and the wetland plants themselves (Rouse, 2002). The atmosphere exhibits 

controls in terms of solar radiation inputs, wind, temperature and precipitation. The majority of 

processes are driven and dominated by solar radiation (Kadlec, 2006). Incoming solar radiation 

is partially reflected, with the remainder absorbed by wetland water and vegetation. Portions of 

net radiation are intercepted by the vegetative canopy and absorbed by the wetland water, driving 
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the processes of transpiration and evaporation. Air and wetland water temperatures are subject to 

both daily and annual cycles, corresponding to the cycles in solar radiation (Kadlec, 2006). 

2.2.3 Spatial and Temporal Variability 

Recently, there has been greater attention given to the effects of spatial and temporal scale on the 

thermal behaviour and heterogeneity of streams. Differences between the thermal regimes of the 

stream water and the groundwater system exist. Stream water has a large diurnal variation in 

water temperature, whereas groundwater tends to have only a slight diurnal variation, as its water 

temperatures are constant on a diurnal time scale (Constantz, 1998). At any given depth, larger 

rates of groundwater discharge to a stream lead to smaller variations in streambed temperature 

over time, while smaller discharges lead to larger variations. In a losing stream, the downward 

flow of water transports heat from the stream into the streambed, resulting in relatively large 

diurnal fluctuations in both stream and streambed temperatures (Constantz, 1998).  

It is generally observed that the mean daily water temperature increases in a downstream 

direction or as stream order increases (Caissie, 2006). Stream water is generally coldest at its 

source (headwaters) and warms downstream at a specific rate that is dependent on the stream 

size (Caissie, 2006). Although expected to be highly variable, Zwieniecki and Newton (1999) 

found stream temperature to increase at a rate of about 0.6 °C/km in the downstream direction 

within a small stream. On a small spatial scale of centimeters to meters, thermal variation has 

been attributed to hydraulic factors such as the occurrence of dead zones along the margins of 

rivers, where shallower and slower flowing water heats up more readily than that of the channel 

thalweg (Webb et al., 2008). Clark et al. (1999) found that differences of up to 7° C have been 
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recorded between the shallows close to the bank and the main flow of a stream in central 

England.      

In the temporal dimension, water temperature varies with both a daily and annual cycle. On an 

annual scale, stream temperatures follow a sinusoidal shape, with the peak occurring in late 

summer. The peak in stream water temperature in the summer is attributed to strong solar 

heating, high atmospheric temperatures and low streamflows (Webb et al., 2008). Daily 

fluctuations tend to follow a trend in which water temperatures reach a daily minimum in the 

early morning (at sunrise) and a maximum in late afternoon to early evening (Caissie, 2006). 

Streams that are less dominated by groundwater discharge and more exposed to meteorological 

conditions tend to have large daily ranges between their maximum and minimum temperatures. 

Depth and width of a stream also play a role in the range of maximum and minimum stream 

water temperatures. Wide and shallow streams are more likely to follow the cyclic diurnal air 

temperature pattern and have the largest daily range in temperature due to the relative ly large 

surface area exposed to the atmosphere. In contrast, narrow and deep streams tend to have 

smaller ranges, due to the smaller surface area exposed to the atmosphere for a similar volume of 

fluid (Caissie 2006).    

2.2.4 Methods used to Measure the Thermal Regime and Variability 

Thermal regimes in streams are often assessed by using direct measurements of temperature 

within the stream over a period of time (Stoneman and Jones, 1996). This usually requires 

continuous monitoring of stream temperatures using some combination of max-min 

thermometers, digital data loggers, thermocouples, thermistors, fibre optics and mechanical 
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thermographs. High frequency monitoring of stream temperature (hourly or every 10–20 min) is 

preferred, as this approach allows data to be used for a variety of purposes. It is also 

recommended to measure conditions in the river’s immediate environment that may affect water 

temperatures such as air temperature, wind speed, humidity level, and solar radiation (Stoneman 

and Jones, 1996).  

Stream temperature will exhibit variation in time and space (longitudinally, vertically, and 

laterally), to different degrees. Depending upon the objectives of a study, temperature 

measurements may need to be taken at a variety of locations within a stream reach, and at a 

range of time scales to capture this variability.  

Heat movement between surface water and groundwater is another important control on a 

stream’s thermal regime. Streambed temperature surveys can be used to indicate areas of 

groundwater discharge at times of the year when surface and groundwater temperatures are in 

contrast. Temperature sensors are typically buried between 50 cm and 3 m deep in the streambed 

at various intervals. A temperature signal indicates whether groundwater is seeping into the 

stream and thus whether heat is being exchanged with the streambed. Temperature patterns can 

immediately indicate location of gaining and losing sections within the channel (Constantz, 

2008).  If the input of heat from groundwater is significant in comparison to the heat exchange at 

the stream water surface, then stream temperature can be used as an approximate evaluation of 

groundwater discharge in the stream (Becker et al., 2004).  
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2.3 Ecological Significance of the Groundwater-Surface Water Interaction 

and Thermal Regime 

2.3.1 GW Flux 

Flow in streams that continues during dry periods is referred to as baseflow. Groundwater can be 

an important source of baseflow which is critical for the maintenance of various aquatic species 

(Blackport Hydrogeology Inc., 2009). Studies have shown that groundwater discharge can be a 

significant factor in the quality of fish habitat and biological productivity of a stream (Alexander 

and Caissie, 2003). Groundwater discharge tends to stabilize flow, moderate stream water 

temperature, and sustain refuge areas for aquatic species (Alexander and Caissie, 2003). In 

summer, groundwater discharge areas provide protection for fish species otherwise exposed to 

temperatures approaching their upper thermal limits (Hayashi and Rosenberry 2002). 

Groundwater discharge also maintains minimum flows and living area through dry periods when 

the evapotranspiration exceeds precipitation (Power et al., 1999). It also dampens daily 

fluctuations in temperature, slows and limits seasonal warming, allows for higher dissolved 

oxygen concentrations and delays cooling in autumn (Power et al., 1999). Groundwater 

discharge zones also protect redds from potential freezing and infiltrating surface water, and 

provide an over-wintering habitat for aquatic species, creating ideal spawning and incubation 

zones for fish (Curry and Noaks, 1995).  

2.3.2 Hyporheic Flux 

Hyporheic exchange is responsible for the transformation and retention of nutrients, organic 

matter and traces metals within the hyporheic zone and is important for stream ecosystem 
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functioning (Kasahara and Hill, 2006). The hyporheic zone is also a critical habitat for benthic 

invertebrates and provides preferential spawning gravels for salmonid species (Kasahara and 

Hill, 2006). Salmonid eggs are commonly incubated in gravel beds where hyporheic exchange is 

actively occurring. Hyporheic flows supply dissolved oxygen and regulate temperatures 

providing favorable conditions for egg development (Geist and Dauble, 1998). The hyporheic 

zone offers protection to aquatic organisms against high discharge, desiccation and extreme 

temperatures (Brunke and Gonser, 1997). Hyporheic flows can create localized cool zones, 

which can offer thermal refuge for cold-water species during high temperatures. Hyporheic 

zones tend to create ideal habitats for benthic insects; in addition to providing favorable 

dissolved oxygen and temperature conditions, they provide stable support and refuge against 

strong currents and bed movement (Brunke and Gonser, 1997).   

2.3.3 Temperature 

Water temperature has been considered one of the most important factors in the distribution, 

growth and survival of fish and other aquatic organisms (Bartholow, 1989; Holmes and Regier, 

1990; LeBlanc et al., 1997). Temperature regimes are thought to influence migration patterns, 

incubation success, and resistance to parasites, diseases, and pollutants (Holmes and Regier, 

1990). Water temperature also influences the rates of in-stream chemical reactions and a stream’s 

aesthetic and sanitary characteristics (LeBlanc et al., 1997). Stream temperature directly 

influences the metabolic rates, and functions of aquatic species and helps to determine rates of 

nutrient cycling and productivity (Berman and Poole, 2001).  
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Chronic/long-term or short stochastic thermal conditions or events can have a significant 

ecological impact on an aquatic ecosystem. Seasonal variation in stream temperature creates 

predictable patterns of thermal variation that encourage aquatic species to make use of different 

habitats at different times of the year (Poole et al., 2001). Daily fluctuations in stream 

temperature often follow daily fluctuations in solar heating, where afternoon water temperatures 

may reach lethal temperatures. Aquatic species have adapted to this predictable pattern by 

seeking refuge in cold water pockets or migrating and feeding at night (Poole et al., 2001). 

Spatial variation in water temperature between stream segments occurs in most stream systems.  

This creates patterns of alternating warm and cool water along a stream’s profile. Thus, within a 

stream reach, thermal variability allows individual fish and other aquatic species to select 

optimal water temperatures for growth, foraging, or other activities on a daily or even hourly 

basis (Pool et al., 2001). 

Brook trout and other salmonids are among the fish most sensitive to water temperature changes 

(Jones and Hunt, 2009). Trout and salmon have been observed to generally avoid water 

temperatures in excess of 21°C (Coutant, 1977).  Brook trout thrive in water temperatures 

<18.30C and tolerate brief periods of up to 22.20C; optimum growth occurs between 12.80C and 

18.30C (Raleigh, 1982). Exposure to temperatures of 24.10C or greater for only a few hours is 

usually lethal (Flick, 1991). The critical thermal maxima, i.e., the temperature at which death is 

imminent, ranges from 32 to 40°C for most North American freshwater fish species (Beitinger et 

al., 2000). 

Stream temperature and the concentration of dissolved oxygen (DO) in water are important and 

traditional measures of water quality, especially for coldwater fish species such as salmonids 
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(Ice, 2008). Dissolved oxygen originates from the atmosphere and from photosynthesis by 

aquatic plants and is depleted through chemical oxidation and respiration by aquatic animals and 

microorganisms. Oxygen depletion mostly occurs during the decomposition of plant biomass and 

other organic material (Ice, 2008). The amount of oxygen that dissolves in water can vary in 

daily and seasonal patterns, and decreases with higher temperature, salinity, and elevation. The 

maximum solubility of oxygen in water at 1 atm pressure (standard air pressure at sea level) 

ranges from about 15 mg/L at 0ºC to 8 mg/L at 30ºC (Wetzel, 2001). Cold water can hold almost 

double the amount of dissolved oxygen in comparison to warm water because warmer water 

becomes "oxygen saturated" more easily. As water becomes warmer it can hold less and less 

dissolved oxygen, therefore during the summer months, the total amount of oxygen present in 

stream water may be limited by temperature. 

2.4 Urbanization Impacts on the Thermal Regime and GW-SW Interaction  

Threats to GSI and thermal regimes include urban development, contamination from industry, 

intensive irrigation, clearing of vegetation and filling or draining of wetlands. Groundwater 

extraction by humans can disrupt the hydrologic cycle. It lowers and alters the natural variability 

of groundwater levels which, in turn, alters the amount and timing of groundwater discharge to 

surface water features. Urbanization has the potential to cause an increase in daily stream 

temperature maximums and ranges at critical times, due to stream impoundments (Webb et al., 

2008), loss of riparian canopy cover and stream shading (Burton and Likens, 1973), widening of 

stream channels, increased thermal discharges including runoff from paved areas (Nelson and 

Palmer, 2007), and loss of infiltration needed to sustain contributions from cooler groundwater.  
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Abrupt changes in water temperature can increase stress on aquatic organisms which can lead to 

physiological changes. In addition, permanent shifts in stream temperature regimes can render 

formerly suitable habitat unusable for native species (Berman and Poole, 2001). Unfortunately, 

over time humans have significantly altered the structure of stream systems and the physical 

context through which they flow. As stream structure and land use changes, the processes that 

drive and control stream temperature are altered. Because of the ecological importance of stream 

temperature, preventing or mitigating anthropogenic thermal degradation is a common concern 

for resource managers (Berman and Poole, 2001).  

 Groundwater pumping near a stream affects stream temperature by reducing groundwater 

discharge to the stream for gaining reaches, increasing stream loss in losing reaches, or 

converting gaining reaches to losing reaches (Risley et al., 2010). A reduction in stream flow as a 

result of reduced groundwater discharge can prevent fish from moving freely throughout the 

length of a channel and decrease the assimilative heat capacity of the stream, resulting in an 

increase in the occurrence of high temperature events (Poole and Berman, 2001). In addition, the 

diminished thermal influence of groundwater in a gaining stream plays a factor in increasing 

summer and decreasing winter stream temperatures (Risley et al., 2010). 

Water releases from stream impoundments, such as dams and storm water management ponds 

can also influence a stream’s thermal regime. The effect of a large upstream impoundment on 

stream temperature can be significant due to both the thermal characteristics of the water held 

within the impoundment and the altered downstream flows (Risley et al., 2010).  Similar to lakes 

and other natural water bodies, a thermocline can develop in an impoundment water body during 

the spring and summer. The upper layers are warmed by solar radiation, while denser cooler 
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waters remain below in the hypolimnion (Risley et al., 2010). Impoundment release from dams 

for flood control typically is bottom drawn, while storm water management ponds tend to be top 

drawn. Top draws tend to discharge the warmer upper layer of the impoundment water body, 

resulting in stream reaches downstream of the dam having higher average stream temperatures in 

summer months than would have naturally occurred (Risley et al., 2010). In contrast, bottom 

drawn discharge from dams tends to release colder water, resulting in a cooler than average 

downstream stream temperature in summer months. The regulation of flows by dams also 

reduces the magnitude of hyporheic flow. For hyporheic exchange to occur and act as a 

temperature buffer, storage of water within the alluvial material must occur over time (Poole and 

Berman, 2001). Dams operated to reduce variations in the natural flow regime (flood 

management and low flow augmentation) can reduce the potential for stream water storage 

within the streambed and banks (Poole and Berman, 2001). Dams also affect hyporheic flow by 

altering the downstream morphology of the channel, such as channel down cutting and 

armouring which impedes the formation of complex channel patterns (Poole and Berman, 2001).  

 

Installations and applications such as channel straightening, diking, dredging and installation of 

rip-rap are all anthropogenic efforts to reduce the lateral migration of stream channels and 

increase channel efficiency (Poole and Berman, 2001). These modifications decrease the 

interaction of a channel with their floodplain, which eventually leads to a loss of ecological 

connectivity (Poole and Berman, 2001). Engineered channels tend to carry water more 

efficiently, which results in a decrease in the amount of water recharging into the alluvial aquifer 

and floodplain. This in turn decreases the amount of groundwater stored and subsequently 

discharged into the channel. Engineered channels also lack sinuosity in their pattern and 
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complexity in their streambed, which can lead to reduced hyporheic exchange and decreased 

connectivity between the stream and alluvial aquifer (Poole and Berman, 2001). 

Channel diversion decreases the flow passing over and through the streambed (Hancock et al., 

2005). Altered surface flows may be inadequate to sustain the erosion and deposition processes 

required to maintain pool and riffle morphology and hyporheic exchange flows through the 

streambed may be reduced (Hancock et al., 2005). A reduction in channel flow decreases the 

frequency and magnitude of flushing flows required to clear out clogged sediment within the 

interstices of the streambed.  

   

Disturbances of upland vegetation, associated with urban development and agricultural practices, 

have the potential of increasing the sediment load within a streambed (Poole and Berman, 2001). 

Increased fine sediment input reduces sediment porosity and permeability and can lead to the 

physical colmation of the heterogeneous interstices (Brunke and Gonser, 1997). Streambed 

colmation can be defined as fine sediments deposition, accumulation and infiltration into 

streambed sediments and clogging of the top layer of channel sediments (Brunke and Gonser, 

1997). Colmation may form a thin seal that disconnects surface water from hyporheic water, 

inhibiting exchange processes. As interstices within the streambed become clogged, surface 

water – groundwater interactions become altered and the streambed cannot provide surface and 

subsurface habitats for aquatic invertebrates and fish larvae (Brunke and Gonser, 1997). A 

disturbance in upland vegetation can also reduce the degree of upland surface water infiltration, 

increase the exposure of the stream to atmospheric conditions and increase the rate of bank 

erosion, which further increases the delivery of sediment into a stream and potential colmation of 

the streambed (Poole and Berman, 2001). 
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Increasing impervious surfaces reduces the amount of water that can infiltrate into the ground 

and also ultimately reduces groundwater discharge into surface water bodies. A reduction in 

groundwater recharge can cause the water table to lower and change the direction of ground-

water movement. Over time, the flow of the stream may be significantly reduced, which can 

cause a decrease in the stream’s thermal mass (Poole and Berman, 2001). Increases in 

impervious surfaces within an urbanized watershed can also lead to additional runoff during a 

precipitation event. When this runoff is directed through storm sewers and is discharged directly 

into the stream, the result is higher peak flows. Larger peak flows increase channel erosion and 

can clear out pool-riffle structures, thereby reducing hyporheic exchange processes.  

2.5 Management Strategies 

2.5.1 Restoration of the stream to increase GW-SW interaction 

Stream restoration is comprised of a group of techniques that are intended to improve the 

physical, chemical and ecological functions of a degraded stream (Falk et al., 2006). Physical 

functions include the stream’s ability to manage its flow and sediment load. Chemical functions 

include the stream’s capability to process nutrients and other contamination in order to maintain 

water quality. Lastly, ecological functions include providing aquatic and riparian habitats (Striz 

and Mayer, 2008). All of these valuable stream functions are connected to stream flow and the 

surface water – groundwater interaction.  If an objective of stream restoration is to improve GSI, 

it is critical to characterize and quantify this exchange in the near-stream environment. 
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Effective management and stream restoration requires decisions to be based on the best scientific 

information, and the close collaboration between stakeholders of various disciplines. River 

restoration and protection strategies put in place should consider all the interactions between 

stream, hyporheic, floodplain, and groundwater components (Hancock et al., 2005). Strategies 

that reduce anthropogenic restrictions of groundwater-surface water interactions may include the 

periodic release of environmental flows to flush silt and re-oxygenate sediments, the planting and 

maintenance of riparian buffers consisting of native species to reduce the amount of sediment 

entering the stream, effective land use practices to protect and maintain existing recharge areas, 

and suitable groundwater and surface water extraction policies (Hancock et al., 2005). 

In regards specifically to hyporheic exchange, the restoration of channel morphologic features 

and the addition of coarse substrates can increase the magnitude of hyporheic exchange within a 

stream that has been altered by human activities (Kasahara and Hill, 2006). Installation of 

constructed riffles and steps within a degraded stream could have the potential of increasing the 

hyporheic exchange flow within the channel. A study conducted by Kasahara and Hill (2006) 

determined that constructed riffles and steps induced hyporheic exchange with a clear 

downwelling-upwelling trend. Zones of intensive hyporheic exchange were located downstream 

of the riffle crests and just upstream of the constructed steps (Kasahara and Hill, 2006).  

Additional methods to improve stream structure include the introduction of gravel, the loosening 

of existing gravel by mechanical means, and the reintroduction of bends, large boulders, 

incorporating riparian planting and logs to induce down-welling and sediment deposition. To 

decrease the effect of colmation, it may be necessary to create a surge of water to flush silt, 

organic matter and clay from the streambed (Hancock et al., 2005). These methods could 
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possibly enhance hyporheic exchange and geomorphic stability, thus creating a more efficient 

stream temperature buffering system (Hester and Doyle, 2008). 

2.5.2  Restoration of the Stream Environment to Reduce Increases in Stream 

Temperature 

A reduction in watershed coverage by impervious surfaces, an increase in riparian vegetation, 

and shaded stormwater retention ponds and wetlands could have the potential to buffer harmful 

temperature spikes in small streams draining urbanized watersheds (Peterson and Kwak, 1999).  

One of the main benefits of riparian vegetation is its ability to regulate water temperature 

(LeBlanc and Brown, 1997).Vegetation moderates both high temperatures during the day and 

low temperatures at night, decreasing the amplitude of the diurnal temperature curve (LeBlanc 

and Brown, 1997). The decrease in daytime peak temperatures is due to the absorption and 

reflection of short wave radiation by riparian vegetation (LeBlanc and Brown, 1997). At night, a 

stream that is shielded from the open sky by vegetation will emit nearly the same amount of 

radiation to the canopy as the canopy emits to the stream, resulting in very little change of the 

stream’s water temperature (LeBlanc and Brown, 1997).  Increased conservation and restoration 

of riparian vegetation can also cool the land’s surface by evapotranspiration, and decrease 

conduction of heat from the land surface to streams (Burton and Likens, 1973). 

A framework was developed, based on the Critical Urban Stream Temperature model (CrUSTe), 

for use by planners and designers in stream restoration projects (LeBlanc and Brown, 1997). The 

framework assists in the selection of appropriate temperature regimes for target fish species. 

With knowledge of a stream's width and discharge, vegetation planting scenarios can be tested 
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for their effectiveness in modifying the stream's water temperature. Vegetation characteristics 

that have the most significant effect on water temperature include: vegetation type, location, 

height, and density of the planted area (LeBlanc and Brown, 1997). Other stream factors that can 

affect design decisions include: stream orientation, sinuosity and degree of entrenchment. 

Smaller streams are more thermally responsive to riparian plantings than larger order rivers 

(LeBlanc and Brown, 1997).  

Permeable pavement, also known as pervious or porous paving, is a type of hard surfacing that 

allows rainfall to percolate to an underlying reservoir base where rainfall is either infiltrated to 

underlying soils or removed by a subsurface drain (Ferguson , 1994). Permeable pavement 

attempts to reproduce the pre-development hydrologic regime that was present before 

urbanization (Ferguson, 1994). By infiltrating precipitation, permeable pavement can reduce 

stormwater runoff flow rate, volume, and temperature, filter pollutants and help recharge 

groundwater (Ferguson, 1994).  

Shading and infiltration are the two key factors in effectively protecting coldwater streams from 

stromwater thermal pollution (Van Buren et al., 2000). Well-vegetated wetlands and infiltration 

practices seem to be better alternatives to open water storm water management ponds in 

protecting coldwater stream habitats (Booth and Jackson, 1997). Storm water management ponds 

are effective at removing some pollutants from runoff and maintaining pre-development peak 

flow rates; however, without infiltration throughout the contributing watershed and sufficient 

shading of the ponds, thermal pollution is not addressed (Booth and Jackson, 1997).  Trees can 

be planted surrounding the pond edges to reduce exposure to solar radiation (Brightwater 

Treatment Facility, 2003) and pond discharges can be passed through cooling trenches to 
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mitigate effects on receiving waters. By maximizing the shading of both the pond water surface 

and the discharge channel, the thermal effects of stormwater ponds can be reduced. 

Chapter 3 Methodology 

3.1 Description of Site 

Clythe Creek is a stream located in the north east 

portion of the City of Guelph, Ontario. Clythe Creek is 

situated within the Grand River watershed and drains 

into the Eramosa River, which is located within the 

Speed River subwatershed (Figure 3.1.1).  

The stream is approximately three kilometers long, 

with sections of the reach fed by local groundwater 

discharge. The stream has two tributaries and drains an 

area of approximately 21 km2, Figure 3.1.2. The 

stream originates west of the intersection of York 

Road (Hwy 7) and Nassagaweya 1st Line and flows 

south-east. The stream intersects York Road (Hwy 7) just north-east of the Guelph Airport, 

where it then flows roughly parallel along York Road (Hwy 7). Watson Creek, a tributary to 

Clythe Creek joins Clythe Creek upstream of Watson Road. Watson Creek drains an area of 

approximately 103 ha (5%) of the Clythe Creek sub-watershed (Ecologist Limited, 1997). 

Watson Creek flows through a narrow riparian strip in its headwaters region, where impacts from 
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gravel extraction and a landfill site are occurring. The lower half of the reach is surrounded by 

residential development. The total length of the reach is approximately 2 km. Watson Creek is 

intermittent and was observed to be dry for most of the summer 2010 monitoring period.    

Clythe Creek discharges into the Eramosa River south-west of the intersection of York and 

Victoria Roads.  

 

Figure 3.1.2: Clythe Creek Sub-watershed. 
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The evaluation and monitoring focused on a 2 km reach of Clythe Creek that runs from the 

intersection of York Road and Watson Parkway north-east towards the on-line pond at Woodrill 

Farms on the East side of York Road, just north-east of the Guelph Airport.  The study area 

boundaries are shown in Figure 3.1.3. The study area was chosen due to the evidence of 

groundwater seepage and the numerous threats to the health of the stream ecosystem within this 

section of the reach.  

 

 

Figure 3.1.3: Clythe Creek study area boundary 

 



44 

 

3.1.1 Overview of Stream Conditions 

The upstream portion of the study area is characterized by moderately to heavily vegetated 

stream banks and floodplain, and a narrow channel (about 1 m wide). The central portion of the 

study area runs through a wetland complex dominated by grasses, red osier dogwood and 

cattails. The lower portion runs through a mixed cedar forest where the channel widens to 

approximately 2-3 m in width.  The entire reach has been influenced by anthropogenic processes. 

Within the study area, there are two on-line ponds, a storm water management pond, and one 

large, raised culvert diverting the stream under Watson Road. According to the City of Guelph 

Planning Department, groundwater recharge and stormwater management issues within the 

lower half of the Clythe Creek sub-watershed need to be further assessed (Ecologistics, 1997). 

These two issues were recommended to be assessed, as this area is currently experiencing a 

range of development pressures that may impact the ecological health of the sub-watershed. 

 3.1.1.1  Soils and Geology 

The dominant soil series is the Guelph loam (Beak  and Aquafor Beech., 1999). Guelph loam is 

associated with glacial melt water streams and is a well-drained soil.  

Clythe Creek is situated in a valley within the Guelph Drumlin Field (Chapman and Putnam, 

1984). The drumlins are generally comprised of sandy silt, referred to as the Port Stanley Till 

(Chapman and Putnam, 1984). Melt-water deposits from the retreating glacier, along with 

deposition by ancient glaciofluvial rivers have in-filled low-lying areas between the drumlins. 

Clythe Creek sub-watershed is located in one of these low-lying regions.  The surficial geology 

consists of outwash loam deposits of sand and silt, with isolated locations of organic deposits 
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overlying stratified gravel deposits.  These outwash deposits are exposed at the surface with an 

average thickness of 6 m (Jagger Hims Limited, 1995). The upper bedrock generally consists of 

the fractured Guelph Formation dolostone (Beak and Aquafor Beech., 1999). Horizontal flow 

within the upper bedrock, and the subsequent potential for discharge to surface water features, is 

controlled by the bedrock topography (Beak and Aquafor Beech., 1999). The bedrock 

topography within and adjacent to the sub watershed permits groundwater flow within the upper 

bedrock, and is directed towards and flows along the channel of Clythe Creek  (Beak and 

Aquafor Beech, 1999). The depth to the water table is generally within the range of 0-20 m 

below the surface (GRCA, 2011). Portions of upper bedrock groundwater flow are likely 

directed into the Clythe Creek sub-watershed along the north-east and north-central boundaries 

and out of the sub-watershed along the west and south-west boundaries (Beak and Aquafor 

Beech, 1999). Within the study reach, the majority of the recharging groundwater is expected to 

move through a more localized shallow groundwater flow system and discharge within the sand 

and gravel deposits surrounding the stream (Beak International, 1999). The locations of the sand 

and gravel deposits are shown in Figure 3.1.1.1.  
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Figure 3.1.1.1: Location of sand and gravel deposits within study reach of Clythe Creek (GRCA, 
2011).  

 

 3.1.1.2  Site Vegetation  

Along the downstream portion of the study area (Watson Parkway/York Road intersection), the 

vegetation along the south side of the creek is dominated by a white cedar woods. The woods 

consist of mixed age stands which are very densely spaced, with a closed canopy. Very little 

groundcover is found in this area. Within the floodplain of this section, the white cedar woods 

transitions into a cedar swamp.  

The majority of the remaining study area, which lies between Watson Parkway and Watson 

Road, can be described as idle and abandoned agricultural land. Vegetation species within this 



47 

 

area include grasses, wild carrot, goldenrod, asters, clover and thistles. The band of vegetation 

along the watercourse is vegetated with dense thickets of small trees and shrubs. Red osier 

dogwood, elder, willow and buckthorn make up this community.   

 3.1.1.3  Site Wildlife 

According to the Clythe Creek Sub-Watershed Overview (Ecologistics Limited, 1997), a variety 

of wildlife has been observed within the study area.  Some of the species observed include least 

bittern (provincially threatened), red-shouldered hawk (provincially rare), northern bobwhite 

(provincially threatened), Henslow’s sparrow (provincially endangered), Jefferson salamander 

(provincially significant), brook stickleback, and creek chub.  

3.1.2 Overview of Wetland Conditions 

The farthest upstream portion of the study area (north side of York Road, just north of Guelph 

Airport), is composed of a band of riparian wetland vegetation. The wetland in this section of 

Clythe Creek is classified as a marsh, due to its fluctuating water levels and grass dominated 

vegetation species. The stream’s dimensions are small, and the channel takes on a meandering 

form. The substrate is mainly organic material.  

 3.1.2.1  Soils and Geology 

Due to imperfect drainage caused by the underlying till, wetlands have formed locally within 

valleys of Clythe Creek sub-watershed. The surficial geology within the wetland is largely 

organic deposits, underlain by gravel deposits, Figure 3.1.1.1. Soils within this section are 

largely composed of peat, muck and organic matter.  



48 

 

 3.1.2.2  Site Vegetation 

This wetland community is described as a cattail dominated marsh, and includes additional 

species, such as sedges, reed canary grass and jewelweed.    

 3.1.2.3  Site Wildlife 

The wildlife recorded in the wetland was similar to that described in section 3.1.1.3, with the 

addition of great blue herons, mallard ducks, and painted turtles also inhabiting this area. 

3.1.3 Historical Site Land Use 

Aerial photos obtained from Google Earth were collected for 1997. The historical land use 

surrounding the study area was dominated by agriculture, with small isolated woodlots. The most 

visible difference is in the residential development north-west of York Road where it intersects 

Watson Parkway. The residential development has intensified over time, resulting in the 

construction of a storm water management pond, which outlet into Clythe Creek. In contrast, the 

upstream portion of the study area (north-east of Watson Road) has undergone no visible land 

use changes from 1997, and remains mostly unaltered from its natural state.     

3.1.4 Current Land Use 

The land use within the study area is a mixture of agricultural, industrial, and residential usage. 

Land use surrounding Clythe Creek where it intersects York Road, just north-east of the Guelph 

Airport is dominated by single dwelling residential lots and agricultural fields. As the stream 

flows south-west towards Watson Road, the surrounding land use changes to a more natural 
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setting. This area consists of a mixture of cattail and tall shrub swamp vegetation in the low-

lying regions and mixed deciduous wooded areas within the higher elevations. As the stream 

approaches Watson Road, the surrounding land use becomes predominately residential. A storm 

sewer drains the Eastview Community residential area, which is situated north of Clythe Creek. 

The storm sewer outlets into a storm water management pond, which discharges into the stream.  

Land use in the downstream section of the study area, located between Watson Road and Watson 

Parkway, consists of residential development to the north of the stream, and industrial 

development to the south. Several storm sewers draining the residential development outlet into a 

large storm water management pond situated just north-west of the stream. The storm water 

management pond discharges into Clythe Creek via a 60 m cooling trench.       

3.1.5 Relationship with Local Groundwater Flow System 

The source of the municipal water supply for the City of Guelph is groundwater. The majority of 

groundwater used by the City of Guelph is pumped from the Gasport (formerly Amabel) aquifer, 

which lies below the Eramosa unit aquitard (Earth Tech Canada Inc., 2006). In accordance with 

the City of Guelph Water Supply Master Plan released in 2006 (draft report), the section of 

Clythe Creek under study is approximately three kilometers from the nearest municipal 

production well. An offline municipal production well exists within the study area, where the 

stream passes beneath Watson Road. This well has been decommissioned, and there are no future 

plans of resuming pumping (Earth Tech Canada, 2006).     
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3.2 Field Data Collection 

For more detailed study of shallow groundwater-surface water interactions within Clythe Creek, 

the reach under study was divided into four more detailed sections. These sections are identified 

as Pool-Riffle A, B, Pool C, and the wetland. Streambed temperature measurements performed 

in 2010 were successfully used to identify areas of the reach where groundwater discharge was 

likely occurring. The location of these groundwater discharge areas led to the selection of Pool-

Riffle A and B. The locations of the three first sections within the study reach are shown in 

Figure 3.2, and the location of the wetland is shown in Figure 3.1.2.  
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Figure 3.2: Location of Pool-Riffle A and B, and Pool C. 
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3.2.1  Surveying 

To determine the current stream channel geometry, surface elevations, and elevations of water 

level within the piezometers, a topographical survey was conducted using a Pentax P6D total 

station survey system within Pool-Riffle A, B and the wetland. The center line of the stream and 

the outer boundaries of the floodplain in each of the sections were mapped. The center line of 

Watson Parkway and the road intersection at Watson Parkway and York Road were used as 

benchmarks. Top of casing elevations were measured at each piezometer using the total station 

survey system. These elevations were used to convert the depth of the water level in the 

piezometer into water table elevations and subsequently to calculate hydraulic gradient. The 

hydraulic gradients were used to determine the direction of shallow groundwater movement.   

3.2.2  Streambed Temperature Measurements 

Temperature measurements of the streambed were conducted to determine the locations of 

possible hyporheic or shallow groundwater discharge. In May 2010, these measurements were 

performed in increments of approximately one meter along the length of the study reach at 

channel edges, in pools and at riffle crests. Measurements began where the stream crosses 

beneath Watson Parkway and proceeded upstream to Watson Road. A hand held Acorn Series 

Temp 6 RTD Thermometer was inserted 0.1 meters into the streambed and banks for 

approximately five seconds to obtain a reading. Conant (2004) suggests that substrate 

temperatures be collected at depths greater than 0.2 meters; however, in Clythe Creek the cobble 

and gravel substrate prevented the probe from being inserted to this depth. The temperature 

measurements were collected on May 18th and 20th, 2010 between 2:00 and 4:00 pm when 
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groundwater induced substrate temperatures would be the most observable.  Following 

Ebersole’s et al. (2007) methodology a cool area was identified as 3°C cooler than the average 

ambient surface water temperature. These cool patches were assumed to be locations of isolated 

shallow groundwater or hyporheic upwelling.  

In August 2011, a more detailed survey of streambed temperatures following the procedure 

developed by Conant (2004) was performed at two pool-riffle sequences (Pool-Riffle A and B). 

Measurements were performed to determine the spatial distribution of streambed temperatures, 

and identify locations of shallow groundwater or hyporheic discharge. Streambed temperatures 

were measured on August 10th, 2011 between 12:00pm and 7:30pm at 23 cross-sections in Pool-

Riffle A and 21 cross-sections in Pool-Riffle B. Measurements were recorded in August because 

there was a noticeable difference between ground water and surface water temperatures, 

therefore allowing groundwater discharge locations to be more easily identified. Temperatures 

were measured to within 0.1°C using a hand held Acorn Series Temp 6 RTD Thermometer. 

Measurements were taken by temporarily inserting the probe to a depth of 0.1 m for 

approximately five seconds. Measurements were made on a 0.5 m spacing along transects 

located perpendicular to the river flow. The distance between each transect was 1 m.  

3.2.3  Spatial and Temporal Characteristics of Sediment Composition  

To determine the composition of the surface (armour) layer of the streambed and toe of the 

banks, the Wolman Pebble Count (Wolman, 1954) was performed in two sections of the study 

reach (Pool-Riffle A and B). 
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A pebble count grid along the stream’s length was performed on May 6th, 2011 in transects 

across the width of the channel. Transects were 2 meters apart and spanned the length of each of 

the two pool-riffle sequences. A total of seven transects were measured in Pool-Riffle A and 

eight in Pool-Riffle B. A minimum of 100 particles in each section were measured to obtain a 

valid count (Wolman, 1954). The collection began at the downstream end of the pool-riffle 

sequence, at bankfull elevations. Moving across each transect at intervals of 0.2 meters, the first 

particle touched by the tip of the sampler’s index finger was measured using a metric ruler along 

the a and b axis of the particle. Measurements were recorded on a pebble count data sheet, and a 

frequency distribution of particle sizes was plotted.  

3.2.4  Surface Temperature Measurements  

Surface water temperature measurements provided information on temporal and spatial changes 

in stream temperature. Surface water temperatures were measured to within 0.1 to 0.2°C using 

waterproof HoboWare ® TidbiT® -5° to +35°C range temperature loggers, Heron Instrument 

Dipper loggers (transducers), and Hobo Water Level Loggers 69 to 145 kPa, 0 to 40°C. Surface 

water temperatures were recorded at 30-minute intervals. A total of nine HoboWare TidbiT 

loggers and seven Heron Instrument Dipper loggers collected data from June 2010 to October 

2011 at fourteen different locations along the stream.  

To capture spatial changes in surface water temperature, temperature loggers were deployed 

throughout the entire length of the study reach. Loggers were deployed at the furthest upstream 

and downstream sections of the study reach, and at specific locations between these two points to 

capture the complete spatial change in the surface water temperature regime. To understand the 
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effect of shading on the surface water temperature regime of Clythe Creek, loggers were 

deployed in pool and riffle geomorphic units that were shaded by canopy cover, and sections that 

were exposed to direct sunlight. To analyze the effect of water discharged from a storm water 

management pond on the thermal regime of the stream, loggers were deployed upstream of a 

storm water management pond outlet, directly at the outlet, and downstream of the outlet. The 

section of the stream both up and downstream of the storm water management pond outlet was 

completely shaded, and thus stream temperature was not influenced by direct heating from 

incoming solar radiation. Loggers were also deployed in both Pool-Riffle A and B, to compare 

between these two geomorphic units. To understand the thermal regime within the wetland, two 

temperature loggers were deployed from June 2010 to October 2011. The locations of the 

temperature loggers are shown in Figure 3.2.4.   
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Figure 3.2.4: Temperature logger station locations 

 

3.2.5  Shallow Groundwater Temperatures 

Shallow groundwater temperatures were recorded at four different locations within the study 

reach using Hobo Water Level Loggers. Loggers were deployed in two mini-piezometers in 

Pool-Riffle A (A_P6 & A_P12) and Pool-Riffle B (B_P6 & B_P12new), which are shown in 

Figures 3.2.5.1 and 3.2.5.2, respectively. The loggers provided continuous temperature 

measurements (30 minute interval), which allowed for the evaluation of temporal changes. 
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Figure 3.2.5.1: Pool-Riffle A piezometer logger locations. 
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Figure 3.2.5.2: Pool-Riffle B piezometer logger location. 

 

3.2.6  Discharge Measurements  

 Velocity-area measurements were performed at each dipper logger location on five dates 

between June 2010 and September 2010 to determine the discharge at a variety of stream levels. 

Velocity-area measurements were also performed in the summer of 2011 throughout the length 

of the study reach, beginning at station 1 and ending at station 9. A total of 14 cross-sections 

were measured six times throughout the summer of 2011. Flows ranging from baseflow to above 
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bank full were measured. Stream velocities were measured using a Marsh-McBirney Flo-Mate 

Model 200 Portable Flowmeter (+/- 15% error), depth was measured using a stage rod to 0.6d 

and width was measured using meter tape extended across each cross-section and secured with 

steel pins. 

3.2.7  Continuous Water Level Measurements  

The Heron dipper loggers (accuracy of 0.008m) and Hobo water level loggers (accuracy of 

0.003m) also recorded stream stage level. Heron dipper loggers were located at the furthest up 

and down stream sections of the study reach, and at various locations between these two points 

to capture the spatial change in stream stage, Figure 3.2.7. A total of seven Hobo level loggers 

were deployed in Pool-Riffle A and B. In each section, two continuously recorded water levels in 

piezometers, one recorded stream stage level and one was used to measure atmospheric 

barometric pressure. Measurements were recorded at 30 minute intervals.     
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Figure 3.2.7: Water level logger locations. 

3.2.8  Minipiezometer Installations and Hydraulic Conductivity Testing     

A total of forty one piezometers were installed manually to collect hydrometric data. Seventeen 

piezometers were installed in Pool-Riffle A, (Figure 3.2.5.1), eighteen piezometers in Pool-

Riffle, B (Figure 3.2.5.2), and six piezometers in the wetland, (Figure 3.2.8.2). In Pool-Riffle A 

and B, piezometers were installed at longitudinal intervals (riffle, run and pool) along the streams 

thalweg profile, Figure 3.2.8.1. 



61 

 

 

Figure 3.2.8.1: Graphical image of piezometers installed at intervals along the longitudinal 
thalweg profile. 

 

Lateral transects of piezometers were also installed to examine lateral hydraulic gradients.  

Within the wetland, three sets of nested piezometers were installed in a triangular orientation 

located in the south floodplain of the stream. The nested sets of piezometers were installed at this 

location due to the elevation of the surrounding floodplain, and the assumption that shallow 

groundwater flowed in the direction from the floodplain towards the stream channel.   
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Figure 3.2.8.2: Location of wetland nested sets of piezometers. 

 

The piezometers consisted of 1.59-cm- diameter PVC pipe that was perforated with 

approximately 30 evenly spaced slits (slit width, 0.15 cm) over the bottom 15 cm of its length 

(172 cm) and plugged with a PVC stopper at the bottom.  

The procedure for installation was as follows: (1) the driver rod (steel pipe) was lowered into a 

outer steel hollow casing and was placed on the streambed; (2) the driver rod was hit with a 

sledge hammer until the desired depth into the streambed was reached (40 cm); (3) once the 
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driver rod and steel outer casing had reached the desired depth, the driver rod was removed; (4) 

the PVC piezometer was placed inside the outer steel casing and the casing was removed, 

leaving only the piezometer inserted in the streambed. Piezometers were installed to a depth of 

approximately 40 cm in the streambed. The streambed sediments were manually tampered 

around the piezometer to ensure that stream water did not directly flow along the casing down 

into the perforated intervals. 

Water level measurements in each piezometer were performed every other day from June 10 th 

2011 to November 16th, 2011. Measurements were always taken after a rain event to capture the 

behaviour of groundwater recharge after a precipitation event. The depth to water inside the 

piezometer was measured using a Heron Little Dipper water level meter. The stream stage was 

measured by extending a measuring tape along the outside of the piezometer pipe from the top of 

the pipe to the stream surface. Both measurements were made to the nearest 1mm. This 

procedure was used each time piezometer measurements were taken. If the water level inside the 

piezometer was higher than the outside stream stage, groundwater was discharging to the stream. 

If the water level in the stream was higher than in the piezometer, then water was assumed to be 

seeping out of the stream and into the streambed. The vertical hydraulic gradient (VHG) between 

the stream and the piezometer was calculated as follows: 

 iv  = dh/dl        (2) 

where: iv  = vertical hydraulic gradient (L/L). 

dh = difference between the stream water level and the piezometer water level (L). 

dl = distance from the top of the streambed to the midpoint of the piezometer 

perforations (L). 
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Vertical hydraulic conductivities of the streambed in each of the piezometers were measured 

through a rising head test. The tests were performed July 22nd, September 1st and November 14th, 

2011 at the in-stream piezometers, and on August 4th, 2011 at the wetland piezometers. 

Numerous tests were performed to determine whether the hydraulic conductivity of the 

streambed changed as a result of an increase in sediment deposition on the streambed. The rising 

head test was performed by pumping the piezometers dry using Waterra tubing and recording the 

recovery time. Water levels inside the piezometers were measured using a Heron Little Dipper 

water level meter. A water level reading was taken every ten seconds for the first two minutes, 

followed by thirty second intervals until complete recovery. If the water level stabilized in less 

than 10 seconds a Heron Dipper Logger transducer was used to record the water level inside the 

piezometer at 1 second intervals.  

The results of the rising head test were plotted as time vs. normalized head and fitted to a 

logarithmic function of best fit. Head values were normalized as:   
     

  
 where ho is the initial 

distance from the top of the piezometer to the water and hi is any given distance during the test. 

The basic lag time (To), which is considered to be the time, in seconds, at which the water has 

returned to 37% of the original head (Freeze and Cherry, 1979; Hauer and Lamberti, 1996; 

Butler, 1997) was interpolated from the fitted normalized head vs. time function. The Hvorslev 

method was used to calculate the conductivity (K, cm/s) of the subsurface at each piezometer.  
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The flux (Q cm3/s) between the subsurface and surface at each piezometer was calculated using 

Darcy’s Law such that: 

          (A)      (3) 

A value of 1 m2 was used for A(area).  

 3.2.9  Monumented Cross-sections (Hec-Ras 4.0) 

To monitor the change in streambed elevation, in particular fine sediment aggradation of three 

pools in the study section, detailed cross-section profiling was performed. The survey was 

performed once in each month (May, June, July, August and November, 2011). Pins (steel nails, 

20 cm long) were driven into the streambed on either side of the stream at above bankfull 

discharge elevations. Three cross-sections were measured in Pool-Riffle A, four in Pool-Riffle B, 

and three in Pool C. A measuring tape was attached to the pin on the left bank and extended 

across the stream perpendicular to the channel, and secured to the right bank pin. Vertical 

measurements from the ground surface and/or streambed to the tape were made every 0.5 meters 

across the banks, and every 0.2 meters across the active stream channel. The error associated 

with sag in the tape was accounted for. To quantify changes, the area (cm2) below the measuring 

tape between the right and left bank pins was calculated by measuring the depth and horizontal 

change. The data was plotted to show the cross-section profiles of each pool. The pin offers a 

permanent location with which channel bed aggradation can be measured over time.      

To collect geometric input data that was used in HEC-RAS 4.0, bankfull cross-sections were 

staked out along the reach of Pool-Riffle A and B. Cross sections were positioned approximately 
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at the centre of geomorphic units (riffle or pool) and at stream meanders.  In total, 19 cross-

sections were measured. Channel depths at each cross-section were measured by tying a 

measuring tape from bankfull pins and reading the depth with a meter stick at intervals of 0.5 

meters across the banks, and intervals of 0.2 meter across the active channel. The channel length 

modelled in Pool-Riffle A was 25.1 meters and in Pool-Riffle B 24.9 meters, and a channel slope 

of 0.012 for Pool-Riffle A and 0.016 for Pool-Riffle B. Each cross-section’s bankfull elevation 

was measured using previously collected survey data.  

 3.2.10  Meterological Data 

Hourly meteorological data from the IONTARIO186 weather station located in downtown 

Guelph, Ontario, N 43° 32’ 47”, W 80° 15’ 42”, elevation of 329.18 m above M.S.L (Weather 

Underground, 2011) was used as a source of air temperature and precipitation data. The 

IONTARIO186 weather station is approximately 5 kilometers north-west from the study area.  

 3.2.11  Wildlife Observations 

 Observations made during frequent site visits from April 2010 – November 2010, and April 

2011 – October 2011 detected a variety of wildlife.  

Birds 

The woodlots in the study area are small isolated features, suitable for birds found in open fields, 

hedgerows, and small wooded areas. A number of birds were observed in the study area. They 

include the Common Yellowthroat, Red-Shouldered Hawk (provincially rare), Gray Catbird, 
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Red-Eye Vireo, Canadian geese, Mallard duck, Great Blue Heron, Chickadee, and Field 

Sparrow. 

Mammals 

The mammals observed during the study include Cotton Tail rabbit, shrew, mink, and coyote. 

These species were only observed once during the study.  

Reptiles and Amphibians 

The following reptile and amphibian species were observed in the study area: Snapping turtle, 

Northern Leopard frog, Spring Peeper, Green frog, American toad, and Garter snake. 

Aquatic Species 

The Ministry of Natural Resources (MNR) considers Clythe Creek to be a cold water stream 

historically providing habitat to Brook Trout, Creek Chub, Blacknose Dace, Northern Redbelly 

Dace, Fathead Minnow, Fantail Darter, Mottled Sculpin, and Brook Stickleback (Ecologistics 

Limited, 1997). Under the current water conditions, Clythe Creek no longer allows for most of 

these species to survive. The species observed in the study area included: Fantail Darter, 

Rainbow Darter, Creek Chub, Fathead Minnow, and crayfish.  
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Chapter 4 Results 

4.1 Field Observations 

4.1.1 Preliminary streambed temperature survey 

Streambed temperature measurements were performed on two separate days in May 2010 (18th 

and 20th) from 2:00 to 4:00pm. Atmospheric conditions on May 18th were overcast with an 

average air temperature of 18°C between 2:00-4:00pm. Atmospheric conditions on May 20th 

were clear, with an average air temperature of 29°C between 2:00-4:00pm. Average air 

temperature between 2:00-4:00pm on May 20th was 11°C warmer than on May 18th. This 

resulted in an increase in surface water temperature of 3-5°C at all locations. Streambed 

temperature only increased 1-2°C at all locations on May 20th compared to May 18th. Streambed 

temperature measurements were performed to identify potential groundwater discharge locations. 

These locations are shown in Figure 4.1.1. Temperature measurements are provided in Table 

4.1.1.   

Continuous hourly surface water temperatures were unavailable for the month of May 2010, as 

loggers were not deployed at this time. This created a limitation in the results as the diurnal 

fluctuation in surface water temperature, which is much greater than that of the streambed, was 

not taken into account. Surface water temperature is directly controlled by a larger number of 

external factors than streambed temperature. These include:  air temperature, solar radiation, 

relative humidity, wind speed and precipitation. Due to these additional external factors, the 

daily fluctuation in surface water temperature has the potential of being much greater than that of 
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the streambed. Therefore, the accuracy of the results could have been improved by comparing 

the instantaneous streambed temperature to the average daily surface water temperature. 

Nevertheless, the results presented in Table 4.1.1 were found to be useful in identifying 

appropriate locations to study groundwater-surface water interactions in Clythe Creek. The site 

identified as Pool-Riffle A was chosen as a result of the large difference in temperature between 

the streambed and surface water observed at locations SB-3 and SB-4. Pool-Riffle B was chosen 

as the other site due to its riffle-pool morphology and potential for hyporheic exchange, as well 

as a temperature difference greater than 3°C (Ebersole’s et al. 2007), between surface water and 

streambed at locations SB-6 and SB-7 (Figure 4.1.1).   

Differences in surface water temperature were observed between the two days. This was 

attributed to the difference in air temperature of 11°C. The warmer surface water temperatures 

observed at locations SB-14 to SB-18 were attributed to the very slow flows and limited shading 

in this section of the stream channel. The lower surface water temperature observed on May 20th 

at location SB-5 was likely due to measurement error. The temperature probe may not have 

stabilized when the temperature was recorded, or the tip of the probe may have been partially 

covered with substrate material.   
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Table 4.1.1: Streambed Temperature Survey of Study Area May 2010 

  18/05/2010, 2pm 20/05/2010, 1:30pm 

Location 

Surface 
Water 

(Temp C) 
Substrate 
(Temp C) 

ΔT 
(Temp 

C) 

Surface 
Water 

(Temp C) 
Substrate 
(Temp C) 

ΔT 
(Temp 

C) 

SB-1 18.6 15.5 3.1 22.9 16.5 6.4 

SB-2 18.5 13.5 5 22.3 14.3 8.0 

SB-3 18.4 10.3 8.1 22.6 11.5 11.1 

SB-4 18.2 8.6 9.6 22.6 9.6 13 

SB-5 19 12.9 6.1 20.8 14.2 6.6 

SB-6 19.6 14 5.6 23 16.5 6.5 

SB-7 19.6 13 6.6 23 12.6 10.4 

SB-8 19.8 11.9 7.9 22.8 14.2 8.6 

SB-9 20 10.9 9.1 23.1 12.6 10.5 

SB-10 19.9 13.5 6.4 22.1 14.1 8.0 

SB-11 - - - 21.6 13.5 8.1 

SB-12 - - - 21.9 13.5 8.4 

SB-13 - - - 22 14.0 8.0 

SB-14 - - - 25.4 12.5 12.9 

SB-15 - - - 23.6 12.9 10.7 

SB-16 - - - 23.5 11.9 11.6 

SB-17 - - - 23.4 12 11.4 

SB-18 - - - 23.7 12.1 11.6 

SB-19 - - - 23.6 12.4 11.2 
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Figure 4.1.1: Locations of Streambed Temperature Measurements Given in Table 4.1.1. 

 

4.1.2 Visual Observations of Groundwater – Surface Water Interaction 

Visual indicators of groundwater discharge were observed in Pool-Riffle A. Oxidation of 

streambed pebbles were frequently observed in this section. This oxidation is due to changes in 

the groundwater chemistry as a result of mixing with surface water, causing mineral precipitates 

such as iron and manganese oxides. Watercress was also observed growing along the channel 

edge. In Pool-Riffle B, watercress was also observed growing along the banks. At the locations 
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where watercress was growing, suspended bottom sediments were observed. A thermal camera 

using a Flir ThermaCAM E4 camera which has a spectral range of 7.5 to 13 μm and an accuracy 

of ±2°C was used during the 2010 field season to detect the thermal effect of groundwater 

discharge as it entered the channel. Unfortunately this method proved to have little success, as 

the volume of flux at discharge points within the streambed and banks was not large enough to 

be detected by the camera.   

 

4.1.3 Fish Observations 

Fish were observed for most of the study period in pools throughout the study reach. The size of 

fish observed ranged from 1 to 15 cm in length. Species of fish within Clythe Creek were 

identified by Trout Unlimited during an electro fishing field day in June 2011. Species included: 

creek chub, rainbow darter, fantail darter, and fat head minnow.  They appeared to prefer deeper 

water and streambeds covered with cobbles and woody debris. Greater numbers of fish were 

observed in Pool-Riffle B compared to Pool-Riffle A. Fish population size was large in June 

2011 and early July 2011, however by late July 2011 the population was observed to 

dramatically decrease. A large number of dead crayfish, and a few dead fish were also observed 

in late July 2011. The decline in population coincided with decreased flows and increased stream 

temperature. Low numbers of fish were observed throughout August and early September 2011, 

and did not begin to recover until late September 2011. The fish population recovered first in 

Pool-Riffle B, and later in Pool-Riffle A. This could be attributed to the greater depth and larger 

volume in Pool B, thus creating a larger living space.  
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4.1.4 Spatial and Temporal Characteristics of Sediment Composition 

The results from the Wolman Pebble count performed on May 6th, 2011 in Pool-Riffle A and B 

were used to calculate the substrate size distribution and sorting for the pool and riffle feature of 

each of the two sections. The standard deviation for each sample was used as a measure of 

sorting and a one-way ANOVA was used to determine if there was a significant difference 

between the mean substrate size between the pool and riffle in each of the two sections (Blott 

and Pye, 2001). The grain size distribution plots are provided in Figure 4.1.4.1 and 4.1.4.2.  

  

Figure 4.1.4.1: Streambed Grain Size Distribution: Pool-Riffle A. 
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Figure 4.1.4.2: Streambed Grain Size Distribution: Pool-Riffle B. 

 

Pool A had a mean particle size of 42.7mm, a D50 of 30.5mm, and the most frequently occurring 

particle size was less than 4mm. Riffle A had a mean particle size of 88.9mm, a D50 of 82mm, 

and the most frequently occurring particle size was 180>X>128mm. The standard deviation was 

used as a measure of sorting after the methods of Blott and Pye, (2001). The standard deviation 

for Pool A was calculated to be 15.5mm, and Riffle A was 20.9mm. Blott and Pye (2001) 

classify a standard deviation greater than 16.0 as extremely poorly sorted, and a standard 

deviation of 4.0 to 16.0 as very poorly sorted. Using this classification scheme, Pool A was very 

poorly sorted and Riffle A was extremely poorly sorted. The one-way ANOVA revealed that the 

difference in mean substrate particle size between Pool A and Riffle A was slightly significant (P 

= 0.069).  

Pool B had a mean particle size of 26.1mm, a D50 of 22.6mm, and the most frequently occurring 

particle size was less than 4mm. Riffle B had a mean particle size of 39.5mm, a D50 of 43mm, 

and the most frequently occurring particle size was 45>X>32mm. The standard deviation for 
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Pool B was calculated to be 10.4, and Riffle B was 12.6. Based on these results, Pool and Riffle 

B were very poorly sorted. The one-way ANOVA revealed that the difference in mean substrate 

particle size between Pool A and Riffle A was not significant (P = 0.34) 

The lack of a significant difference in substrate particle sizes may reflect the geophysical 

homogeneity of the reach, which was composed primarily of coarse grained sand and gravel, 

covered by sub-angular to rounded cobbles. The location of particles less than 4mm was 

observed to follow the same trend in both sections, and was observed deposited along the banks 

of the channel and in the pools. This was attributed to the slower velocities qualitatively 

observed occurring along the banks and in the pools. The velocity in Pool B was consistently 

observed to be slower than Pool A, thus a greater depth of sediment was qualitatively observed 

to have deposited in Pool B. In both sections, the D50 was larger in the riffles, as a result of faster 

velocities and mobilization and transport of finer grained sediment.     

4.2 Streambed Temperature Measurements 

The mapping of streambed temperatures was performed to determine the spatial distribution of 

temperatures and locations of possible shallow groundwater discharge. Repeating streambed 

temperature measurements along three transects at different times during the mapping day 

showed temperatures was mostly reproducible (within 0.3-0.6°C) even though surface water 

temperature varied by 3-5°C. In Appendix A, Table 4.2.1 provides streambed temperatures at 23 

cross-sections in Pool-Riffle A, and Table 4.2.2 provides 21 cross-sections in Pool-Riffle B.    

Differences were calculated between the streambed and the daily average surface water 

temperature, and the streambed and the instantaneous surface water temperature. Negative 
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difference values indicate that the streambed is colder than the surface water. A contour map was 

created for Pool-Riffle A displaying the difference between the instantaneous streambed 

temperature and the daily average ambient surface water temperature. The contour map for Pool-

Riffle A is shown in Figure 4.2. Differences between the daily average surface water and 

streambed temperature at each location, showed that the streambed was slightly cooler (0-1.6°C) 

at all locations in Pool-Riffle B. Due to the small temperature difference, a contour map was not 

created for Pool-Riffle B. 
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Figure 4.2: Pool-Riffle A: instantaneous streambed temperature contrast between the average 
daily ambient surface water temperatures on August 10th, 2011 between 12:00pm and 7:30pm.  

 

In Pool-Riffle A, streambed temperatures at specific locations in cross-sections A1-A7, A10, and 

A13-A23, were 0.05-3.05°C warmer than the average daily surface water temperature. At all 

other locations, streambed temperatures were 0.05-9.05°C colder than the average surface water 

temperatures. The locations where the streambed was colder than the average daily stream water 

were typically located along the left bank of the channel looking downstream, Figure 4.2. Cross-
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section A9 had the largest difference between streambed and surface water temperature. At this 

location, saturated banks were observed during the course of the study period, suggesting that a 

localized groundwater seep exists at this location in the channel.  

In Pool-Riffle A and B, when comparing instantaneous surface water temperature versus the 

streambed temperature at each location, the streambed temperature was consistently cooler. 

Streambed temperatures were 0.5-12.6°C cooler than the surface water in Pool-Riffle A, and 0-

1.4°C cooler in Pool-Riffle B.  

The upward groundwater flux measured in the piezometers was greatest in early summer and late 

fall. During the summer months (July through September), upward groundwater flux was at its 

lowest in Pool-Riffle A and non-existent in Pool-Riffle B. This likely contributed to the May 

2010 measurements showing larger differences between streambed and surface water 

temperatures than the August 2011 measurements. It may be ipreferable to perform streambed 

temperature surveys in the late spring/ early summer. At this time of year, in most streams in 

southern Ontario, surface water and groundwater have distinct thermal signatures and there is 

potentially a greater upward groundwater flux due to higher groundwater table elevation and a 

streambed free of deposited sediment.  

A limitation of this method is that it is very difficult to obtain a set of streambed temperature 

measurements where differences can be attributed to spatial difference in discharge, and not the 

temporal changes in substrate temperature during the short time required to complete the survey. 

While it is preferable to measure the temperature at about 30cm depth where diurnal fluctuations 

are expected to be minimal (Conant, 2004), it is difficult to insert the temperature probe this 
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deep, particularly where the substrate is composed of large cobbles and coarse gravel. A possible 

solution to this problem is designing a temperature probe that is robust enough to be inserted to a 

depth within the streambed of at least 30cm.  

4.3 Surface Water and Shallow Groundwater Temperature Measurements 

4.3.1 Surface Water 

Stream water temperature was measured in the summer, fall and winter of 2010, and the winter 

spring, summer and fall of 2011 to monitor temperatures for fish related concerns, and 

temperature in relation to point source influences (SWM pond). The locations of each 

temperature logger station are provided in Figure 3.2.3 in the methodology section. 

4.3.1.1 Temperature Trends: Upstream to Downstream 

At each station, the bi-hourly, maximum daily and minimum daily surface water temperatures 

were averaged for both the 2010 and 2011 summer season (July-September), and were plotted to 

compare the changes from upstream (SW10-1/SW11-1) to downstream (SW10-9/SW11-8).  



80 

 

 

Figure 4.3.1.1.1: Change in surface water temperature from upstream to downstream during the 
2010 summer season (July - September).  

 

The 2010 temperature results displayed in Figure 4.3.1.1.1 illustrate that the average stream 

temperature decreased with distance downstream by 2°C. The average max stream temperature 

gradually increases from upstream to downstream, followed by an abrupt decrease at station 

SW10-7 that continued to station SW10-8. Station SW10-7 and SW10-8 are located in the 

section of reach that is under the influence of groundwater discharge and is fully shaded by a 

white cedar stand.  
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Figure 4.3.1.1.2: Chart showing change in temperature from upstream to downstream during the 
2011 summer season (July - September).  

 

The 2011 results in Figure 4.3.1.1.2 illustrate that the average stream temperature decreased 

marginally with distance from the upstream station. This is likely the result of groundwater 

inputs and fully shaded sections in the lower half of the reach. The higher average temperatures 

recorded at station SW11-1 were a result of the stagnant, shallow water located in the wetland.  

Similar trends were observed between 2010 and 2011, where there was a general cooling from 

upstream to downstream. The average maximum and minimum daily temperatures were warmer 

in 2011, and the average bi-hourly temperatures for the season were as well warmer in 2011. 

During both the 2010 and 2011 summer seasons, Stations SW10-7, SW10-8 and SW11-7, 
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SW11-8 had cooler average maximum and warmer average minimum daily temperatures than 

the other stations.     

4.3.1.2 Seasonal Temperature Statistics 

Seasonal variations in stream temperature are driven by seasonal cycles of day-length and 

incoming solar radiation. Streams in Ontario are coldest in the winter and warmest in the 

summer. Seasonal temperature statistics will include the maximum, minimum, mean and range 

for each of the four seasons. The summer season measurement period was from July 15 th to 

September 15th, and the winter season was from November 15th to March 15th.  Summer surface 

water temperature statistics for 2010 are provided in Figure 4.3.1.2.1.  

 

Figure 4.3.1.2.1: Summer 2010 Seasonal Surface Water Temperature Statistics 
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The highest maximum temperature occurred at station SW10-6 (riffle location up stream of 

SWM pond outlet).  Station SW10-6 is located in a section of the reach that experienced the 

lowest stage during the summer months, which more closely followed meteorological conditions. 

The highest average and minimum temperatures were measured at station SW10-1 (wetland). 

Station SW10-1 is located in a wetland that was characterized by low flows, shallow depths and 

limited shading. The range in temperatures increased downstream up until station SW10-7. 

Between SW10-7 and SW10-8, the range decreased. The highest range was measured at station 

SW10-5 (pool location in full sun). This section of the channel was less dominated by 

groundwater and more exposed to meteorological conditions. 

The lowest maximum temperature was measured at station SW10-8 (Watson Parkway), which is 

located in a section of the reach under the influence of groundwater discharge and is fully 

shaded. The lowest average temperature was measured at station SW10-7(Pool-Riffle A), which 

is also under the influence of groundwater discharge. 

 Summer surface water temperature statistics for 2011 are provided in Figure 4.3.1.2.2. Results 

are displayed from the furthest upstream station (SW11-16) to the furthest downstream station 

(SW11-8). 
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Figure 4.3.1.2.2: Summer 2011 Seasonal Surface Water Temperature Statistics 

 

The highest maximum temperature occurred at station SW11-1, due to the stagnant and shallow 

nature of the stream water in this section of the reach and limited shading. The highest average 

temperature was measured at station SW11-13(SWM pond outlet). Water discharged from the 

SWM pond was on average 1-3°C warmer than the other stations; however discharge from the 

SWM pond were not collected. The highest minimum and lowest range in temperature was 

measured at stations SW11-13 and SW11-16 (online pond outlet). The highest minimum 
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temperatures were measured at the SWM pond and online pond outlet due to the large surface 

area of the pond basin and its ability to resist significant night time cooling.   

The lowest maximum and average temperature was measured at station SW11-8 (Watson 

Parkway). This location is under the influence of groundwater discharge and is in a fully shaded 

section of the reach. The largest range in temperature was measured at station SW11-12 (riffle 

location up-stream of SWM pond). This station experienced the lowest stage during the summer 

months, therefore was greatly influenced by atmospheric temperatures.  

When comparing the 2010 data to the 2011, the average, maximum, minimum and range all 

increased from 2010 to 2011 at most stations. A hot day is defined as a day when the maximum 

daily air temperature exceeds 30°C (Environment Canada, 2002). In summer 2010 there were 

seven days where the maximum daily temperature exceeded 30°C (NCDC, 2012). In summer 

2011 there were sixteen days where the maximum daily temperature exceeded 30°C (NCDC, 

2012). The greater number of days in summer 2011 which exceeded 30°C (defined as a “hot 

day”) was the main variable responsible for the increase in stream temperature from 2010 to 

2011. The average surface water temperature in 2010 and 2011 was lowest at the stations located 

in Pool-Riffle A (SW10-7 & 8, SW11-15 & 8). 

Winter surface water temperature statistics for 2010/2011 are provided in Figure 4.3.1.2.3.  
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Figure 4.3.1.2.3: Winter 2010/2011 Seasonal Surface Water Temperature Statistics 

 

The average stream temperature at all stations ranged between 0.3 and 1.2°C. The maximum 

temperature at each station occurred on November 23rd, 2010. The average air temperature on 

November 22nd, 2010 was 12°C. Stream temperatures dropped below freezing at station 1. At all 

other locations, temperatures remained close to zero from December to March. Short warm 

periods occurred during the earlier winter as reflected in the warmer stream temperatures with 

ranges between 4.8 to 8.9°C.  
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Higher average stream temperatures were during the winter in areas with groundwater inputs 

relative to areas without groundwater inputs. Station SW10-7 was located in a section of the 

reach under the influence of groundwater discharge. Average stream temperatures at station 

SW10-7 were measured to be slightly warmer (approx. 0.8°C) than at the other four stations. In 

the winter groundwater discharge acts as an energy source, thereby increasing stream 

temperature.     

 4.3.1.3 Effects of SWM and Online Ponds on Stream Water Temperature 

The temperature data shown in Figure 4.3.1.3.1 illustrates the warming influence of the pond. 

From May through November the SWM pond outlet water temperatures were consistently 

warmer by (approximately 3°C) than the stream water temperature both up and down stream of 

the pond. SWM pond water temperature steadily increased throughout the summer in response to 

increasing air temperature and solar radiation.  
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Figure 4.3.1.3.1: SWM pond outlet vs. stream water temperatures measured at 30 minute 

intervals. 

 

The warmer water discharging from the SWM pond into the stream did not increase the overall 

temperature of the stream water, as the water temperature up and down stream of the pond was 

approximately identical. Figure 4.3.1.3.2 focuses on a single representative week in August to 

show this trend in more detail.  During the dry periods in the summer season, little to no water is 

discharged from the SWM pond, thus the pond has minimal effects on stream temperature for 

most of the summer season.  
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Figure 4.3.1.3.2: SWM pond outlet vs. stream water temperature for a representative week in 
August 2012. 

 

Surface water temperatures after a large precipitation event in October 2011 were measured up-

stream, down-stream and at the outlet of the SWM pond. Measured results were used to 

determine the effects that a large precipitation event had on the discharge temperature at the 

outlet of the pond. The precipitation event in October was chosen because it was the largest 

event that occurred during the study period, thus resulting in the largest flows discharged from 

the pond. In addition, during large precipitation events there can be a direct transfer of surface 

heat to the runoff water, creating higher than normal water temperatures in the SWM pond. As 

shown in Figure 4.3.1.3.2, the SWM pond outlet temperature is approximately 1-5°C warmer 

than the stream water both up and down stream of the outlet during this week. The outlet and 
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stream water increased approximately 1°C during the precipitation event. One day after the 

event, stream water temperatures and the outlet began to decrease, however the outlet 

temperature remained higher than the stream water. The drop in stream water temperature was a 

likely result of the sudden drop in air temperature. A time lag of approximately one day was 

observed between the air and stream water temperature trends.  

Stream water temperature up and down stream of the SWM pond outlet is almost identical (less 

than 0.5°C difference) over the nine days displayed in Figure 4.3.1.3.3. This illustrates that the 

stream water temperature is not affected by the addition of warm water from the SWM pond. 

The outlet from the pond into the stream is located in a completely shaded section of the stream 

reach. The buffering effect of this shaded section of the stream may be significant enough to 

prevent the stream from warming. Without the addition of discharge water from the SWM pond 

outlet into the stream, this section may have historically gotten cooler progressing downstream 

through the shaded section of the reach.   
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Figure 4.3.1.3.3: Effect of Precipitation Event on SWM Pond Outlet Temperature during 
October 16th to 26th, 2011. 

 

4.3.1.4 Effects of shading on stream temperatures 

To analyze the effect of shading on stream water temperature, two riffle locations in the channel, 

a shaded and full sun location were compared. The sections were in close proximity 

(approximately 30m apart), and were not affected by any additional water inputs from tributaries 

or groundwater. The results are displayed in Figure 4.3.1.4.1. The weekly mean results show that 

both riffle sections follow the same trend as the air temperature, where the water temperature is 

cooler than the air temperature from May to the beginning of October and warmer than the air 



92 

 

temperature in late October. The two sections have almost identical temperatures from May to 

August (+/- 0.5°C). For the month of September, the full sun section is slightly warmer (average 

of 1.9°C) than the shaded section. From October to November the two sections have similar 

temperatures (+/- 1°C).    

 

 

Figure 4.3.1.4.1: Weekly Shaded versus Full Sun Riffle Location 

 

The weekly maximum results show that the full sun location is consistently warmer than the 

shaded section of the reach, with the exception of the month of August and early Novemeber, 

when the shaded section was warmer than the full sun section. The trend in August may have 
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been a result of error. Flows were very low in August, due to the dry conditions. It is possible 

that the logger located in the shaded riffle section was not fully submerged in August, and 

exposed to the atmosphere. This would explain why the temperature results at this section 

resembled more closely to that of the air temperature in August.     

Maximum temperatures have become the focus of many water quality standards because high 

water temperature can increase stress and metabolic rates for coldwater fish species, increase 

potential for aquatic disease, and serve as barriers for migrating fishes (Johnson, 2004). The 

results show that weekly maximum water temperatures were lower under the shaded section of 

the reach, but weekly mean temperatures at this section were not substantially different from the 

full sun location. Lower weekly maximum temperatures in the shaded section of the reach, 

without a corresponding decrease in mean temperatures, could occur because short sections of 

shade can decrease instantaneous energy fluxes, while the daily energy balance for the stream 

temperature remains basically unchanged. The importance of riparian vegetation in decreasing 

maximum daily temperatures through shading can be seen in these results. Riparian vegetation 

not only increases shading, it also creates microclimatic conditions through evapotranspiration, 

decreases wind speeds, and provides bank stability, which can decrease width to depth ratios and 

the area of the stream exposed to direct solar radiation (Johnson, 2004). 

4.3.1.5 Ecological Impacts of Stream Temperature on Aquatic Species 

Streams are often categorized by the upper summer temperatures. These temperatures will 

determine what type of fish species and fish community can inhabit a particular stream or reach 

of a stream. 



94 

 

The maximum tolerable temperatures for Brown Trout and Brook Trout are 26.8°C and 23.9°C, 

respectively (Raleigh et al. 1986). Exposure of Brook Trout to temperatures of 24°C for only a 

few hours is usually lethal (Flick, 1991). Coutant (1977) suggest that Brook Trout prefers water 

below 20°C. In southern Ontario, Barton et al. (1985) observed that streams with weekly 

maximum stream temperatures of 22.8°C or lower harboured self-sustaining brook trout 

populations, whereas warmer streams had marginal or no brook trout populations. The number of 

days during the two year study period that each station experienced stream temperatures at or 

above the maximum tolerable temperature of Brook Trout for at least 4 hours was recorded and 

the results displayed in Table 4.3.1.5.   

Table 4.3.1.5: Number of days where temperatures exceeded 23.8C for at least four hours over 
the course of the monitoring period (May 18th to November 13th, 2011). 

Station Number of days 

SW11-1  38 

SW10-2  15 

SW10-3 26 

SW10-4 30 

SW10-5 25 

SW10-6 35 

SW10-7 17 

SW11-8 11 

SW10-9 6 

SW11-10 16 

SW11-11 17 

SW11-12 16 

SW11-13 62 

SW11-14 23 

SW11-15 13 

SW11-16 25 
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Each station experienced numerous days where stream temperatures exceeded the maximum 

tolerable temperatures for Brook Trout to survive.  

Trout Unlimited performed an electro fishing survey in July 2011; to determine if any remnant 

coldwater communities still inhabited the creek. The survey identified four fish species: Fantail 

Darter, Rainbow Darter, Creek Chub and Fathead Minnow. The largest population numbers were 

of Creek Chub and Fathead Minnow. Fantail Darter prefer cool to cold water habitats (average 

14-18°C), and are moderately sensitive to high turbidity and silting (CVC, 2002). Rainbow 

Darter prefer cool water habitats (around 18°C on average), and are extremely sensitive to 

chemical pollution (CVC, 2002). Creek Chub and Fathead Minnow prefer warm flowing water 

and are very tolerant of high temperatures, turbidity, pH variations, salinity and low oxygen 

(CVC, 2002). According to the survey performed by Trout Unlimited, the only fish species 

inhabiting Clythe Creek are those species that can tolerate high turbidity and silting, and cool to 

warm stream water temperatures. Brook Trout have been absent from Clythe Creek since the 

1953 Speed Valley Conservation Report was written (Warrender and Richardson, 1953).  

Historically, Brook Stickleback and Sculpin inhabited Clythe Creek. These two species are 

commonly found in the same habitat as Brook Trout, and can be considered an indicator species 

of aquatic health (Ferguson, 1958). These two species have been absent from Clythe Creek since 

1994 (Beak International Incorporated, 1999). 
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4.3.1.6 Thermal Classification 

Chu et al. (2009) developed a simple method to assess the thermal classification (coldwater, 

cold-coolwater, coolwater, cool-warmwater or warmwater) of any site within a stream in 

Southern Ontario using a simple nomograph. Data taken from single daily measurements of the 

maximum air and water temperatures between 1600 and 1800 hours (which approximates the 

timing of the daily maximum water temperature), between July 1 and August 31 were plotted on 

a nomograph for each temperature logger location in 2010. The nomograph was used to 

approximate the thermal classification of various stations along the study reach during summer 

2010. The results for station SW10-4 is provided in Figure 4.3.1.6.1. All other 2010 temperature 

logger station nomographs are provided in Appendix A, Figures 4.3.1.6.2 to 4.3.1.6.6.   
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Figure 4.3.1.6.1: Results of average daily maximum air and water temperature taken between 
July 1st and August 31st, between 4:00 and 6:00pm for station SW10-4 incorporating the cold, 

cold–cool, cool, cool–warm and warm thermal categories adapted after Chu et al. (2009).  

 

During the month of July, each station was classified as either cool-warm or warmwater. By late 

August, each station showed a cooling trend and was classified as either coolwater or cool-

warmwater. The station located in Pool-Riffle A (SW10-7) and downstream of Pool-Riffle A 

(SW10-9, in Appendix A) were consistently classified as cool-warmwater to coolwater. These 

stations were located in the section of the reach that had more groundwater discharge potential 

than the other stations. This may suggest that a higher proportion of groundwater in the summer 

allowed the stream water to remain cooler as the air temperature increased. This section of the 

reach creates a cool water environment that supports numerous aquatic species. Protection of 
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groundwater levels is of particular significance in this area as changes to groundwater rates and 

quality will have noticeable effects on the surface water environment. 

The thermal classes and preferred temperatures of the 4 fish species commonly found in Clythe 

Creek according to Coker et al. (2001): 

 Fathead Minnow: warmwater, 29°C; 

 Creek Chub: coolwater, 20.8°C; 

 Rainbow Darter: coolwater, 19.8°C; and 

 Fantail Darter: coolwater, 22.4°C. 

According to the thermal classification above, the majority of the study reach is not classified in 

the thermal class preferred by three of the four fish species inhabiting Clythe Creek. The three 

coolwater species may be sensitive to increases in stream temperatures due to urbanization, and 

thermal pollution.  

4.3.2 Shallow Groundwater 

Shallow groundwater temperatures can be used as a qualitative technique for distinguishing 

between groundwater discharge, recharge and no vertical flow in stream reaches (Silliman and 

Booth, 1993). Shallow groundwater and surface water temperatures at Pool-Riffle A and B are 

presented in Figures 4.3.2.1 and 4.3.2.2. Shallow groundwater temperature was often cooler than 

surface water temperature during the summer season and warmer than surface water temperature 

during the late fall. Mean shallow groundwater temperature for the riffle location in Pool-Riffle 

A, between July 18th and September 24th, 2011 (summer season), was 14.7°C, and the pool 
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location, 15.9°C. In contrast, the mean surface water temperature for the same time period was 

18.9°C. The pool location had slightly warmer shallow groundwater temperatures than the riffle 

location. The surface water temperature was clearly warmer than the two shallow groundwater 

locations.  

 

Figure 4.3.2.1: Hourly shallow groundwater at the riffle and pool locations, and stream water 

temperatures in Pool-Riffle A. 

Mean shallow groundwater temperature for the riffle location in Pool-Riffle B between July 18th 

and September 24th, 2011, was 15.2°C, and the pool location, 17.2°C. In contrast, the mean 

surface water temperature for the same time period was 18.7°C. The pool and riffle locations had 

the same mean temperature, while the mean surface water temperature was slight ly warmer.  
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Figure 4.3.2.2: Hourly shallow groundwater at the riffle and pool location, and stream water 

temperatures in Pool-Riffle B. 

 

Mean shallow groundwater temperatures for the period between July 18th and September 24th 

were cooler in Pool-Riffle A than B. Pool-Riffle A had shallow groundwater temperatures that 

were more stable and resembled temperatures closer to that of deeper groundwater. Pool-Riffle B 

had shallow groundwater temperatures closer to the temperature of the stream water, indicating 

that shallow groundwater was composed primarily of surface water. Pool-Riffle A is located in 

an area of groundwater discharge, while Pool-Riffle B experiences recharge conditions. These 

results are consistent with the shallow groundwater flux data provided in section 4.5.5.  

The mean surface water temperature for Pool-Riffle B is slightly cooler than Pool-Riffle A. Pool-

Riffle A is located downstream of the SWM pond outlet, therefore the surface water thermal 

regime is influenced by the warmer discharge from the SWM pond. Shallow groundwater 
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discharge in Pool-Riffle A may counteract against large increases in surface water temperature as 

a result of the SWM pond contributions, however is not significant enough to allow for cooler 

surface water conditions than those in Pool-Riffle B. If the SWM pond were removed, it would 

be assumed that Pool-Riffle A would experience cooler surface water conditions than Pool-Riffle 

B.  

4.4 Stream Flow and Stage Measurements 

4.4.1 Discharge Measurements 

Discharges were measured at various cross-sections throughout the length of the study reach, 

beginning at station 1 and ending at station 9, Figure 3.2.7. Measurements captured a range of 

flows from low to bankfull. Table 4.4.1 presents the discharges with the estimated measurement 

errors using the methods described in the International Standard, ISO 748. For Pool-Riffle A, B 

and section C, the furthest downstream cross-sections in each are: A1, B1 and C1. ISO 748 uses 

standard uncertainty analysis to compute various sources of uncertainty and calculates a 

combined (or total) uncertainty. Overall uncertainty in the calculated discharges increased as the 

flows decreased. Under low flow conditions the streambed formations began to have a larger 

influence on depth. For example, cobbles created complex turbulent flow patterns, and lead to 

negative velocities being recorded.  

During the lowest flow conditions on August 31, 2011, there were no significant observed 

increases in flow between each section, with the exception of section A2 to A3, and P6 to P9. 

The measurement error associated with low flows was large, making it difficult to accurately 

quantify flow differences between measurement points.  Above bankfull flow conditions were 
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measured on October 20th, 2011. Pool-Riffle A section had the largest measured flows. It is the 

furthest downstream section of the three, and is located downstream of the SWM pond outlet. 

Large amounts of precipitation fell between October 19th and the 21st, 2011, resulting in steady 

discharge from the SWM pond into the stream. The contribution of discharge from the SWM 

pond created larger flows in Pool-Riffle A.     

Table 1.4.1: Stream discharges with measurement errors 

 

 

4.4.2 HEC-RAS 4.0 Model Results 

HEC-RAS 4.0 was used to model a variety of flows in Pool-Riffle A and B. Reach boundary 

conditions for Pool-Riffle A and B were selected as normal depth, where the average channel 

POOL-RIFFLE A

A1 0.046 ± 13 % 0.032 ± 13 % 0.015 ± 18 % 0.005 ± 20 %

A2 0.044 ± 12 % 0.023 ± 15 % 0.011 ± 18 % 0.005 ± 20 % 0.046 ± 12 % 0.23 ± 9 %

A3 0.038 ± 13 % 0.035 ± 12 % 0.014 ± 18 % 0.005 ± 21 %

P9 (A) 0.046 ± 8 % 0.027 ± 10 % 0.013 ± 12 % 0.005 ± 16 % 0.046 ± 9 % 0.27 ± 6 %

P12 (A) 0.040 ± 9 % 0.027 ± 9 % 0.016 ± 12 % 0.003 ± 16 % 0.056 ± 9 % 0.26 ± 8 %

POOL-RIFFLE B

B1 0.046 ± 12 % 0.027 ± 13 % 0.013 ± 18 % 0.003 ± 22 %

B2 0.046 ± 12 % 0.022 ± 17 % 0.012 ± 21 % 0.005 ± 22 %

B3 0.047 ± 12 % 0.023 ± 17 % 0.009 ± 20 % 0.006 ± 22 % 0.042 ± 11 % 0.13 ± 10 %

B4 0.043 ± 10 % 0.023 ± 11 % 0.010 ± 16 %

P6 (B) 0.033 ± 11 % 0.020 ± 12 % 0.011 ± 16 % 0.004 ± 22 % 0.047 ± 12 % 0.21 ± 10 %

P9 (B) 0.041 ± 10 % 0.026 ± 11 % 0.017 ± 12 % 0.014 ± 12 % 0.037 ± 11 % 0.20 ± 9 %

SECTION C

C1 0.045 ± 12 % 0.020 ± 17 % 0.012 ± 19 %

C2 0.041 ± 13 % 0.020 ± 18 % 0.013 ± 20 % 0.006 ± 22 % 0.035 ± 16 % 0.16 ± 10 %

C3 0.053 ± 11 % 0.018 ± 17 % 0.010 ± 23 %

OTHER

Station 1 0.070 ± 7 % 0.032 ± 7 % 0.012 ± 9 % 0.004 ± 14 % 0.006 ± 21 % 0.058 ± 11 %

Station 2 0.087 ± 7 % 0.039 ± 7 % 0.017 ± 12 % 0.003 ± 14 %

Station 3 0.119 ± 6 % 0.066 ± 7 % 0.014 ± 13 % 0.010 ± 10 %

Station 4 0.124 ± 6 % 0.075 ± 7 % 0.021 ± 10 % 0.004 ± 13 % 0.004 ± 22 % 0.19 ± 9 %

Station 9 0.104 ± 5 % 0.037 ± 6 % 0.015 ± 6 % 0.005 ± 12 % 0.008 ± 17 % 0.34 ± 9 %

Discharge (m3/s)

20-Oct-1113-Jul-11 29-Jul-11 19-Aug-11 31-Aug-11 15-Oct-11

Discharge (m
3
/s)

1-Jul-10 16,17-Jul-10 4-Aug-10 2-Sep-10 31-Aug-11 20-Oct-11



103 

 

slope in Pool-Riffle A was S=0.012, and Pool-Riffle B, S=0.016. The flow regime selected was 

subcritical. Three-dimensional figures were created to illustrate baseflow and bankfull 

discharges. Pool-Riffle A was chosen as the section used to demonstrate baseflow and above 

bankfull discharges. Model figures of baseflows are shown in Figure 4.4.2.1, and above bankfull 

in Figure 4.4.2.2. Model figures of Pool-Riffle B are available in Appendix A.  

Modelled flows in HEC-RAS 4.0 were found to overestimate low flows and underestimate 

bankfull discharges. Baseflows measured on August 31st, 2011 were low enough that the 

connectivity across the riffle crest was lost; however, the model did not capture this loss. 

Similarly, above bankfull flows were measured on October 20th, 2011, and the model failed to 

illustrate this. The model did default to critical depth, indicating that there were errors in the 

cross-sections and in the section just downstream. The accuracy of the model is dependent on the 

quality of field measurements and collection of adequate number of channel cross-sections. 

Under ideal conditions, HEC-RAS 4.0 modelling would be useful in predicting minimum flows 

that maintain the connectivity across riffle crests.    
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Figure 4.4.2.1: Baseflow discharges modelled in Pool-Riffle A (red dots represent bank full 
elevation). 

 

Figure 4.4.2.2: Above bank full discharges modelled in Pool-Riffle A (red dots represent bank 
full elevation). 
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4.4.3 Continuous Flow Record: stage-discharge relation 

Based on the results presented in Table 4.4.1, a single continuous flow record for the study reach 

of Clythe Creek was created. Examining a single flow record was deemed to be adequate due to 

the fact that flows do not change significantly between stations. Rating curves, representing 

stage-discharge relationships, were developed at a number of locations within the study reach. 

The rating curve for the section of pool-riffle A with the stage recorder (Figure 4.4.3.1) had the 

curve with the best fit, so the continuous flow record was developed for this location The 

continuous flow record for 2011 and the rainfall distribution for the same time period are shown 

in Figure 4.4.3.2.  

 

Figure 4.4.3.1: Discharge rating curve for water level logger Pool-Riffle A. 
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Figure 4.4.3.2: Continuous flow record and daily rainfall distribution for 2011 (water level 

logger Pool-Riffle A stage). 

 

Streamflow decreased steadily over the period July to October, 2011 and began to recover in 

mid-October 2011. Flows continuously below 0.05m3/s were recorded from July 19th to October 
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13th, 2011. During this time period, several precipitation events with daily rainfall amounts 

above 10mm occurred. Flows responded to these precipitation events with slight increases in 

magnitude, but never exceeded 0.05m3/s. Two large precipitation events occurred on October 

13th and October 20th, 2011. Rainfall amounts totalled 24.8mm on October 13th and 37.2mm on 

October 20th. Stream flows dramatically increased following these two events. On October 14 th at 

3:30pm, flows reached a magnitude of 0.14m3/s and on October 20th at 8:30am, 0.39m3/s. Flows 

on October 20th were identified as above bankfull. The duration of these high flows lasted 

approximately 24 hours before beginning to steadily decrease. During the period from July 19 th 

to October 13th, 2011, flows did not noticeably respond to precipitation events and do not show 

any abrupt increases in discharge. The magnitude and frequency of the three large precipitation 

events in October resulted in a series of abrupt, short duration, high flow events.  

The collection of continuous flow data can be used to characterize water quantity problems in the 

sub-watershed and evaluate efforts to restore natural flow regimes. For example, the magnitude 

and frequency of low flow periods. Long term flow data would be required to accurately describe 

the flow regime of Clythe Creek. 

4.5  Hydrometric Analysis 

4.5.1 Vertical Hydraulic Head Gradients 

Piezometers were installed in the streambed to monitor the vertical hydraulic gradient (VHG) 

within the two Pool-Riffle sequences A and B. Refer to Figure 3.2.5.1 and 3.2.5.2 in the methods 

section for piezometer locations.   
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Positive values for VGH (dh/dl) indicate groundwater discharge to the stream, and negative 

values indicate surface water flow into the streambed. For Pool-Riffle A, the results of VHG’s 

for the piezometers located in the pool and the riffle are provided in Figures 4.5.1.1 and 4.5.1.3. 

Figures 4.5.1.4 and 4.5.1.5 show the VHG results for the riffle and pool section in Pool-Riffle B. 

A table of the values for each measurement day are provided in Appendix A.  

 

Figure 4.5.1.1: Vertical Hydraulic Gradients for Pool-Riffle A: Piezometers in Pool 

 

In Pool-Riffle A, VHG’s remained positive in the piezometers installed in the pool during the 

course of the study period. Piezometer A_P6 was installed close to the right bank in the pool, 

whereas A_PG_Pool was installed in the thalweg of the same pool. Piezometer A_P6(B) 

experienced consistently larger positive VHGs than piezometer A_P6. A_PG-pool was installed 

a year earlier (summer 2010) close to the left bank of the pool and experienced the smallest 
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positive VHG of the three pool piezometers. The greatest variability in VHG over the course of 

the study period occurred at piezometer A_P6(B). The highest value, 0.450 m/m, was observed 

on Sep 28th, Oct 1st, 29th and 30th, 2011. A series of precipitation events occurred on Sep 19th, 

21st, 23rd and 27th, 2011, with a cumulative rainfall over these four days totalling 29.4mm. 

Another large precipitation event occurred from October 19th to the 21st, 2011. Within hours 

following a precipitation event, stream stage increased, followed by an increase in VHG in the 

piezometers. A precipitation event causes a positive response in VHG, with a noticeable lag time 

between precipitation events and groundwater response. The time lag is visible in A_P6, and in 

not visible in A_P12, Figure 4.5.1.2 below. A_P12 experienced a different response than A_P6 

during a precipitation event. A_P12 follows the stage response, while A_P6 follows the stage 

response with a slight time lag and then proceeds with a continuing rising water level response.   

  

Figure 4.5.1.2: Water Level response to October 20th storm event (Pool-Riffle A) 
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Figure 4.5.1.3: Daily Vertical Hydraulic Gradients for Pool-Riffle A: Piezometers in Riffle 

 

VHG’s remained positive in the piezometers installed in the riffle and run of Pool-Riffle A 

during the study period. The largest positive VHG was measured in piezometer A_P12(B), and 

the lowest positive VHG in A_PG-riffle. Piezometers A_P12(B) and A_P12 were installed in the 

thalweg of the riffle, piezometer A_P9 was installed in the thalweg of the run, and A_PG-riffle 

was installed the previous year (summer 2010) close to the left bank of the riffle. The greatest 

range in VHG over the course of the study period occurred at piezometer A_P12(B). The highest 

value, 0.519 m/m, was observed on Oct 22nd, 2011 at piezometer A_P12(B), in response to the 

large precipitation event from Oct 19th to the 21st, 2011. The lowest value at piezometer 

A_P12(B), 0.208 m/m, was observed on Nov 7th, 9th, 11th, 14th and 16th, 2011. In November, 

surface water and groundwater levels were similar, creating a smaller positive VHG. For most of 

the study period groundwater levels in both the pool and riffle piezometers were consistently 
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higher than surface water levels, even during long periods of no precipitation, and were 

measured as upward VHG. However, during periods of very high stream stage, such as 

preceding the October 20th storm event, surface water levels were very close to groundwater 

levels. During these brief periods of very high stream stage, the vertical hydraulic gradient was 

slightly positive (upward).   

A larger positive (upward) VHG was measured in the riffle in comparison to the pool. At a riffle 

crest, the elevation of the stream bed increases and the water surface elevation decreases. This 

can cause a negative (downward) VHG at the crest, as hyporheic flow is driven into the crest of 

the riffle. Positive (upward) VHG occurred at the downstream end of the riffle, due to the 

decrease in streambed elevation (Tonina and Buffington, 2011). Piezometer A_P12(B) is located 

further downstream of the riffle crest, whereas piezometer A_P12 is located at the crest. This 

could explain the larger positive VHG measured at piezometer A_P12(B).  

Piezometers installed in the riffle of Pool-Riffle B included piezometer B_P6, and B_P6(B); and 

piezometer B_P9 was installed in the run, Figure 4.5.1.4. The greatest variability in VHG over 

the course of the study period occurred at piezometer B_P6(B). The highest value, 0.022 m/m, 

was observed on Nov 14th and 16th, 2011. By early November, the groundwater table in this 

section had risen just slightly higher than the stream stage, creating a small positive (upward) 

VHG. The lowest value at B_P6(B), -0.502 m/m, was measured on Sept 7th, 2011. The 

groundwater table was at its lowest during September, and stream water flowed through the 

streambed and into the underlying ground-water system.  
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Figure 4.5.1.4: Vertical Hydraulic Gradients for Pool-Riffle B: Piezometers in Riffle 

 

Piezometers installed in the pool of Pool-Riffle B included piezometer B_P12, and B_P12(B), 

Figure 4.5.1.5. Both these piezometers were installed in the thalweg of the channel. Both 

piezometers experience very similar trends; however piezometer B_P12 had slightly more 

negative VHG values than piezometer B_P12(B) from July to the end of October, 2011. The 

highest value, 0.429 m/m, was measured on June 24th, 2011 in piezometer B_P12. This occurred 

at the beginning of the study period, when the groundwater table was near the ground surface as 

a result of wet spring conditions. At this time, the pool was behaving as a shallow groundwater 

discharge zone. The lowest value, -0.386 m/m, was measured on Sept 17th, 2011 in piezometer 

B_P12.  
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Figure 4.5.1.5: Vertical Hydraulic Gradients for Pool-Riffle B: Piezometers in Pool 

 

In Pool-Riffle B, the shallow groundwater system is recharged by the stream throughout the 

summer and early fall months. VHG remained negative for most of the study period. The 

piezometers installed in the riffle (B_P6) and the pool (B_P12), experienced positive VHG in 

early summer, but the direction of VHG reversed by mid-summer. The largest negative VHG 

occurred at the end of the summer, increased towards zero (groundwater level approached stream 

water surface level) by early October, and eventually became positive by early November. 
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only exception to the trends observed in VHG in Pool-Riffle B. 
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zone, whereas Pool-Riffle A has limited sparse grasses growing within the riparian zone.  In 

addition, Pool-Riffle B is exposed to direct sunlight for most of the day, while Pool-Riffle A is 

shaded for most of the day. Increases in sunlight exposure lead to a greater potential for 

evapotranspiration.  

Two trends occurred in the piezometers installed in both sections. The first was that VHG 

increased within days following a precipitation event; however a time lag existed between the 

change in stream stage and the pressure response of the hyporheic zone. The length of time of the 

lag was a function of the magnitude of the stream stage change and the hydraulic conductivity of 

the streambed. The second observation was that the range in VHG tended to be larger in the riffle 

piezometers than in the pool piezometers.             

4.5.2 Shallow Groundwater Table Elevations 

Water table elevations fluctuated considerably throughout the monitoring period. In both Pool-

Riffle A and B, the water table elevation was highest in spring as a result of recharge from 

snowmelt and increased precipitation.  

In the vicinity of Pool-Riffle A, the water table was at or near the surface during the spring, and 

after periods of heavy rainfall. Standing water was observed in the space between piezometer 

A_P3 and A_P5, and A_P10 and A_P7 during spring and after large precipitation events.  

During the summer and early fall, little rainfall and higher rates of evapotranspiration lowered 

the water table in the floodplain piezometers by 0.19-0.23 meters (Figure 4.5.2.1) and 0.15- 0.22 

meters in the stream bank piezometers (Figure 4.5.2.2). The largest fluctuation in water table 

elevation occurred at piezometers A_P2, A_P4 and A_P7 (refer to Figure 3.2.5.1 in the methods 
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section). Along the banks of Pool-Riffle A, water table elevations were observed to be primarily 

controlled by the stream stage, consequently fluctuating less than the water table elevations in 

the floodplain.   

 

 

Figure 4.5.2.1: Groundwater Table Elevations for Pool-Riffle A at Floodplain Piezometer 
Locations 
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Figure 4.5.2.2: Groundwater Table Elevations for Pool-Riffle A at Stream Bank Piezometer 
Locations 

 

Figure 4.5.2.3: Groundwater Table Elevations for Pool-Riffle B at Stream Bank Piezometer 
Locations 
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Figure 4.5.2.4: Groundwater Table Elevations for Pool-Riffle B at Floodplain Piezometer 
Locations 
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zone. Pool-Riffle A functioned as a groundwater discharge zone; as only one piezometer went 

dry throughout the entire study period, and all the in-stream piezometers had positive vertical 

hydraulic head gradients throughout the study period.  

 4.5.3 Lateral Hydraulic Head Gradients 

4.5.3.1 Seasonal Lateral Gradients  

To characterize seasonal changes in lateral hydraulic head gradients in Pool Riffle A and B, 

without the confounding effects of wet weather, a single day in each month of the study period 

was chosen, where no precipitation had fallen for at least 5 previous consecutive days. Seasonal 

lateral hydraulic head gradients for Pool-Riffle A are provided in Table 4.5.3.1.1. Positive values 

indicate the lateral hydraulic gradient direction is from the first column piezometers to the 

second column piezometers.  
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Table 4.5.3.1.1: Seasonal Lateral Hydraulic Head Gradients, Pool-Riffle A (piezometers with an 
asterisk* are located in-stream) 

   
dh/dl 

From To dl (m) 20/06/11 27/07/11 19/08/11 11/09/11 12/10/11 07/11/11 

A_P4 A_P6* 5.46 0.0366 0.0440 0.0403 0.0403 0.0421 0.0495 

A_P1 A_P6* 7.49 0.0067 0.0187 0.0147 0.0174 0.0214 0.0227 

A_P7 A_P5 3.14 0.0064 -0.0031 0 -0.0032 -0.0033 0.0032 

A_P1 A_P4 10.9 -0.0138 -0.0092 -0.0101 -0.0083 -0.0064 -0.0092 

A_P10 A_P8 4.69 -0.0085 -0.0085 -0.0107 -0.0085 -0.0085 -0.0021 

A_P8 A_P9* 1.89 0.0212 0.0582 0.0423 0.0423 0.0423 0.0370 

A_P9* A_P6* 9.61 0.0042 0.0042 0.0052 0.0073 0.0083 0.0042 

A_P12* A_P9* 9.35 0 0.0043 0.0043 0.0064 0.0075 0.0043 

A_P2 A_P1 13.4 -0.0075 P2 DRY P2 DRY P2 DRY P2 DRY -0.0075 

A_P13 A_P4 17.7 -0.0040 -0.0023 -0.0028 -0.0011 -0.0006 -0.0062 

A_P13 A_P12* 1.77 0.0508 0.0678 0.0452 0.0395 0.0395 0.0452 

A_P11 A_P12* 2.29 0.0262 0.0393 0.0218 0.0131 0.0175 0.0306 

A_P10 A_P9* 2.81 0 0.0249 0.0107 0.0142 0.0142 0.0214 

A_P7 A_P6* 2.62 -0.0038 0.0115 0.0038 0.0076 0.0038 0.0038 

A_P5 A_P6* 1.13 -0.0265 0.0354 0.0089 0.0265 0.0177 0 

The results show that in the floodplain surrounding Pool-Riffle A, shallow groundwater travels 

laterally from North West to South East. The direction of shallow groundwater movement in this 

section of the stream is from right to left bank, when looking downstream. Measurements along 

the stream banks at piezometer A_P6 (pool location) from each month indicate that water stored 

within the banks flowed laterally towards the stream, with the exception of June, 2011. In June, 

2011, the water levels in the pool may still have been high enough from earlier precipitation 

events, creating a gradient where water flowed from the stream into the banks. At piezometer 

A_P9 (run location) and A_P12 (riffle location), water stored in the banks travelled laterally 

towards the stream during each measurement period. During dry periods in each month, stream 

flow steadily decreased until a precipitation event occurred, and the flows recovered. During 
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these dry periods, water stored in the stream banks contributed to stream flow. Both lateral and 

vertical shallow groundwater contributed to baseflows in Pool-Riffle A.   

Seasonal lateral hydraulic head gradients for Pool-Riffle B are provided in Table 4.5.3.1.2. 

During dry periods in each of the study months, there was no distinct section wide direction of 

shallow lateral groundwater movement in Pool-Riffle B.  Positive values indicate the lateral 

hydraulic gradient direction is from the first column piezometers towards the second column 

piezometers.  

Table 4.5.3.1.2: Seasonal Lateral Hydraulic Head Gradients, Pool-Riffle B (piezometers with an 
asterisk* are located in-stream). 

    
dh/dl 

From To dl (m) 20/06/11 27/07/11 19/08/11 11/09/11 12/10/11 07/11/11 

B_P15 B_P4 7.88 N/A P15 DRY P15 DRY P15 DRY P15 DRY -0.0279 

B_P4 B_P5 6.88 0.0276 0.0203 0.0124 0.0138 0.0240 0.0327 

B_P4 B_P6* 7.92 -0.0101 0.0152 0.0114 0.0126 0.0196 0.0253 

B_P7 B_P6* 2.0 -0.0150 -0.0100 -0.0025 P7 DRY P7 DRY -0.0250 

B_P14 B_P3 4.56 N/A P14 DRY P14 DRY P14 DRY -0.0077 0.0154 

B_P14 B_P12* 7.10 N/A P14 DRY P14 DRY P14 DRY 0.0099 0.0232 

B_P1 B_P12* 2.15 -0.0395 0.0023 0.0116 0.0349 0.0465 0.0023 

B_P9* B_P12* 12.9 -0.0023 0.0039 0.0074 0.0093 0.0078 0.0035 

B_P6* B_P9* 10.2 0.0089 0.0078 0.0064 0.0073 0.0078 0.0073 

B_P10 B_P2 8.90 -0.0096 -0.0034 0.0034 0.0023 0 -0.0051 

B_P8 B_P10 2.74 0.0219 0.0037 P8 DRY P8 DRY 0.0109 0.0401 

B_P16 B_P1 13.9 N/A P16 DRY P16 DRY P16 DRY P16 DRY P16 DRY 

B_P15 B_P14 22.8 N/A P14 &15 DRY P14 &15 DRY P14 &15 DRY P15 DRY -0.0029 

B_P8 B_P9* 1.83 -0.0273 -0.0219 P8 DRY P8 DRY 0.0055 0.0273 

B_P10 B_P9* 1.04 -0.1060 -0.0483 -0.0338 -0.0145 -0.0193 -0.0580 

B_P5 B_P6* 1.07 -0.0655 -0.0187 0.0047 0.0047 -0.0094 -0.0234 

B_P13 B_P12* 1.77 -0.0508 0.0169 0.0537 0.0763 0.0678 0.0141 

B_P11 B_P12* 2.15 -0.0233 0.0140 0.0302 0.0488 0.0419 0.0093 

At piezometer B_P6 (riffle location), stream water travelled from the stream towards the banks 

in each month, with the exception of August and September. During the dry period in these two 
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months, water stored in the north-east/right bank (looking downstream) travelled towards the 

stream. At piezometer B_P9 (run location), stream water travelled from the stream into the banks 

during each month, with the exception of October and November. During the dry period in these 

two months, water stored in the right bank travelled towards the stream. At piezometer B_P12 

(pool location), water stored in the banks moved towards the stream during each month, with the 

exception of June. During the dry period in June, stream water flowed towards the banks. In the 

riffle and run sections of Pool-Riffle B, stream water generally contributed to bank storage 

during dry periods. However, in the fall season, the lateral hydraulic gradient towards the banks 

had decreased, and at some locations reversed, where the banks now supplied water to the 

stream. At the riffle and run sections, the right bank never supplied water to the stream. The 

direction of shallow groundwater movement in this section of the stream is from right to left 

bank. In the pool section during dry periods in the summer, lateral hydraulic gradient were 

consistently from the banks towards the stream channel. The groundwater level within the banks 

remained above the stream stage during this period, and it is possible that bank storage 

contributed to streamflow during the dry periods.    

4.5.3.2  Lateral Gradients following a precipitation event 

To characterize the effects of precipitation events on the direction of lateral hydraulic gradients 

in Pool-Riffle A and B, gradients were calculated for a single day in each month following the 

largest precipitation event of that month.  Lateral hydraulic head gradients following a 

precipitation event for Pool-Riffle A are provided in Table 4.5.3.2.1. Positive values indicate the 

lateral hydraulic gradient direction is from the first column piezometers towards the second 

column piezometers. 
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Table 4.5.3.2.1: Lateral Gradients Following a Precipitation Event in Pool-Riffle A 

   
dh/dl 

From To dl (m) 24/06/11 03/07/11 09/08/11 13/09/11 20/10/11 16/11/11 

A_P4 A_P6* 5.46 0.0348 0.0385 0.0403 0.0421 0.0311 0.0513 

A_P1 A_P6* 7.49 0.0067 0.0107 0.0174 0.0174 0.0067 0.0240 

A_P7 A_P5 3.14 0.0127 0.0032 -0.0032 0 0.0032 0.0032 

A_P1 A_P4 10.9 -0.0129 -0.0119 -0.0083 -0.0092 -0.0092 -0.0092 

A_P10 A_P8 4.69 -0.0107 -0.0085 -0.0043 -0.0085 -0.0107 -0.0043 

A_P8 A_P9* 1.89 0.0159 0.0370 0.0423 0.0423 -0.0106 0.0423 

A_P9* A_P6* 9.61 -0.0052 0.0031 0.0052 0.0062 0.0094 0.0052 

A_P12* A_P9* 9.35 0.0011 0.0021 0.0043 0.0064 0.0032 0.0011 

A_P2 A_P1 13.4 -0.0015 -0.0045 P2 DRY -0.0097 0 -0.0060 

A_P13 A_P4 17.7 -0.0034 -0.0034 -0.0023 -0.0023 -0.0096 -0.0068 

A_P13 A_P12* 1.77 0.0395 0.0565 0.0508 0.0395 -0.0113 0.0565 

A_P11 A_P12* 2.29 0.0175 0.0262 0.0262 0.0131 -0.0175 0.0393 

A_P10 A_P9* 2.81 -0.0071 0.0107 0.0214 0.0142 -0.0249 0.0214 

A_P7 A_P6* 2.62 0 0 0.0038 0.0076 -0.0153 0.0038 

A_P5 A_P6* 1.13 -0.0354 -0.0089 0.0177 0.0177 -0.0442 0 

The only exception to the lateral shallow groundwater flow patterns in Pool-Riffle A in 

comparison to the previous section occurred after a large precipitation event in late October. This 

event, which caused overtopping of stream banks, also caused a reversal in lateral gradients and 

flow from the stream into bank storage. 

Lateral hydraulic head gradients following a precipitation event for Pool-Riffle B are provided in 

Table 4.5.3.2.2. Positive values indicate the lateral hydraulic gradient direction is from the first 

column piezometers towards the second column piezometers. 
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Table 4.5.3.2.2: Lateral Gradients Following a Precipitation Event in Pool-Riffle B 

   
dh/dl 

From To dl (m) 24/06/11 03/07/11 09/08/11 13/09/11 20/10/11 16/11/11 

B_P15 B_P4 7.88 N/A -0.0317 -0.0305 P15 DRY -0.0209 -0.0235 

B_P4 B_P5 6.88 0.0247 0.0349 0.0276 0.0218 0.0233 0.0356 

B_P4 B_P6* 7.92 0.0101 0.0164 0.0240 0.0202 0.0170 0.0278 

B_P7 B_P6* 2.0 -0.0300 -0.0300 0 P7 DRY -0.0225 -0.0225 

B_P14 B_P3 4.56 N/A 0.0121 -0.0110 -0.0088 0.0066 0.0241 

B_P14 B_P12* 7.10 N/A -0.0070 0.0049 0.0127 0.0127 0.0317 

B_P1 P12* 2.15 -0.0581 -0.0488 0.0326 0.0372 0.0186 -0.0023 

P9* B_P12* 12.9 -0.0039 -0.0023 0.0047 0.0101 0.0008 0.0027 

B_P6* B_P9* 10.2 0.0098 0.0078 0.0068 0.0059 0.0117 0.0073 

B_P10 B_P2 8.90 -0.0107 -0.0107 -0.0096 0.0011 -0.0084 -0.0073 

B_P8 B_P10 2.74 0.0365 0.0255 0.0237 0.0109 0.0328 0.0474 

B_P16 B_P1 13.9 N/A 0.0148 P16 DRY P16 DRY 0.0040 P16 DRY 

B_P15 B_P14 22.8 N/A -0.0009 0.0019 P15 DRY 0.0004 -0.0035 

B_P8 B_P9* 1.83 -0.0164 -0.0328 0.0164 0.0027 0.0355 0.0355 

B_P10 B_P9* 1.04 -0.1260 -0.1260 -0.0338 -0.0242 -0.0242 -0.0628 

B_P5 B_P6* 1.07 -0.0843 -0.1030 0 0.0094 -0.0234 -0.0234 

B_P13 B_P12* 1.77 -0.0734 -0.0621 0.0367 0.0791 0.0198 0.0085 

B_P11 B_P12* 2.15 -0.0419 -0.0372 0.0326 0.0512 0.0279 0.0047 

Lateral hydraulic gradients followed similar trends to those experienced during the dry periods of 

each month, as shown in Figure 4.5.3.1.2. Only after a very large precipitation event, such as the 

one that occurred in October did all locations have lateral gradients allowing water movement 

from the stream into the banks. At piezometer B_P9, lower elevations along the along the left 

bank caused stream water to travel more frequently towards the left bank after precipitation 

events. During the summer and early fall seasons when stream flows are small, single 

precipitation events are not large enough to create a gradient allowing water movement from the 

stream into the banks.  
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 4.5.4 Hydraulic Conductivities 

Hydraulic conductivity measurements were performed in the in-stream piezometers of Pool-

Riffle A and B, and in a single piezometer in the wetland (Table 4.5.4). Only a single piezometer 

was measured in the wetland because it was the only piezometer with water levels adequate to 

perform a rising head test. A falling head test was not performed because the results were found 

to be non-representative of the actual hydraulic conductivities. When water was added to the 

piezometer, it rapidly dropped and washed out the packed sediment around the screened portion 

of the piezometer. The piezometer was no longer securely embedded in the streambed and had to 

be re-installed.  

Table 4.5.4: Hydraulic Conductivities for Piezometers installed in Pool-Riffle A and B 

    Hydraulic Conductivity (cm/s) 

Section Piezo. July August September November Avg. 

A - Riffle A_P12(B) 1.8E-03   1.4E-03 1.8E-03 1.7E-03 

A - Run A_P9       2.0E-03 2.0E-03 

A - Pool A_P6(B) 5.0E-04   5.2E-04 1.2E-03 7.6E-04 

B - Pool B_P12 5.5E-05   5.9E-05 3.4E-05 4.9E-05 

B - Run B_P9       2.4E-05 2.4E-05 

B - Riffle B_P6(B) 2.9E-05   3.5E-05 4.8E-05 3.7E-05 

Marsh B1   1.07E-04     1.1E-04 

The streambed in Pool-Riffle A yielded average hydraulic conductivity values from 1.7 x 10-3 to 

7.6 x 10-4 cm/s. The surface layer of the streambed in Pool-Riffle A consisted of cobbles and 

coarse gravel that overlaid a thick layer of fine sand and gravel. The hydraulic conductivity in 

the pool was lower than in the riffle for two out of the three measurement days. An explanation 

for this trend is that fine-grained sediments were deposited more readily in the pool, as a result of 

lower velocities. The deposition of fine grained sediments may have clogged the interstitial pore 
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spaces within the streambed. Measurements performed in November showed a reversal in the 

trend described above. Hydraulic conductivities were higher in the pool than in the riffle. The 

large flow at the end of October washed away the deposited surface sediments in the pool, and 

may have dislodged some of the sediment within the interstitial pore spaces within the 

streambed.    

The streambed in Pool-Riffle B yielded average hydraulic conductivity values that ranged from 

2.4 x 10-5 to 4.9 x 10-5 cm/s. The surface layer of the streambed in Pool-Riffle B consisted of 

cobbles and coarse gravel that overlaid a thick layer of silt and clay. The hydraulic conductivity 

in the pool was lower than in the riffle for the measurements performed on July and September 

and higher in the pool for the November measurement.  

The hydraulic conductivities in Pool-Riffle A were higher than Pool-Riffle B.  The lower 

hydraulic conductivity values measured in Pool-Riffle B are due to the silt and clay composition 

of the substrate material.   

Hydraulic conductivities did not decrease between July and September. It was hypothesized that 

through the summer, as the streambed surface became covered with a layer of fine sediment, the 

interstitial pore spaces within the streambed would become clogged. This clogging would have 

resulted in a decrease in hydraulic conductivity, as reported by Ryan and Packman (2006). 

However, this was not observed. There may have been enough small frequent flow events during 

summer 2011 to mobilize the deposited surface sediment, thereby minimizing the degree of 

clogging.    
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 4.5.5 Vertical Seepage Flux  

Vertical groundwater flux (cm3/s) for the piezometers in Pool-Riffle A are presented in Table 

4.5.5.1, and Pool-Riffle B in Table 4.5.5.2, in Appendix A. Equation (2) was used to calculate 

flux at each piezometer. The average hydraulic conductivity for each piezometer was used in the 

calculation. In Pool-Riffle A, the measured vertical gradients were positive at each piezometer 

location, indicating that the vertical component of groundwater flux was upward. In Pool-Riffle 

B, the measured vertical gradients were either positive, zero or negative, indicating that the 

vertical component of groundwater flux was either upward, no vertical movement or downward.  

Positive flux values indicate that stream lost water to the shallow groundwater system at that 

point in the stream.  

Flux estimates varied by several orders of magnitude illustrating the highly heterogeneous nature 

of GW-SW interactions. The largest flux in Pool-Riffle A occurred at piezometer A_P12(B). The 

lowest flux in Pool-Riffle A occurred at piezometer A_P6. Piezometer A_P6 had the lowest 

measured VHG and the lowest average hydraulic conductivity of all the piezometers in this 

section.   

Pool-Riffle B experienced both upward (discharge) and downward (recharge) fluxes. The largest 

upward flux occurred at piezometer B_P12, which correlated with the largest positive VHG that 

occurred in the late spring. Piezometer B_P12 also had the highest average hydraulic 

conductivity out of the three piezometers measured in Pool-Riffle B. The smallest upward flux 

occurred in piezometer B_P6(B). Piezometer B_P6(B) was not installed until late July, thus the 

early summer positive VHG were missed, and only the small positive VHG measured in the late 
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fall were captured in the flux calculations. The largest downward flux occurred at piezometer 

B_P6. 

Table 4.5.5.3: Flux Statistics 

Piezometer 
Average Flux 

(cm^3/s) 
Max Flux 
(cm^3/s) 

Min Flux 
(cm^3/s) 

Standard 
Deviation 

Pool-Riffle A 
A_P6 (pool) -2.3E-03 -7.0E-04 -3.8E-03 7.6E-04 

A_P6(B) (pool) -5.5E-03 -3.2E-03 -6.9E-03 9.3E-04 

A_P9 (run) -8.7E-03 -3.9E-03 -1.4E-02 2.5E-03 

A_P12 (riffle) -6.8E-03 -3.2E-03 -1.3E-02 2.1E-03 

A_P12(B) (riffle) -1.2E-02 -7.1E-03 -1.8E-02 2.4E-03 

Pool-Riffle B 
B_P6 (riffle) 4.6E-05 1.4E-04 -1.6E-04 7.3E-05 

B_P6(B) (riffle) 1.6E-04 3.8E-04 -1.6E-05 1.1E-04 

B_P9 (run) -9.4E-06 4.1E-05 -7.7E-05 2.8E-05 

B_P12 (pool) 8.7E-05 3.9E-04 -4.3E-04 2.1E-04 

B_P12(B) (pool) 1.5E-04 3.2E-04 -3.4E-05 1.0E-04 

 

Flux statistics for each piezometer in Pool-Riffle A and B is provided in Table 4.5.5.3. Average 

flux values for Pool-Riffle A were on the same order of magnitude, with pool piezometers 

having a lower average flux than the riffle piezometers. The piezometer with the largest range in 

flux was A_P12(B).  Local-scale flux variations in Pool-Riffle A were hypothesized to be a 

function of streambed topography (e.g., Kasahara and Wondzell, 2003) in the pool-riffle 

sequence. As expected, vertical groundwater flux was lower at the upstream end of pools 

(piezometer A_P6(B) and A_P6), and higher at the downstream end of riffles (piezometer A_P12 

and A_P12(B)). 
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The average flux for each piezometer in Pool-Riffle B was on the same order of magnitude, with 

the exception of piezometer B_P9. Piezometer B_P9 experienced an average upward flux, while 

the rest of the piezometers experienced an average downward flux. The average magnitude of the 

downward flux in piezometers B_P6, B_P6(B), B_P12 and B_P12(B) was larger than then 

average magnitude of upward flux in piezometer B_P9. The largest range in flux occurred at 

piezometer B_P12.  

The small number of piezometers used in this study and the high degree of heterogeneity in each 

section limits the usefulness of larger scale groundwater discharge estimates using piezometers. 

However, the piezometers installed were useful in identifying temporal patterns in both pool-

riffle sections, and spatial patterns of hyporheic exchange in Pool-Riffle A.   

4.6 Hydraulic Gradients in Wetland  

VHG were measured in three nested sets of piezometers located in the riparian wetland complex 

north of Watson Road (refer to Figure 3.2.8.2 in methods). A plot of VHG from July 5th to 

November 16, 2011 is provided in Figure 4.6. The results indicate that recharge (negative 

hydraulic gradient) occurred at each of the three piezometer nests during the length of the study 

period.   
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Figure 4.6: VHG of the three piezometer nests located in the wetland. 

 

Standing water was observed in the wetland until the end of June. Groundwater levels in the 

wetland remained near the surface through July and shallow subsurface flow towards the stream 

supported baseflow during this period, Table 4.6. Groundwater levels within the wetland 

dropped to about 0.50 m below surface in September. At this time, subsurface flow towards the 

stream continued, although lateral gradients were much lower.  
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Table 4.6: Lateral hydraulic gradients between piezometer nests and stream 

Lateral Gradients (dh/dl) 

From To dl (m) 08/07/11 30/07/11 10/08/11 22/08/11 24/09/11 16/11/11 

B Stream 15 0.019 0.012 0.008 0.008 0.002 0.009 

A Stream 20 0.013 0.009 0.007 0.006 0.003 0.007 

C Stream 25 0.011 0.007 0.006 0.005 0.001 0.005 

The water supplied by the wetland to the downstream portion of the creek, is critical in 

maintaining flows during times of little or no precipitation.  

4.7  Monumented Cross-Sections 

A series of cross-sections were surveyed on several dates in three pools identified as “A”, “B”, 

and “C” of the study reach to quantify changes in the channel dimensions over time, as a result 

of sediment erosion and deposition.  Cross-sections were measured on May 19 (spring), June 15 

(early summer), July 11 (mid-summer), August 25 (late summer) and November 4 (autumn) to 

document monthly and seasonal changes. The cross-sections with the least error from each pool 

were used for further analysis: (A2, B3, and C2). Cross-sections with the least error were those 

with the measured area below the tape along the upper banks, which were fairly consistent over 

the entire measurement period.  Because the stream rarely exceeded bankfull discharges, it was 

assumed that erosion and deposition were confined within the active channel. Therefore, any 

dramatic changes in the area of the banks were assumed to be due to measurement error. The 

magnitude of measurement error is also indicated by the deviation of the water surface from a 

flat line as shown in Figure 4.7.1. Sag in the measuring tape, estimated to be at most 5cm, was 

another source of error. However, measured changes in the streambed were larger than the 
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estimated errors such that the errors do not affect the general findings related to erosion and 

deposition within the active channel of the monumented cross sections.   

The cross-sections were divided into Left Bank (LB), Channel, and Right Bank (RB), see Figure 

4.7.1.  The change in dimensional area (i.e. between May 19 and June 15) was used to assist with 

describing changes.   

 

 

Figure 4.7.1: Monumented cross-section A2 showing bank and channel divides 

 

The area of the channel at cross-section A2 was calculated as 1.51m2 in June, and 1.70m2 in July. 

This increase of 0.19m2 indicated that the channel experienced erosion. Table 4.7.1 summarizes 

the terms used to describe changes of various magnitudes. At A2, the channel experienced 

“noticeable erosion” as the area increased by 10cm2 to 20cm2.  
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Table 4.7.1: Description of changes in streambed dimensions 

 

Change in Area 
(cm2) Description: 

<2 "Neutral" 
2-10 "Minor" 

10-20 "Noticeable" 

20+ "Significant" 

+ Change "Erosion" 

- Change "Deposition" 
 

 

The locations along the right and left bank where the pins were installed provided reliable 

benchmarks, as erosion and deposition did not take place at these locations during the study 

period. Since the stream flows rarely exceeded bankfull levels, results for erosion and deposition 

within the channel are presented.    

Table 4.7.2 provides the quantitative changes for the three cross-sections, and Table 4.7.3 

provides the descriptive results. Figures of cross-sections A2, B3 and C2 are provided in Figures 

4.7.1, 4.7.2 and 4.7.3. 
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Table 4.7.2: Seasonal change in cross-sectional area 

 

  A2 (cm2) B3 (cm2) C2 (cm2) 

Date LB Channel RB LB Channel RB LB Channel RB 

19-May-11 - - - - - - - - - 

15-Jun-11 3.45 18.85 5.52 7.25 -5.05 2.22 5.75 16.10 2.38 

11-Jul-11 -5.32 -9.75 1.28 -9.50 -8.95 -6.05 -3.95 -9.10 -0.13 

25-Aug-11 2.33 3.95 5.60 1.75 -1.20 -3.32 -5.00 -5.30 -2.75 

04-Nov-11 8.98 14.25 9.95 3.75 10.25 -0.73 6.10 33.65 8.50 
 

Table 4.7.3: Descriptions for seasonal change in cross-sectional area 

 

Date A2 B3 C2 

19-May-

11 - - - 
15-Jun-11 Noticeable Erosion Minor deposition Minor erosion 

11-Jul-11 Minor deposition Minor deposition Minor deposition 

25-Aug-11 Minor erosion Neutral Minor deposition 

04-Nov-11 Minor erosion Noticeable erosion Noticeable erosion 
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Figure 4.7.2: Monumented Cross-section: B-3 

 

Figure 4.7.3: Monumented Cross-section: C-2 
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Stage level loggers were deployed in late July to monitor instantaneous changes in the stream 

level in Pool-Riffle A and B section.  Using the water level measurements from the piezometers, 

the stream stage data was extrapolated back as far as June 15, 2011.  The data for Pool-Riffle A 

is shown in Figure 4.7.4.  Table 4.7.4 provides an interpretation to the various flows recorded in 

the study period. 

 

 

 

Figure 4.7.4: Stream Stage Depth for Pool-Riffle A 
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Table 4.7.4: Stream Flow Interpretation 

 

June 15-Jul 5 High Flows 

Jul 8-Jul 20 Medium Flows 

Jul 21-Aug 27 Low Flows 

Aug 28 - Oct 13 Fluctuates between low flows and base flows 

Oct 15 - 27 High Flows 

Oct 27 - Nov 11 Med Flows 

**Low flows = August 30th, September 11th, 18th, 29th, October 11th 

Temporally, sediment deposition patterns varied with a change in stream flows.  Following a 

large flow event that occurred from May 17th to 19th 2011, above bankfull discharges were 

observed throughout the stream reach. The magnitude of this discharge created flow conditions 

that washed away deposited sediment from the streambed. These high flows caused noticeable 

erosion in cross-section A2 and minor erosion in cross-section C2.  During high flow events, the 

SWM pond upstream of Pool-Riffle A (A2 cross-section) discharged large volumes of water, and 

contributed to an addition in the magnitude of stream flows and greater potential of streambed 

erosion. Cross-section B3 was the anomaly, showing signs of minor deposition during this period 

rather than erosion.  However, cross-section B2, located only a few meters downstream of the 

B3, showed evidence of erosion.  This may suggest that sediment was depositing in some parts 

of the pool, while washing away from others.  

By mid-July 2011, deposition of sediment on the streambed began to occur, and progressively 

increased throughout August 2011. By late August 2011, visually the entire streambed surface in 

Pool A, B and C was completely covered with a layer of sediment. A layer of sediment remained 

on the streambed surface until a large flow event occurred from October 18th to 20th, 2011. This 

flow event resulted in flows large enough to remove most of the sediment that had deposited on 
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the streambed. The maintenance of channel geometry and the enhancement of fishery habitat can 

be accomplished by flows large enough to wash away deposited sediment from the streambed 

surface.    

Unfortunately, there were errors associated with the monumented cross-section method. Areas 

along the channel banks with heavy foot traffic cause enhanced erosion characteristics. The 

frequent walking in the channel removed deposited surface sediments, thereby not allowing 

natural deposition processes to occur. Lastly, when cross-section measurements were being 

performed, debris in the floodplain and banks occasionally prevented the tape from being level 

resulting in erroneous measurements.    

4.8 Water Quality 

The minimum water quality standard of dissolved oxygen (DO) in Ontario streams is 5-8 mg/L 

(warm water biota) and 4-7 mg/L (cold water biota) (MEE, 1994). Most aquatic species cannot 

survive in water with DO content less than 3 mg/L (Davis, 1975). DO measurements using a 

handheld YSI 600 QS probe was performed on five different days at twelve locations. DO values 

were consistently lower in the wetland and at the SWM pond outlet. In the wetland, values 

ranged from 5.67 – 8.06 mg/L. At the SWM pond outlet, values ranged from 6.78-9.66 mg/L. 

DO values in Pool-Riffle A and B ranged from 7.11 mg/L to a high of 9.95 mg/L. DO values 

were consistent between the two sections. DO was also measured 10 meters and 20 meters 

downstream of the SWM pond outlet. DO values 20 meters downstream of the outlet were 

consistently higher than the values 10 meters downstream.  
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Causes of low DO measured in the wetland and SWM pond outlet are likely a combination of 

warm water temperatures, and high biological oxygen demand (BOD). Surface water in the 

wetland and the SWM pond outlet was on average 1-4°C warmer than the other stations. Warmer 

water holds less dissolved oxygen than colder water. Warm water puts aquatic species at more 

stress, as it increases the metabolic rate of aquatic species, therefore increasing their demand for 

oxygen (Davis, 1975). A second cause of low DO at these two locations is a high BOD. Water 

that discharges from the SWM pond has a high concentration of organic matter and algae. Algae 

and other plants use oxygen all the time in respiration however do not produce oxygen at night 

when they are not photosynthesising. Large amounts of oxygen are also consumed through the 

decomposition of dead plant matter. In the wetland, there is a large volume of standing water, 

with an abundance of decomposing plant and organic material, leading to low levels of DO.    
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Chapter 5 Discussion 

5.1 Groundwater-surface water interaction and hyporheic exchange 

5.1.1 Reach scale groundwater discharge and aquifer recharge 

Groundwater discharge within the study reach was both spatially and temporally variable. 

Groundwater discharge varied in response to surface water fluctuations and changes in the local 

groundwater levels. Groundwater discharge to the stream varied with groundwater levels on a 

seasonal time scale. Variability in discharge was also seen over shorter periods (hours to days), 

and was associated with rapid changes in stream level due to rainfall events. In areas of 

groundwater discharge, the vertical hydraulic gradient was observed to decrease during rapid rise 

in stream stage, following rainfall events. As the stream stage decreased within the days 

following a rainfall event, vertical hydraulic gradients within the piezometers returned to pre-

rainfall levels.   

Continuous water level monitoring of the piezometers located in the banks and floodplain of 

Pool-Riffle A and B, showed a rise in the water table during periods of elevated stream stage 

after a precipitation event (Figures 4.5.2.1 through 4.5.2.4). This was a result of stream water 

temporarily entering the stream banks, and through infiltration of precipitation in the floodplain 

soils. Groundwater levels were at their lowest during the summer months due to a reduction in 

rainfall and low levels of groundwater recharge. 
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Results from continuous water level measurements within the piezometers showed that in both 

Pool-Riffle A and B, high streamflows caused stream water to flow laterally into the stream 

banks. Water from the bank storage returned to the stream following recession.   

Quickflow component of stream flow in Clythe Creek was minimal following precipitation 

events from July through September, 2011 (Figure 4.4.3.2). This may have been a result of the 

dry antecedent moisture conditions within the watershed which may have allowed for greater 

storage and infiltration of the rainfall. The floodplain surrounding Clythe Creek is heavily 

vegetated with a combination of grasses, sedges and small trees. This vegetation reduces the 

volume and rate at which runoff enters the stream by capturing and storing rainfall, and 

promoting infiltration of the rainfall into the soil. To maintain stream water quantity, priority 

should be placed on protecting the banks and floodplain of Clythe Creek to maintain the function 

of bank storage, and large storage infiltration capacity of the floodplain following a precipitation 

event. 

Groundwater discharge did not occur uniformly within the study reach. Pool-Riffle A was 

located in a section of the reach under continuous groundwater discharge. In contrast, Pool-Riffle 

B functioned as a groundwater recharge section, with occasional periods of groundwater 

discharge. Vertical hydraulic gradient reversal was observed in Pool-Riffle B, switching from 

gaining groundwater in June and early July, 2011 to losing stream water to the groundwater 

system from mid-July to mid-October, 2011. By mid-October, Pool-Riffle B returned to gaining 

groundwater, see Figure 4.5.1.4 and 4.5.1.5. Continuous data collection of water levels within 

the piezometers enabled the detection of groundwater flow reversal in Pool-Riffle B.   
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The analytical method (Darcy’s Law) of estimating groundwater discharge, based on spot 

measurements of hydraulic conductivity and vertical hydraulic gradients at each of the in-stream 

piezometers, show spatial variability in the discharge between Pool-Riffle A and B.  Average 

discharges measured at each in-stream piezometer ranged from -1.2E-02cm3/s to -8.7E-03cm3/s 

in Pool-Riffle A and 8.7E-05cm3/s to -9.4E-06cm3/s in Pool-Riffle B. The Darcy flow estimates 

are specific to individual points within the streambed (1 m2 area around the piezometer location) 

and do not represent the groundwater-surface water interactions of the entire reach. The 

groundwater and surface water interacts as part of a complex system and extensive data coverage 

is required to characterise the high degree of heterogeneity of this system. The higher spatial 

resolution offered by the preliminary approaches used to identify groundwater discharge 

locations, such as thermal imagery and substrate temperature mapping can be useful in providing 

context for the point specific flux estimates. These techniques are useful for determining whether 

groundwater discharge is diffuse or localized. If piezometers are installed in areas of localized 

discharge, it is at least known that the measurements will represent an area of high flux.   

Streambed temperature measurements performed in 2010 were successfully used to identify 

areas of the reach where groundwater discharge was likely occurring. The location of these 

groundwater discharge areas led to the selection of the two sections (Pool-Riffle A and B). 

Groundwater discharge in Pool-Riffle B is highly variable; in contrast, Pool-Riffle A consistently 

exhibited groundwater discharge in the vertical direction. To confirm discharge and characterize 

spatial variability of groundwater discharge, Conant (2004) recommends that timing of 

streambed temperature measurements should occur in the winter months or in the summer 

months when the difference between groundwater and surface temperatures are the greatest. 
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However, this study suggested that for locations with seasonally variable vertical hydraulic 

gradients (e.g. Pool-Riffle B), a summer temperature monitoring approach may not be sufficient 

to identify groundwater discharge locations. Measurements performed in Pool-Riffle B during 

May 2010 identified numerous locations where the streambed temperatures were at least 3°C 

cooler than the ambient surface water, indicating groundwater discharge. However, the detailed 

streambed temperature survey performed in August 2011 at the same locations identified 

minimal temperature differences between the streambed and surface water, indicating that this 

section no longer experienced groundwater discharge. Without the streambed temperature 

measurements in the spring, the identification of groundwater discharge in Pool-Riffle B would 

have been missed. Late spring or early summer measurements, when groundwater and surface 

have distinct thermal signatures but the groundwater table remains high, may be preferable.  

5.1.2 Hyporheic exchange patterns 

The installation of piezometers in Pool-Riffle A at intervals along the channel’s longitudinal 

profile (thalweg) proved to be successful in identifying hyporheic exchanges. In agreement with 

the literature (Maddock et al., 1995; Tonina and Buffington, 2007, 2011), larger upward flux 

values were recorded at the downstream end of the riffle crest, than at the tail of the pool. As 

reported by Maddock et al. (1995) and Tonina and Buffington (2011), high fluxes are localized 

at the down-stream end of riffle crests, while lower-intensity fluxes occur around the pool.  It is 

unclear whether the upwelling at the downstream end of the riffle crest was due to the circulation 

of surface water entering into the streambed at the upstream end of the riffle and re-emerging 

back into the surface water at the downstream end of the riffle, or due to spatial heterogeneities 

of the substrate material. In future studies on hyporheic exchange processes, it is recommended 



143 

 

that piezometers be installed both laterally across the channel and into the banks to study 

hyporheic exchanges through meander bends, and longitudinally along the pool-riffle sequence. 

An emphasis should be placed on monitoring the up-stream, crest and downstream portion of the 

riffle to capture the three-dimensional flow paths. To capture the complete temporal scale, 

monitoring of water levels within the piezometers is suggested to occur continuously (hourly) 

over multiple seasons. To distinguish between groundwater discharge and hyporheic exchange 

flow, it may be necessary to use environmental and solute tracers to estimate the hyporheic flow 

component of the water flux being measured.  

Variations in sediment permeability can affect the rate at which water moves in and out of the 

substrate (Blaschke et al., 2003). During the 2011 monitoring period, monthly hydraulic 

conductivity tests were performed to determine if permeability of the streambed sediments 

changed with an increase in sedimentation. It was hypothesized that permeability would decrease 

with an increase in sediment deposition on the streambed. Hydraulic conductivity measurements 

showed that decreases in permeability were minimal or nonexistent. Flows during the 2011 

monitoring period were adequate to regularly flush sediments and prevent colmation of the 

substrate.    

5.1.3 Impacts on groundwater-surface water interaction and hyproheic exchange: 
magnitude and threats 

Groundwater flows towards the study area from the North and North West, as identified in the 

sub-watershed study performed by Ecologists Limited (1997) and through the lateral hydraulic 

gradient measurements in Pool-Riffle A and B. The recharge area for the local groundwater flow 

system is an area where urban development is ongoing. Reduction in groundwater recharge due 
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to urbanization can influence the subsurface flow regime of the effected sub-watershed. Large 

amounts of groundwater use can decrease the amount of groundwater that discharges to surface 

water, and can also reverse the flow direction and change a gaining stream into a losing stream 

(Sophocleous, 2002).  An increase in impervious surfaces associated with residential areas can 

decrease the hydraulic head of groundwater systems and alter the interaction between the 

subsurface and surface water regimes (Barone, 2000). With an increase in impervious surfaces in 

the North and North West upland area and use of traditional storm water management practices, 

a potential decrease in groundwater recharge and future reduction in groundwater discharge in 

the mid-section of Clythe Creek may occur.       

The wetland complex and various sections of Clythe Creek, such as Pool-Riffle A are locations 

where the water table is at or near the elevation of the ground surface. These locations 

experience groundwater discharge which supports stream flows during dry periods in the 

summer months. Groundwater discharge in Clythe Creek is important for sustaining baseflows 

and connections along the channel during low flow periods, and influences the thermal regime 

by moderating surface water temperatures. It should also be noted that observed numbers of fish 

species were greater in sections of the reach experiencing groundwater discharge (Pool-Riffle A) 

than sections without groundwater inputs. If the supply of groundwater discharging to the stream 

decreases, its function will also decrease, resulting in the deterioration of habitat quality in 

Clythe Creek.  

Pool-Riffle B behaved as a shallow groundwater recharge section, where the degree of stream 

water recharging into the groundwater system increased during periods of low groundwater table 

elevations. If groundwater recharge decreases in the upland area surrounding this section of the 
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reach, it can be predicted that the hydraulic head of the groundwater system will decrease. With a 

decrease in the hydraulic head of the groundwater system, an increase in the degree of stream 

water recharging into the shallow groundwater system will likely occur, while the stream 

remains hydraulically connected to the groundwater system. The overall impact may be a 

reduction in baseflow.  

Pool-Riffle A and B behave hydraulically differently, however it is expected that both sections 

will experience a decrease in baseflow over the coming years, with continued urban development 

within the mid-section of the sub-watershed. 

5.2 Impacts on the thermal regime: magnitudes and threats  

5.2.1 Magnitudes  

The average summer surface water temperature in the upstream portion of the study reach was 

consistently warmer than that of the downstream portion during both the 2010 and 2011 

monitoring periods. Cooler conditions in the lower sub reach were attributed to shading of the 

stream by dense riparian vegetation (i.e. less direct heating of the water surface by solar 

radiation), groundwater inputs and potentially, hyporheic exchange. Surface water temperatures 

were warmer in the upstream portion of the study area due to the presence of a wetland, due to 

the limited riparian shading and high width to depth ratio of the channel through the wetland. 

Groundwater flow from the wetland to the stream continued through the summer helping sustain 

flows. The thermal heterogeneity throughout the study reach may be ecologically important. Fish 

species may be able to take advantage of the thermal variations and migrate to the cooler sections 

of the reach during high temperatures. 



146 

 

5.2.2 Threats 

Aquatic organisms have adapted to specific temperature ranges, and can be negatively affected if 

stream temperatures are raised or lowered beyond this range. Many biological activities of 

aquatic organisms are very sensitive to changes in surface water temperature. Potential effects of 

temperature alterations include: metabolic stress and mortality, alteration of spawning times, 

temperature shock, and a reduction in food sources (Wang et al., 2001). Another factor 

associated with temperature, and the health of the coldwater species, is the relationship between 

temperature and dissolved oxygen (DO). As the temperature of the water increases, the amount 

of DO decreases, potentially putting stress on fish species and other aquatic organisms. 

Dissolved oxygen levels were measured at various locations within the study reach throughout 

the monitoring period. DO values ranged from a low of 5.67mg/L to a high of 9.95mg/L. The 

minimum water quality standard of DO in Ontario streams is 5-8 mg/L (warm water biota) and 

4-7 mg/L (cold water biota) (MEE, 1994). DO concentrations in Clythe Creek during the course 

of the monitoring period were within the minimum range in accordance with the Ministry of 

Environment and Energy water quality standards, and were not considered a threat.  

As a watershed becomes urbanized, the thermal regime of the surrounding environment is 

altered. Heated stormwater runoff flows into receiving waters where it mixes, and potentially 

increases the base temperature of the surface water feature (Krause et al., 2004). The increase in 

thermal energy in stormwater runoff is primarily a product of an increase in impervious surfaces 

of the surrounding area (Kieser et al. 2003). Stormwater Best Management Practices (BMPs), 

like wet ponds have been incorporated into urban design to reduce peak flow rates of stormwater 

runoff into receiving streams (Krause et al., 2004). This approach is effective at regulating peak 
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flows; however it is not designed to reduce overall runoff volumes, and mitigate runoff 

temperatures (Krause et al., 2004). The temperature of the stormwater is increased first by 

contact with impervious surfaces, and then again in the stormwater ponds that hold the runoff 

water (Krause et al., 2004). Point source discharges from SWM ponds tend to be warmer than 

the average stream water temperature, possibly leading to elevated temperatures downstream of 

the pond (Krause et al., 2004). 

Clythe Creek has experienced temperature alterations with the onset of urban development and 

anthropogenic alterations to the natural channel. Sources of temperature alterations include 

stormwater runoff and discharge from SWM pond as well as online ponds that detain surface 

water. In addition, impervious cover prevents infiltration into the groundwater system, 

potentially leading to a reduction in cool groundwater discharge to the receiving stream (Poole 

and Berman, 2001). From May through November, the SWM pond outlet water temperature was 

consistently warmer than the stream water temperature both up and down stream of the pond by 

approximately 3°C. Considerable heating of runoff water occurred through the detention of the 

water in the SWM pond. The outlet surface water temperature of the SWM pond was 

approximately 7C warmer than the inlet temperature during the monitoring period (Sabouri, 

2012). SWM pond outlet water temperature steadily increased throughout the summer, reaching 

a maximum in July of approximately 8.1C warmer than the inlet (Sabouri, 2012). The warmer 

water discharging from the SWM pond into the stream did not increase the overall temperature 

of the stream water, as the water temperatures up and down stream of the pond were 

approximately identical, Figure 4.3.1.3.1. Water discharged from the SWM pond travels through 

a cooling trench before entering Clythe Creek. This explains the minimal 3°C temperature 
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difference between the outlet temperature and stream temperature, and the approximately 

identical stream temperatures up and down stream of the pond, suggesting the cooling trench is 

effective. The outlet from the pond into the stream is located in a section of the reach that is 

completely shaded and receives groundwater inputs. Without the addition of discharge water 

from the SWM pond outlet, this section may progressively become cooler downstream of the 

SWM pond.  

The comparison of surface water temperatures between shaded and non-shaded sections of the 

reach showed that the weekly maximum water temperatures in the non-shaded sections were 

consistently warmer than the shaded section. The importance of riparian vegetation in decreasing 

maximum daily temperatures and large diurnal fluctuations through shading can be seen in these 

results. It should be noted that canopy cover analysis was qualitative. Priority should be placed 

on protecting and/or restoring the natural vegetative cover within the sub-watershed.  

5.2.3 Anthropogenic impacts on the native fish assemblage 

Clythe Creek was considered a coldwater fisheries habitat; however was showing signs of stress 

and degradation during a 1997 study (Ecologists Limited, 1997). The study recommended that 

fisheries habitat needed to be improved through the removal of fish barriers, and through the use 

of stormwater management practices that maintain low water temperatures (Ecologists Limited, 

1997).  

The fish assemblage in Clythe Creek has changed in the past 20 years from a stream that 

supported cool and cold water species to supporting cool/warm water species. This is highly 

typical of degraded cold water streams (Wang et al., 2001). A fish survey conducted in 1990 by 
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the Grand River Conservation Authority identified the following fish species in Clythe Creek: 

Mottled sculpin, Brook stickleback, White sucker, Northern Redbelly dace, and Creek chub. 

Mottled sculpin is a coldwater species that prefers well-oxygenated, clear water, and commonly 

coexists in the same habitat as Brook Trout; however it is no longer present in Clythe Creek 

(GRCA, 2006). The fish survey conducted by Trout Unlimited in July 2011 identified only four 

fish species inhabiting Clythe Creek. These species are: Fantail darter, Rainbow darter, Creek 

chub and Fathead minnow. The largest population numbers were of Creek chub and Fathead 

minnow. There has been an overall shift from more sensitive fish species, such as Mottled 

sculpin, to more tolerant species such as Fathead minnow and Creek chub. Creek chub and 

Fathead minnow prefer warm flowing water and are very tolerant of high temperatures, turbidity, 

pH variations, salinity and low oxygen (CVC, 2002). Opportunistic and tolerant species are the 

only fish species left inhabiting Clythe Creek.  The underlying causes behind these fish 

assemblage shifts include: temperature alterations, sedimentation, and movement barriers.  

Maximum temperatures have become the focus of many water quality standards because high 

water temperature can increase stress and metabolic rates for coldwater fish species, increase 

potential for aquatic disease, and serve as barriers for migrating fishes (Johnson, 2004).  

During the summer of 2011, various sections of Clythe Creek were classified as either: 

coolwater, cool-warmwater or warmwater using maximum daily stream and air temperatures.  

According to this thermal classification, the majority of the study reach is not classified in the 

thermal class preferred by three of the four fish species inhabiting Clythe Creek. At all but two 

sections of the reach, summer temperatures were frequently rising to the low end of the lethal 

range for three of the four fish species inhabiting Clythe Creek (Creek chub, Rainbow darter and 
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Fantail darter). These three coolwater species may be sensitive to future increases in stream 

temperatures, indicating the strong need for restoration to maintain these species.  

 

Increased sediment in streams can impact fish in two major ways: (1) bed sediment may degrade 

physical habitat and reduce productivity, and (2) suspended sediment may cause behavioral, 

sublethal health effects, and mortality (Wang et al., 2001).  During the 2010 monitoring period, a 

thick layer of sediment accumulated on the streambed surface, with a greater accumulat ion in 

pools and low velocity areas of the reach. During the 2011 monitoring period, similar trends in 

sediment deposition occurred, however not as significant as in 2010. The frequency of flows 

capable of mobilizing accumulated sediment on the streambed surface was greater in 2011 than 

2010. The scouring effect of flows of this magnitude on the streambed is observed in the 

monumnted cross-section results (Figure 4.7.1). The maintenance of substrate 

quality/characteristics and the enhancement of fishery habitat through the scouring of pools may 

be accomplished by flows capable of mobilizing accumulated sediment that occur once or twice 

per year. There is question where the source of sedimentation in Clythe Creek originates from. 

Portions of the sub-watershed are in the construction phase, or surrounded by active agricultural 

fields. It is hypothesised that sediment loading is sourced from land construction, stream channel 

erosion, and agricultural ditches which drain from the surrounding farm fields; however further 

investigation is required to determine the source of sediment. 

Many fish species need to move upstream and downstream as part of their natural life cycles 

(White and Harvey, 2003). Movement barriers, in addition to reduced baseflows prevent this 



151 

 

migration, fragmenting populations and making them more vulnerable to local extinction (White 

and Harvey, 2003). In addition, connectivity is essential for allowing a species to recover from 

small-scale disturbances (White and Harvey, 2003). The numerous weirs and culverts installed 

along the reach of Clythe Creek have created a large number of barriers that impede the natural 

migration of fish species. The vertical barrier due to scour from the drop at the end of the culvert 

beneath Watson Road is an example of one of these barriers. Most of the fish species inhabiting 

Clythe Creek are small; therefore they are severely affected by these barriers. The redesigning of 

raised culverts into bottomless/embedded structures as a means to restore connectivity merits 

further examination.  

5.3 Restoration strategies to improve the thermal regime and protect 
groundwater recharge areas  

 

The ultimate goal of restoration strategies is to protect, maintain and enhance aquatic habitat to 

support communities of fish and other aquatic species. With the continued increase in 

urbanization of watersheds, the protection of urban streams from increased thermal and 

construction-phase sediment loading has become increasingly important. Clythe Creek sub-

watershed is already showing signs of increased thermal loading, and alterations to its native fish 

assemblage. The activities responsible for these increases include: online ponds, movement 

barriers and increased impervious surfaces which reduce groundwater recharge and direct runoff 

into storm drains and ultimately into a SWM pond. As a result of these activities, there is a 

strong need for restoration within the Clythe Creek sub-watershed. Successful stream and 

riparian restoration must include more than the reintroduction or modifications of physical 
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habitat to the channel and its riparian corridors. The long-term protection and restoration of 

Clythe Creek requires a holistic watershed management approach, which includes:   

 Future development should be clustered (conservation development) to protect the 

remaining natural vegetative cover; with priority in protecting up-land headwater and 

recharge regions and the floodplain surrounding the stream and associated riparian 

wetland; 

 Collecting rooftop runoff for use, or allowing it to infiltrate into the ground. This can be 

accomplished through the use of rain barrels (mosquito control should be considered 

using barriers such as screens), or rain gardens (bioretention area).  A reduction in 

impervious cover by narrowing new streets and through the incorporation of permeable 

pavement along residential streets, acknowledging the issue with potential of chloride 

from road salt applications entering the groundwater system. The routine long-term 

maintenance of best management practices and other associated infrastructure is crucial; 

 

 Contact riparian landowners and discuss the implications of online ponds and the benefits 

of their removal. The presence of groundwater inputs in the upper reaches of Clythe 

Creek provides great potential for coldwater restoration (D’Amelio, 2007). With the 

removal of the impoundment upstream of Jones Baseline, and the removal of the two 

online ponds (Woodrill Farm), the increase in coldwater inputs from the headwaters may 

reduce downstream surface water temperatures, allowing the stream to be cooled from the 

headwaters to the downstream sections. The headwaters region downstream to Watson 

Road is largely composed of a riparian wetland. By storing surface water and slowing the 
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rate of runoff after spring melt or major storm events, the riparian wetland would serve to 

stabilize surface water flow and thereby reduce the risk of downstream flooding and 

associated soil erosion. It was observed that water levels in the piezometers installed in 

the wetland decreased at a slower rate than the floodplain piezometers of Pool-Riffle A 

and B, indicating the gradual release of stored water from the wetland back into the 

stream. It is predicted that the storage function of the riparian wetland downstream of the 

online ponds and weirs will dampen potential larger flows during the spring melt and 

after storm events if the online ponds and weirs were to be removed.   

 

 The planting of native trees around the SWM pond at Watson Parkway to decrease solar 

radiation input and direct heating of the water surface of the pond. SWM ponds impound 

water temporarily before releasing it, creating higher outflow temperatures compared to 

inflow temperatures (Van Buren et al., 2000). Without adequate shading, SWM ponds 

contribute to increased thermal inputs to the receiving stream. The SWM pond at Watson 

Parkway has very little shading, therefore rapidly heats up during warm sunny days. The 

planting of native trees is a viable addition to the land surrounding the SWM pond, as its 

canopy cover would limit shortwave radiation inputs during the day, provide aesthetic 

benefits and may facilitate in pollution uptake (Schueler, T.R. 1987). The planting of 

trees and large shrubs in open sections of the channel would also be beneficial in 

reducing solar inputs to the stream; 

 

 Update riparian buffer and wetland protection zones to expand the protection zone, with 

priority to riparian floodplains and upland areas functioning as recharge zones. 
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Streambed temperature results in 2011 for Pool-Riffle A (Figure 4.2) indicated a cool 

seep along the left bank looking downstream. This seep may be a result of a localized 

shallow flow system within the left bank floodplain. The function of this flow system in 

providing a source of water to the stream, in addition to the role of the floodplain in 

providing species habitat, shading to the stream, increased infiltration capacity and bank 

storage provides further evidence to the importance of protecting riparian floodplains; 

 

 Instream treatments to improve fish habitat could be accomplished by deepening existing 

or creating new pools. Instream treatments to deepen pools could be achieved through the 

use of current deflectors or materials such as woody debris and boulders. Current 

deflectors when strategically placed can be used to narrow the channel and direct flow to 

the midstream of the channel, scour pools and reduce bank erosion.  They should be 

constructed to enhance fish passage, especially during low flows. 

 

 Adequate erosion and sediment control measures must be included in the management 

and restoration of Clythe Creek at current construction sites and agriculture fields within 

the sub-watershed. Priority should be put on reducing the velocity of runoff travelling 

across the construction site and preventing sediment from leaving the construction site 

and agriculture field. Measures to reduce the velocity of runoff include: keeping grade 

changes as gradual as possible, and covering bare soil with vegetation (seeding, hydro 

seeding, mulching, matting), or geotextiles. To prevent sediment from leaving the 

construction site and agriculture field, sediment control devices such as: vegetated 

swales, gravel filter berms, sediment control fences, sediment traps or sediment control 
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ponds should be utilized. Monitoring and maintenance of the devices should be 

performed routinely to ensure they are functioning properly.    

 

Chapter 6 Conclusion and Recommendations 

6.1 Conclusion 

The purpose of this study was to characterize the groundwater-surface water interactions and 

thermal regime of Clythe Creek, and to use the understanding gained to identify potential 

restoration projects and stewardship activities to improve the coldwater habitat in Clythe Creek.  

Multiple existing tools were applied to characterize groundwater-surface water interactions and 

thermal regimes. A number of insights were gained in this process.  

 

 Temperature-based methods, such as thermal imagery and streambed temperature 

surveys, are effective methods for providing a preliminary delineation of groundwater 

discharge zones. Temperature measurements can be performed quickly and easily, with 

relatively little cost.  

 

 Thermal imagery is most useful in streams with large groundwater fluxes and/or bank 

discharge, such that groundwater discharge can be easily detected at the water surface. 

Although this approach has proved to be effective in many streams, few of the 

groundwater discharge locations in Clythe Creek were detected using a thermal camera. 
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 Streambed temperature mapping to identify groundwater discharge locations must be 

conducted when the surface water and groundwater have distinct thermal signatures. 

While it is typically recommended that streambed surveys be carried out in winter and 

summer, this study found that measurements in late spring or early summer may be 

preferable to late summer measurements. In locations where there is a reversal in vertical 

gradients as the groundwater table declines over the summer, seasonal groundwater 

discharge locations may be missed with late summer surveys.       

  

 Multi-season substrate temperature surveys can reveal intra-annual variability in 

groundwater discharges. 

 

 A robust temperature probe that can be inserted into the streambed to depths of at least 

20cm is needed, and even still, it may not be possible to use this technique in all streams 

(i.e. cobble and gravel bedded stream). 

 

Streambed temperature measurements are also useful in characterizing the spatial distribution of 

groundwater discharge within a reach. They can indicate whether a section of a reach 

experiences uniform (diffuse) discharge or discharge at specific spots (seeps).They also provide 

useful information for selecting locations to install piezometers and context for interpretation of 

piezometer measurements.  

 

To characterize and quantify hyporheic exchanges through meander bends piezometers should be 

installed laterally across the channel and into the banks at multiple sections. To characterize and 
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quantify hyporheic exchanges due to bed forms, piezometers are needed at select intervals along 

a pool-riffle sequence (e.g. upstream, at and downstream of riffle crest).  

 

Continuous measurements (e.g. hourly resolution) capture variability at multiple temporal scales 

(event, weekly, seasonal) and provide much better data to evaluate impacts and potential 

management activities.  

 

Stream flow gauging is not effective for identifying gaining and losing sections of small 

headwater streams, due to the large uncertainty associated with measurements, particularly 

during low flows.  

 

Further examination of the effectiveness of environmental and solute tracers to distinguish 

between groundwater and hyporheic exchange flows is merited.  

 

Three main threats to the ecological health of Clythe Creek were identified: thermal alterations, 

sedimentation and movement barriers. Average maximum daily stream water temperatures at 

multiple locations throughout the study reach were 4 to 5°C warmer in 2011 versus 2007. 

Although no changes in the subwatershed over this period were identified which could explain 

this thermal alteration, options to mitigate these alterations have been identified.  

 

Large sediment loads were observed in Clythe Creek during the 2010 monitoring period, with 

similar, albeit less severe, observations in 2011. High sediment loads can degrade the physical 
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habitat of the stream and cause negative health effects to aquatic organisms. The origin of 

sediment, particularly upstream of the SWM pond, remains unclear and its identification would 

require further investigation. 

Numerous weirs and culverts installed along the reach of Clythe Creek have created barriers that 

impede the movement of fish species. During low flow periods fish were observed to congregate 

in pools. A reduction in baseflow, which may occur with continuing urbanization, could create 

further barriers to fish passage and limit access to thermal refuge areas.  

Natural variations in flows are required to support various ecological functions in Clythe Creek. 

Flow assessment and management should be among the tools used to address the threats and help 

to restore Clythe Creek. Sufficient baseflows are required to maintain the longitudinal 

connection which is important for fish movement, access to refuge areas during extremes in 

temperature and overwintering habitat.  Preliminary modelling, using HEC-RAS 4.0, suggested 

that flows less than 0.006 m3/s will result in the isolation of pools and loss of longitudinal 

connection in Pool-Riffle A and B. However, further refinement of the model would be needed 

to confirm this finding.  

Further, it was observed that when groundwater elevations dropped below 323.2 meters in Pool-

Riffle B, a reversal in vertical hydraulic gradient occurred. This section of the channel changed 

from gaining groundwater to losing surface water to the groundwater system. Clythe Creek is a 

groundwater dependent ecosystem and if this condition occurs more frequently and/or for longer 

durations, critical baseflow within the stream may be lost. The implications of groundwater table 

elevations dropping below a threshold value would be loss of the thermal refuges and the 

longitudinal connection that provides fish with access to the cooler pools.  
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Floodwaters moving between the active channel and floodplain/riparian wetland in Clythe Creek 

are essential in creating a lateral connection between these two systems. Determining overbank 

flooding is important in floodplain construction and development and in contributing to bank 

storage. Flows at or above 0.21 m3/s in Pool-Riffle A and B were observed to overtop the 

channel banks and inundate the floodplain and riparian wetland. Storage in the riparian wetland 

was an important source of water to the stream during dry periods in the summer months. It 

would be useful to relate the flow which overtops banks to a flow percentile but this requires a 

longer-term flow record, or a model able to simulate longer-term flows, neither of which were 

available in this study. 

High flows are important in redefining pool-riffle sequences, fine sediment mobilization and 

deepening of pools. Substrate maintenance was achieved at flow rates of 0.044 m3/s, where the 

mobilization of fine sediment off the streambed surface was observed in Pool-Riffle A and B.    

As a result of the threats - thermal alterations, sedimentation, and movement barriers - there is a 

strong need for stream restoration within the subwatershed and stream corridor of Clythe Creek. 

Conservation of the sub-watershed’s existing natural vegetative cover and riparian floodplain 

and wetland, limiting impervious surfaces, incorporation of sediment control measures and 

instream treatments to deepen existing or create new pools are some examples of the 

recommendations to restore the various ecological functions of Clythe Creek. Future monitoring 

of the groundwater-surface water interactions, thermal regime and fish species assemblage is 

strongly recommended to evaluate the changing conditions in Clythe Creek and implement 

appropriate restoration strategies.  
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6.2 Recommendations for future research 

Through this study, various methods were performed to characterize and quantify groundwater-

surface water interactions at small spatial scales. The process and methods used highlighted 

several areas in which further research is needed to improve the understanding of the effects 

urbanization has on the groundwater systems that supply baseflows in streams. Opportunities for 

future work to improve our understanding of the changing groundwater flow regime associated 

with urbanization include: 

 Additional information is required on the exact processes controlling the variability of 

groundwater discharge to streams over time, on both the sub-watershed scale and reach 

scale. The spatial scale of sampling could be increased to quantify groundwater and/or 

surface water fluxes at multiple locations along the reach.  Continuous sampling of 

vertical hydraulic gradients could be conducted to determine how variations in 

groundwater discharge relate to fluctuating groundwater table elevations and the degree 

of groundwater recharge; 

 

 Further study on the importance of hyporheic exchange processes and their ability to 

buffer stream temperature; 

 

 Collecting field data on a continuous basis, with the aim in developing a database which 

will allow for the study of changes in the groundwater-surface water system over time. 
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An emphasis on long term monitoring is essential to improve our understanding of 

changes to groundwater-surface water interactions related to urbanization;    

 

 Using field measurements in groundwater flow models to more accurately identify 

critical thresholds, for example, minimal baseflows to sustain longitudinal connectivity 

within a channel; 

 

 Determining the degree of groundwater recharge that is actually occurring across 

different styles of urban development; 

 

 A better understanding and ability to distinguish between the drivers affecting baseflow 

changes in sub-watersheds; 

 

 The development of a detailed water budget for urban watersheds to better understand the 

hydrological responses to increased urbanization. Examples include taking into account 

contributions such as leaking water mains, sewer networks, and impacts of climate 

change; 

 

 A better understanding of stormwater management practices that will re-establish natural 

groundwater flowpaths and enhance recharge. This will lead to improvements in stream 

physical and ecological function; 
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APPENDIX A 

 

Table 4.2.1: Streambed Temperature Survey Pool-Riffle A 

Section (LB-
RB) 

Distance 
from LB 

(m) Bed (°C) 

Instantaneous 
Surface Temp 

(°C) 

Temp 
Difference 

(°C) 
Average Daily 

Surface Temp (°C) 

Temp 
Difference 

(°C) 

A1-1 0 20.1 24.1 -4 20.15 -0.05 

A1-2 0.5 20.8 

 

-3.3 

 

0.65 

A1-3 1 21.3 
 

-2.8 
 

1.15 

A1-4 1.5 21.2 

 

-2.9 

 

1.05 

A1-5 2 20.4 

 

-3.7 

 

0.25 

A1-6 2.3 21 
 

-3.1 
 

0.85 

       A2-1 0 19.7 24.2 -4.5 20.15 -0.45 

A2-2 0.5 21.2 
 

-3 
 

1.05 

A2-3 1 22.4 
 

-1.8 
 

2.25 

A2-4 1.5 22.7 
 

-1.5 
 

2.55 

A2-5 2 21.2 
 

-3 
 

1.05 

A2-6 2.3 19.2 
 

-5 
 

-0.95 

       A3-1 0 22.1 24.1 -2 20.15 1.95 

A3-2 0.5 22.1 
 

-2 
 

1.95 

A3-3 1 22.5 

 

-1.6 

 

2.35 

A3-4 1.5 21.7 
 

-2.4 
 

1.55 

A3-5 2 18.9 

 

-5.2 

 

-1.25 

A3-6 2.2 18.7 
 

-5.4 
 

-1.45 

       A4-1 0 19.2 24.1 -4.9 20.15 -0.95 

A4-2 0.5 20.6 
 

-3.5 
 

0.45 

A4-3 1 22.4 
 

-1.7 
 

2.25 

A4-4 1.5 22.1 
 

-2 
 

1.95 

A4-5 2 22 
 

-2.1 
 

1.85 

A4-6 2.2 19.8 
 

-4.3 
 

-0.35 

       A5-1 0 19.7 24 -4.3 20.15 -0.45 
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A5-2 0.5 20.7 

 

-3.3 

 

0.55 

A5-3 1 21.6 
 

-2.4 
 

1.45 

A5-4 1.5 21 

 

-3 

 

0.85 

A5-5 2 18.5 
 

-5.5 
 

-1.65 

A5-6 2.3 19.8 
 

-4.2 
 

-0.35 

       A6-1 0 18.6 24 -5.4 20.15 -1.55 

A6-2 0.5 19.2 
 

-4.8 
 

-0.95 

A6-3 1 19.9 
 

-4.1 
 

-0.25 

A6-4 1.5 21.2 
 

-2.8 
 

1.05 

A6-5 2 18 
 

-6 
 

-2.15 

A6-6 2.2 16.8 
 

-7.2 
 

-3.35 

       A7-1 0 17.5 23.9 -6.4 20.15 -2.65 

A7-2 0.5 18.3 

 

-5.6 

 

-1.85 

A7-3 1 22.2 

 

-1.7 

 

2.05 

A7-4 1.5 21.7 
 

-2.2 
 

1.55 

A7-5 2 18.2 

 

-5.7 

 

-1.95 

       A8-1 0 15.4 23.9 -8.5 20.15 -4.75 

A8-2 0.5 16 
 

-7.9 
 

-4.15 

A8-3 1 19.9 
 

-4 
 

-0.25 

A8-4 1.5 19.7 
 

-4.2 
 

-0.45 

A8-5 1.9 19.7 
 

-4.2 
 

-0.45 

       A9-1 0 16.5 23.7 -7.2 20.15 -3.65 

A9-2 0.5 12.9 
 

-10.8 
 

-7.25 

A9-3 1 11.7 

 

-12 

 

-8.45 

A9-4 1.5 11.1 
 

-12.6 
 

-9.05 

A9-5 2 14.8 

 

-8.9 

 

-5.35 

A9-6 2.2 13.2 
 

-10.5 
 

-6.95 

       A10-1 0 15.3 23.8 -8.5 20.15 -4.85 

A10-2 0.5 17.4 
 

-6.4 
 

-2.75 

A10-3 1 22.2 
 

-1.6 
 

2.05 

A10-4 1.4 18.4 
 

-5.4 
 

-1.75 

       A11-1 0 14.5 23.8 -9.3 20.15 -5.65 

A11-2 0.5 17.3 
 

-6.5 
 

-2.85 

A11-3 1 18.9 

 

-4.9 

 

-1.25 
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A11-4 1.5 17.2 

 

-6.6 

 

-2.95 

A11-5 1.6 19.1 
 

-4.7 
 

-1.05 

       A12-1 0 16.2 23.8 -7.6 20.15 -3.95 

A12-2 0.5 16.4 
 

-7.4 
 

-3.75 

A12-3 1 16.9 

 

-6.9 

 

-3.25 

A12-4 1.5 19 
 

-4.8 
 

-1.15 

A12-5 2 19.9 
 

-3.9 
 

-0.25 

       
A13-1 0 15.2 23.5 -8.3 20.15 -4.95 

A13-2 0.5 19.1 
 

-4.4 
 

-1.05 

A13-3 1 21.7 
 

-1.8 
 

1.55 

A13-4 1.5 19.8 

 

-3.7 

 

-0.35 

A13-5 2 17.8 
 

-5.7 
 

-2.35 

A13-6 2.1 18.4 

 

-5.1 

 

-1.75 

       A14-1 0 15.3 23.5 -8.2 20.15 -4.85 

A14-2 0.5 18.5 

 

-5 

 

-1.65 

A14-3 1 21.7 
 

-1.8 
 

1.55 

A14-4 1.5 20.5 
 

-3 
 

0.35 

A14-5 2 20.3 
 

-3.2 
 

0.15 

A14-6 2.5 15.9 
 

-7.6 
 

-4.25 

       A15-1 0 14.7 23.5 -8.8 20.15 -5.45 

A15-2 0.5 19.8 

 

-3.7 

 

-0.35 

A15-3 1 20.2 
 

-3.3 
 

0.05 

A15-4 1.5 20.9 
 

-2.6 
 

0.75 

A15-5 2 19.7 

 

-3.8 

 

-0.45 

A15-6 2.3 17.5 
 

-6 
 

-2.65 

       A16-1 0 20.2 23.7 -3.5 20.15 0.05 

A16-2 0.5 22.8 
 

-0.9 
 

2.65 

A16-3 1 22.4 

 

-1.3 

 

2.25 

A16-4 1.5 23.2 
 

-0.5 
 

3.05 

A16-5 2 22.1 
 

-1.6 
 

1.95 

       
A17-1 0 18.2 23.6 -5.4 20.15 -1.95 

A17-2 0.5 22.6 
 

-1 
 

2.45 

A17-3 1 22.5 
 

-1.1 
 

2.35 

A17-4 1.5 23 

 

-0.6 

 

2.85 
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A17-5 2 21.1 

 

-2.5 

 

0.95 

A17-6 2.3 23 
 

-0.6 
 

2.85 

       A18-1 0 19.8 23.7 -3.9 20.15 -0.35 

A18-2 0.5 23.1 
 

-0.6 
 

2.95 

A18-3 1 22.5 

 

-1.2 

 

2.35 

A18-4 1.5 22.2 
 

-1.5 
 

2.05 

A18-5 2 22.1 
 

-1.6 
 

1.95 

A18-6 2.3 21.5 
 

-2.2 
 

1.35 

       A19-1 0 19.2 23.5 -4.3 20.15 -0.95 

A19-2 0.5 22.3 
 

-1.2 
 

2.15 

A19-3 1 22.3 

 

-1.2 

 

2.15 

A19-4 1.5 22.2 
 

-1.3 
 

2.05 

A19-5 2 21.5 

 

-2 

 

1.35 

A19-6 2.4 16.5 

 

-7 

 

-3.65 

       A20-1 0 18.9 23.5 -4.6 20.15 -1.25 

A20-2 0.5 22 
 

-1.5 
 

1.85 

A20-3 1 20.9 
 

-2.6 
 

0.75 

A20-4 1.5 20.3 
 

-3.2 
 

0.15 

A20-5 2 17.8 
 

-5.7 
 

-2.35 

A20-6 2.3 17.6 
 

-5.9 
 

-2.55 

       A21-1 0 19.7 23.5 -3.8 20.15 -0.45 

A21-2 0.5 21.9 
 

-1.6 
 

1.75 

A21-3 1 20.9 
 

-2.6 
 

0.75 

A21-4 1.5 20.9 

 

-2.6 

 

0.75 

A21-5 2 20.9 
 

-2.6 
 

0.75 

A21-6 2.1 18.9 

 

-4.6 

 

-1.25 

       
A22-1 0 19.8 23.4 -3.6 20.15 -0.35 

A22-2 0.5 22 

 

-1.4 

 

1.85 

A22-3 1 21.8 
 

-1.6 
 

1.65 

A22-4 1.5 21.1 
 

-2.3 
 

0.95 

A22-5 2 19.9 
 

-3.5 
 

-0.25 

A22-6 2.2 16.9 
 

-6.5 
 

-3.25 

       A23-1 0 21.5 23.2 -1.7 20.15 1.35 

A23-2 0.5 22.1 

 

-1.1 

 

1.95 
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A23-3 1 22.5 

 

-0.7 

 

2.35 

A23-4 1.5 22 
 

-1.2 
 

1.85 

A23-5 2 21.2 

 

-2 

 

1.05 

A23-6 2.5 18.2 
 

-5 
 

-1.95 

A23-7 2.6 15.9 
 

-7.3 
 

-4.25 

 

 

Table 4.2.2: Streambed Temperature Survey Pool-Riffle B 

Section (LB-
RB) Width Bed (°C) 

Instantaneous 
Stream Temp 

(°C) Difference 
Average Stream 

Temp (°C) Difference 

B1-1 0 19.4 19.9 -0.5 20.45 -1.05 

B1-2 0.5 19.7 
 

-0.2 
 

-0.75 

B1-3 1 19.9 
 

0 
 

-0.55 

B1-4 1.5 19.9 

 

0 

 

-0.55 

B1-5 2 19.5 
 

-0.4 
 

-0.95 

B1-6 2.2 19.5 
 

-0.4 
 

-0.95 

       
B2-1 0 19.6 19.9 -0.3 20.45 -0.85 

B2-2 0.5 19.5 
 

-0.4 
 

-0.95 

B2-3 1 19.7 
 

-0.2 
 

-0.75 

B2-4 1.5 19.6 

 

-0.3 

 

-0.85 

B2-5 2 19.6 
 

-0.3 
 

-0.85 

B2-6 2.5 19.5 
 

-0.4 
 

-0.95 

       B3-1 0 19.5 20 -0.5 20.45 -0.95 

B3-2 0.5 19.5 

 

-0.5 

 

-0.95 

B3-3 1 19.7 
 

-0.3 
 

-0.75 

B3-4 1.5 19.8 
 

-0.2 
 

-0.65 

B3-5 2 19.6 

 

-0.4 

 

-0.85 

B3-6 2.2 19.5 
 

-0.5 
 

-0.95 

       B4-1 0 19.4 20.3 -0.9 20.45 -1.05 

B4-2 0.5 19.6 

 

-0.7 

 

-0.85 

B4-3 1 19.8 
 

-0.5 
 

-0.65 

B4-4 1.5 19.6 
 

-0.7 
 

-0.85 

B4-5 2 19.3 

 

-1 

 

-1.15 
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B4-6 2.4 18.9 

 

-1.4 

 

-1.55 

       B5-1 0 19.5 20.3 -0.8 20.45 -0.95 

B5-2 0.5 19.4 
 

-0.9 
 

-1.05 

B5-3 1 19.9 
 

-0.4 
 

-0.55 

B5-4 1.5 19.8 

 

-0.5 

 

-0.65 

B5-5 2 19.5 
 

-0.8 
 

-0.95 

B5-6 2.5 19.2 
 

-1.1 
 

-1.25 

B5-7 2.6 19.4 
 

-0.9 
 

-1.05 

       B6-1 0 19.5 20.2 -0.7 20.45 -0.95 

B6-2 0.5 19.8 
 

-0.4 
 

-0.65 

B6-3 1 19.6 

 

-0.6 

 

-0.85 

B6-4 1.5 19.6 
 

-0.6 
 

-0.85 

B6-5 2 18.9 

 

-1.3 

 

-1.55 

       B7-1 0 19.3 20.2 -0.9 20.45 -1.15 

B7-2 0.5 19.7 

 

-0.5 

 

-0.75 

B7-3 1 20 
 

-0.2 
 

-0.45 

B7-4 1.5 19.6 
 

-0.6 
 

-0.85 

B7-5 2 19.7 
 

-0.5 
 

-0.75 

       B8-1 0 19.3 20.3 -1 20.45 -1.15 

B8-2 0.5 19.8 
 

-0.5 
 

-0.65 

B8-3 1 20 

 

-0.3 

 

-0.45 

B8-4 1.5 19.8 
 

-0.5 
 

-0.65 

B8-5 2 19.6 
 

-0.7 
 

-0.85 

B8-6 2.3 19.4 

 

-0.9 

 

-1.05 

       B9-1 0 19.5 20.4 -0.9 20.45 -0.95 

B9-2 0.5 19.8 
 

-0.6 
 

-0.65 

B9-3 1 19.8 
 

-0.6 
 

-0.65 

B9-4 1.5 19.6 

 

-0.8 

 

-0.85 

B9-5 2 19.8 
 

-0.6 
 

-0.65 

       B10-1 0 19.5 20.5 -1 20.45 -0.95 

B10-2 0.5 20 
 

-0.5 
 

-0.45 

B10-3 1 19.9 
 

-0.6 
 

-0.55 

B10-4 1.5 19.6 
 

-0.9 
 

-0.85 

B10-5 1.7 19.9 

 

-0.6 

 

-0.55 



179 

 

       B11-1 0 19.4 20.5 -1.1 20.45 -1.05 

B11-2 0.5 20.1 

 

-0.4 

 

-0.35 

B11-3 1 20 
 

-0.5 
 

-0.45 

B11-4 1.5 20 
 

-0.5 
 

-0.45 

B11-5 1.7 19.2 

 

-1.3 

 

-1.25 

       B12-1 0 19.6 20.6 -1 20.45 -0.85 

B12-2 0.5 20.1 
 

-0.5 
 

-0.35 

B12-3 1 20.1 
 

-0.5 
 

-0.35 

B12-4 1.5 20.1 
 

-0.5 
 

-0.35 

B12-5 1.6 20 
 

-0.6 
 

-0.45 

       B13-1 0 19.8 20.7 -0.9 20.45 -0.65 

B13-2 0.5 20.3 

 

-0.4 

 

-0.15 

B13-3 1 20.4 

 

-0.3 

 

-0.05 

B13-4 1.3 20.4 
 

-0.3 
 

-0.05 

       B14-1 0 20 20.7 -0.7 20.45 -0.45 

B14-2 0.5 20.1 
 

-0.6 
 

-0.35 

B14-3 1 20.1 
 

-0.6 
 

-0.35 

B14-4 1.4 19.6 
 

-1.1 
 

-0.85 

       B15-1 0 20.1 20.6 -0.5 20.45 -0.35 

B15-2 0.5 20.1 

 

-0.5 

 

-0.35 

B15-3 1 20.2 
 

-0.4 
 

-0.25 

B15-4 1.4 19.5 
 

-1.1 
 

-0.95 

       B16-1 0 20 20.7 -0.7 20.45 -0.45 

B16-2 0.5 20.2 

 

-0.5 

 

-0.25 

B16-3 1 20 
 

-0.7 
 

-0.45 

B16-4 1.2 19.8 
 

-0.9 
 

-0.65 

       B17-1 0 20.2 20.7 -0.5 20.45 -0.25 

B17-2 0.5 20.4 
 

-0.3 
 

-0.05 

B17-3 1 20.2 
 

-0.5 
 

-0.25 

B17-4 1.4 19.8 
 

-0.9 
 

-0.65 

       B18-1 0 19.9 20.8 -0.9 20.45 -0.55 

B18-2 0.5 20.3 

 

-0.5 

 

-0.15 
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B18-3 1 20.3 

 

-0.5 

 

-0.15 

B18-4 1.5 19.8 
 

-1 
 

-0.65 

       B19-1 0 19.9 20.8 -0.9 20.45 -0.55 

B19-2 0.5 20.2 
 

-0.6 
 

-0.25 

B19-3 1 20.2 

 

-0.6 

 

-0.25 

B19-4 1.5 19.8 
 

-1 
 

-0.65 

       B20-1 0 19.4 20.8 -1.4 20.45 -1.05 

B20-2 0.5 20.1 
 

-0.7 
 

-0.35 

B20-3 1 20.4 
 

-0.4 
 

-0.05 

B20-4 1.5 20.2 
 

-0.6 
 

-0.25 

B20-5 1.7 19.8 

 

-1 

 

-0.65 

       B21-1 0 19.8 20.9 -1.1 20.45 -0.65 

B21-2 0.5 20.1 

 

-0.8 

 

-0.35 

B21-3 1 20.5 
 

-0.4 
 

0.05 

B21-4 1.4 19.8 

 

-1.1 

 

-0.65 
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Figure 4.3.1.6.2: Nomograph for station SW10-1 incorporating the cold, cold–cool, cool, cool–
warm and warm thermal categories adapted after Chu et al., (2009). The solid lines mark the 

boundaries of the thermal categories, the dashed lines the original cold, cool, and warm 
boundaries of Stoneman and Jones (1996). 
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Figure 4.3.1.6.3: Nomograph for station SW10-5 incorporating the cold, cold–cool, cool, cool–
warm and warm thermal categories adapted after Chu et al., (2009). The solid lines mark the 
boundaries of the thermal categories, the dashed lines the original cold, cool, and warm 

boundaries of Stoneman and Jones (1996). 
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Figure 4.3.1.6.4: Nomograph for station SW10-6 incorporating the cold, cold–cool, cool, cool–

warm and warm thermal categories adapted after Chu et al., (2009). The solid lines mark the 
boundaries of the thermal categories, the dashed lines the original cold, cool, and warm 
boundaries of Stoneman and Jones (1996). 
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Figure 4.3.1.6.5: Nomograph for station SW10-7 incorporating the cold, cold–cool, cool, cool–
warm and warm thermal categories adapted after Chu et al., (2009). The solid lines mark the 

boundaries of the thermal categories, the dashed lines the original cold, cool, and warm 
boundaries of Stoneman and Jones (1996). 
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Figure 4.3.1.6.6: Nomograph for station SW10-8 incorporating the cold, cold–cool, cool, cool–

warm and warm thermal categories adapted after Chu et al., (2009). The solid lines mark the 
boundaries of the thermal categories, the dashed lines the original cold, cool, and warm 

boundaries of Stoneman and Jones (1996). 
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Figure 4.4.2.3: Baseflow discharges modelled in Pool-Riffle B (red dots represent bank full 

elevation). 
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Figure 4.4.2.4: Above bank full discharges modelled in Pool-Riffle B (red dots represent bank 
full elevation). 
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Table 4.5.5.1: Shallow Groundwater Flux, Pool-Riffle A 

Pool-Riffle A – Flux (cm3/s) 

K (cm/s): 7.55E-04 7.55E-04 1.99E-03 1.69E-03 1.69E-03 

Date: A_P6 A_P6(B) A_P9 A_P12 A_P12(B) 

10-Jun-11           

15-Jun-11   
 

-4.49E-04 
 

  

17-Jun-11   
 

-3.85E-04 
 

  

20-Jun-11 -1.37E-04 

 

-3.85E-04 -2.22E-04   

22-Jun-11 -1.03E-04 
 

-3.53E-04 -2.66E-04   

24-Jun-11 -1.20E-04 

 

-2.57E-04 -2.22E-04   

27-Jun-11 -6.86E-05 
 

-3.21E-04 -2.89E-04   

29-Jun-11 -1.54E-04 
 

-4.81E-04 -2.22E-04   

01-Jul-11 -1.20E-04 

 

-3.21E-04 -1.78E-04   

03-Jul-11 -1.20E-04 
 

-3.21E-04 -2.44E-04   

05-Jul-11 -1.20E-04 

 

-3.53E-04 -2.44E-04   

08-Jul-11 -1.72E-04 
 

-2.57E-04 -2.22E-04   

10-Jul-11 -1.37E-04 
 

-2.25E-04 -2.66E-04   

13-Jul-11 -1.20E-04 

 

-3.53E-04 -2.66E-04   

16-Jul-11 -1.72E-04 
 

-2.89E-04 -2.44E-04   

18-Jul-11 -1.89E-04 

 

-4.17E-04 -2.00E-04   

20-Jul-11 -1.20E-04 -2.60E-04 -3.21E-04 -2.66E-04 -4.38E-04 

22-Jul-11 -1.54E-04 -2.40E-04 -4.49E-04 -2.66E-04 -5.25E-04 

24-Jul-11 -1.54E-04 -2.00E-04 -3.53E-04 -2.66E-04 -5.84E-04 

25-Jul-11 -1.72E-04 -2.60E-04 -3.85E-04 -2.00E-04 -4.96E-04 

27-Jul-11 -8.58E-05 -2.80E-04 -3.53E-04 -2.00E-04 -4.96E-04 

28-Jul-11 -1.03E-04 -2.40E-04 -3.53E-04 -3.11E-04 -5.25E-04 

29-Jul-11 -1.03E-04 -2.60E-04 -2.57E-04 -2.66E-04 -5.55E-04 

30-Jul-11 -1.03E-04 -3.00E-04 -3.21E-04 -2.89E-04 -5.25E-04 

02-Aug-11 -6.86E-05 -2.20E-04 -3.21E-04 -2.00E-04 -4.09E-04 

03-Aug-11 -1.37E-04 -2.20E-04 -3.85E-04 -2.44E-04 -4.96E-04 

04-Aug-11 -8.58E-05 -2.80E-04 -3.85E-04 -2.89E-04 -5.55E-04 

07-Aug-11 -1.37E-04 -2.20E-04 -3.53E-04 -1.55E-04 -5.25E-04 

09-Aug-11 -1.54E-04 -2.60E-04 -4.17E-04 -3.11E-04 -5.25E-04 

10-Aug-11 -1.54E-04 -2.00E-04 -3.53E-04 -3.77E-04 -5.25E-04 

12-Aug-11 -1.03E-04 -2.20E-04 -4.17E-04 -4.22E-04 -4.67E-04 

14-Aug-11 -1.20E-04 -2.40E-04 -4.81E-04 -3.55E-04 -6.13E-04 

15-Aug-11 -1.20E-04 -2.40E-04 -4.17E-04 -2.89E-04 -5.55E-04 

17-Aug-11 -1.03E-04 -2.80E-04 -4.17E-04 -3.33E-04 -5.25E-04 
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19-Aug-11 -1.20E-04 -2.80E-04 -4.49E-04 -2.22E-04 -4.96E-04 

21-Aug-11 -1.03E-04 -2.40E-04 -4.17E-04 -4.00E-04 -6.13E-04 

22-Aug-11 -1.37E-04 -2.40E-04 -4.81E-04 -4.22E-04 -5.55E-04 

24-Aug-11 -1.54E-04 -3.00E-04 -4.81E-04 -3.55E-04 -5.55E-04 

25-Aug-11 -1.20E-04 -2.80E-04 -5.13E-04 -4.66E-04 -6.13E-04 

28-Aug-11 -1.20E-04 -2.60E-04 -4.49E-04 -3.77E-04 -5.25E-04 

30-Aug-11 -1.54E-04 -3.00E-04 -5.77E-04 -4.44E-04 -5.25E-04 

01-Sep-11 -6.86E-05 -2.80E-04 -5.13E-04 -4.22E-04 -5.84E-04 

03-Sep-11 -8.58E-05 -2.20E-04 -4.49E-04 -4.44E-04 -5.25E-04 

05-Sep-11 -8.58E-05 -2.80E-04 -4.81E-04 -3.55E-04 -5.55E-04 

07-Sep-11 -8.58E-05 -2.80E-04 -5.13E-04 -3.33E-04 -6.13E-04 

11-Sep-11 -1.03E-04 -2.80E-04 -5.13E-04 -2.89E-04 -4.96E-04 

13-Sep-11 -8.58E-05 -2.80E-04 -4.81E-04 -3.33E-04 -5.55E-04 

15-Sep-11 -5.15E-05 -3.00E-04 -4.81E-04 -2.66E-04 -5.55E-04 

17-Sep-11 -1.03E-04 -3.00E-04 -4.81E-04 -3.11E-04 -4.96E-04 

20-Sep-11 -8.58E-05 -3.19E-04 -5.77E-04 -2.89E-04 -5.84E-04 

20-Sep-11 -1.03E-04 -3.00E-04 -5.77E-04 -3.55E-04 -6.13E-04 

21-Sep-11 -8.58E-05 -3.00E-04 -4.49E-04 -4.22E-04 -6.13E-04 

22-Sep-11 -5.15E-05 -3.00E-04 -5.77E-04 -2.89E-04 -6.13E-04 

24-Sep-11 -6.86E-05 -3.19E-04 -5.13E-04 -3.55E-04 -6.13E-04 

26-Sep-11 -8.58E-05 -3.00E-04 -5.45E-04 -3.55E-04 -5.55E-04 

28-Sep-11 -5.15E-05 -3.39E-04 -5.45E-04 -4.00E-04 -5.84E-04 

01-Oct-11 -1.20E-04 -3.39E-04 -4.81E-04 -4.88E-04 -6.42E-04 

03-Oct-11 -8.58E-05 -2.40E-04 -5.77E-04 -4.00E-04 -6.71E-04 

05-Oct-11 -1.37E-04 -3.00E-04 -5.77E-04 -4.22E-04 -6.71E-04 

07-Oct-11 -1.89E-04 -2.80E-04 -6.74E-04 -4.88E-04 -6.42E-04 

09-Oct-11 -1.37E-04 -3.19E-04 -6.09E-04 -4.00E-04 -6.42E-04 

12-Oct-11 -1.72E-04 -3.39E-04 -6.42E-04 -4.88E-04 -7.01E-04 

13-Oct-11 -1.72E-04 -3.39E-04 -6.42E-04 -4.00E-04 -6.71E-04 

14-Oct-11 -1.54E-04 -2.60E-04 -4.81E-04 -5.11E-04 -7.01E-04 

15-Oct-11 -1.54E-04 -2.60E-04 -6.42E-04 -5.11E-04 -7.59E-04 

17-Oct-11 -1.54E-04 -3.00E-04 -6.42E-04 -6.22E-04 -8.47E-04 

19-Oct-11 -1.54E-04 -3.00E-04 -6.74E-04 -5.99E-04 -7.88E-04 

20-Oct-11 -1.37E-04 -2.80E-04 -5.45E-04 -5.33E-04 -7.30E-04 

22-Oct-11 -1.72E-04 -3.19E-04 -6.09E-04 -4.88E-04 -8.76E-04 

24-Oct-11 -1.54E-04 -3.19E-04 -5.45E-04 -4.66E-04 -8.17E-04 

26-Oct-11 -1.20E-04 -3.00E-04 -4.17E-04 -4.00E-04 -6.42E-04 

27-Oct-11 -1.37E-04 -3.19E-04 -3.21E-04 -4.00E-04 -6.71E-04 

29-Oct-11 -6.86E-05 -3.39E-04 -3.21E-04 -3.46E-04 -5.55E-04 



190 

 

31-Oct-11 -6.86E-05 -3.39E-04 -3.21E-04 -3.33E-04 -4.96E-04 

02-Nov-11 -8.58E-05 -2.80E-04 -2.89E-04 -3.11E-04 -4.09E-04 

04-Nov-11 -6.86E-05 -2.20E-04 -1.92E-04 -2.44E-04 -4.09E-04 

07-Nov-11 -6.86E-05 -1.68E-04 -2.57E-04 -2.66E-04 -3.50E-04 

09-Nov-11 -5.15E-05 -1.60E-04 -2.25E-04 -2.22E-04 -3.50E-04 

11-Nov-11 -3.43E-05 -1.60E-04 -2.25E-04 -2.44E-04 -3.50E-04 

14-Nov-11 -6.86E-05 -1.80E-04 -2.25E-04 -2.22E-04 -3.50E-04 

16-Nov-11 -6.86E-05 -2.20E-04 -2.89E-04 -2.22E-04 -3.50E-04 

 

Table 4.5.5.2: Shallow Groundwater Flux, Pool-Riffle B 

Pool-Riffle B – Flux (cm3/s) 

K (cm/s): 4.92E-05 4.92E-05 2.38E-05 3.70E-05 3.70E-05 

Date: B_P12(B) B_P12 B_P9 B_P6 B_P6(B) 

10-Jun-11 
    

  

15-Jun-11 

 

-1.97E-05 -2.53E-06 1.32E-06   

17-Jun-11 

 

-1.97E-05 -2.53E-06 -3.53E-06   

20-Jun-11 
 

-1.62E-05 -3.54E-06 -2.64E-06   

22-Jun-11 

 

-1.48E-05 -2.28E-06 -5.29E-06   

24-Jun-11 
 

-2.11E-05 -3.04E-06 -7.05E-06   

27-Jun-11 

 

-1.97E-05 -3.54E-06 -3.97E-06   

29-Jun-11 

 

-1.90E-05 -3.29E-06 -4.85E-06   

01-Jul-11 
 

-1.27E-05 -2.53E-06 -5.29E-06   

03-Jul-11 

 

-1.90E-05 -3.80E-06 -7.93E-06   

05-Jul-11 
 

-1.34E-05 -3.29E-06 -4.85E-06   

08-Jul-11 

 

-8.44E-06 -1.52E-06 -3.53E-06   

10-Jul-11 

 

-6.33E-06 -2.28E-06 -2.64E-06   

13-Jul-11 
 

-5.62E-06 -2.03E-06 -3.09E-06   

16-Jul-11 

 

0.00E+00 -1.01E-06 -8.81E-07   

18-Jul-11 

 

7.03E-07 -1.27E-06 0.00E+00   

20-Jul-11 
 

7.03E-07 -5.06E-07 -4.41E-07   

22-Jul-11 2.24E-06 2.81E-06 -1.01E-06 8.81E-07 1.13E-05 

24-Jul-11 3.91E-06 4.92E-06 -2.53E-07 1.76E-06 3.23E-06 

25-Jul-11 4.47E-06 4.22E-06 -2.53E-07 1.76E-06 2.42E-06 

27-Jul-11 3.91E-06 3.51E-06 -7.59E-07 1.76E-06 1.62E-06 

28-Jul-11 4.47E-06 2.81E-06 0.00E+00 2.20E-06 1.62E-06 

29-Jul-11 2.80E-06 2.11E-06 -1.01E-06 1.32E-06 1.62E-06 
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30-Jul-11 1.68E-06 4.22E-06 -1.27E-06 2.64E-06 2.42E-06 

02-Aug-11 7.27E-06 8.44E-06 5.06E-07 4.85E-06 6.47E-06 

03-Aug-11 5.03E-06 5.62E-06 -2.53E-07 3.09E-06 3.23E-06 

04-Aug-11 5.59E-06 6.33E-06 -2.53E-07 3.09E-06 3.23E-06 

07-Aug-11 6.15E-06 7.03E-06 0.00E+00 3.97E-06 4.85E-06 

09-Aug-11 6.15E-06 6.33E-06 -2.53E-07 3.09E-06 4.85E-06 

10-Aug-11 6.71E-06 7.73E-06 -2.53E-07 3.53E-06 4.85E-06 

12-Aug-11 9.51E-06 1.12E-05 7.59E-07 4.85E-06 8.08E-06 

14-Aug-11 9.51E-06 9.84E-06 7.59E-07 4.85E-06 6.47E-06 

15-Aug-11 8.95E-06 8.44E-06 -2.53E-07 4.41E-06 6.47E-06 

17-Aug-11 9.51E-06 1.05E-05 5.06E-07 4.85E-06 6.47E-06 

19-Aug-11 1.17E-05 1.34E-05 7.59E-07 5.73E-06 7.27E-06 

21-Aug-11 8.39E-06 8.44E-06 2.53E-07 4.85E-06 5.66E-06 

22-Aug-11 7.83E-06 1.12E-05 -2.53E-07 5.29E-06 8.08E-06 

24-Aug-11 1.01E-05 9.84E-06 2.53E-07 5.29E-06 6.47E-06 

25-Aug-11 1.06E-05 1.19E-05 0.00E+00 5.73E-06 8.89E-06 

28-Aug-11 1.34E-05 1.48E-05 1.27E-06 6.61E-06 9.70E-06 

30-Aug-11 1.23E-05 1.34E-05 7.59E-07 6.61E-06 1.13E-05 

01-Sep-11 1.23E-05 1.41E-05 7.59E-07 7.05E-06 1.05E-05 

03-Sep-11 1.34E-05 1.48E-05 1.27E-06 6.61E-06 1.05E-05 

05-Sep-11 1.34E-05 1.55E-05 1.01E-06 7.05E-06 1.21E-05 

07-Sep-11 1.45E-05 1.69E-05 1.27E-06 7.05E-06 1.86E-05 

11-Sep-11 1.45E-05 1.83E-05 1.77E-06 7.05E-06 1.78E-05 

13-Sep-11 1.45E-05 1.69E-05 1.01E-06 6.17E-06 1.62E-05 

15-Sep-11 1.34E-05 1.69E-05 1.01E-06 7.05E-06 1.62E-05 

17-Sep-11 1.57E-05 1.90E-05 1.52E-06 6.17E-06 1.62E-05 

20-Sep-11 8.95E-06 1.19E-05 -1.01E-06 3.53E-06 1.29E-05 

20-Sep-11 1.17E-05 1.41E-05 0.00E+00 5.29E-06 1.29E-05 

21-Sep-11 1.23E-05 1.41E-05 1.52E-06 5.73E-06 1.29E-05 

22-Sep-11 1.12E-05 1.41E-05 0.00E+00 4.41E-06 1.29E-05 

24-Sep-11 1.06E-05 1.27E-05 2.53E-07 3.97E-06 1.21E-05 

26-Sep-11 1.17E-05 1.41E-05 7.59E-07 4.85E-06 1.21E-05 

28-Sep-11 1.17E-05 1.41E-05 7.59E-07 4.41E-06 1.21E-05 

01-Oct-11 1.12E-05 1.41E-05 2.53E-07 4.41E-06 1.29E-05 

03-Oct-11 1.01E-05 1.27E-05 5.06E-07 5.29E-06 1.13E-05 

05-Oct-11 1.06E-05 1.27E-05 5.06E-07 4.41E-06 1.21E-05 

07-Oct-11 1.12E-05 1.41E-05 7.59E-07 4.85E-06 1.37E-05 

09-Oct-11 1.12E-05 1.41E-05 5.06E-07 5.29E-06 1.54E-05 

12-Oct-11 1.23E-05 1.41E-05 7.59E-07 4.85E-06 1.45E-05 
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13-Oct-11 8.95E-06 1.05E-05 -5.06E-07 3.97E-06 1.05E-05 

14-Oct-11 7.83E-06 9.84E-06 1.77E-06 4.85E-06 8.08E-06 

15-Oct-11 5.59E-06 8.44E-06 -1.01E-06 1.76E-06 7.27E-06 

17-Oct-11 6.15E-06 8.44E-06 -1.01E-06 3.09E-06 8.08E-06 

19-Oct-11 6.71E-06 8.44E-06 2.53E-07 3.09E-06 8.08E-06 

20-Oct-11 5.59E-07 2.11E-06 2.03E-06 2.20E-06 6.47E-06 

22-Oct-11 1.68E-06 2.11E-06 -1.01E-06 1.32E-06 4.04E-06 

24-Oct-11 5.59E-07 0.00E+00 -1.01E-06 8.81E-07 3.23E-06 

26-Oct-11 1.12E-06 -2.12E-06 1.52E-06 2.20E-06 2.42E-06 

27-Oct-11 -1.68E-06 -2.11E-06 -2.03E-06 4.41E-07 8.08E-07 

29-Oct-11 -1.12E-06 -2.11E-06 -1.52E-06 0.00E+00 8.08E-07 

31-Oct-11 -1.12E-06 -2.11E-06 -1.77E-06 0.00E+00 0.00E+00 

02-Nov-11 -1.12E-06 -7.03E-07 -1.52E-06 4.41E-07 8.08E-07 

04-Nov-11 0.00E+00 7.03E-07 -7.59E-07 8.81E-07 1.62E-06 

07-Nov-11 1.12E-06 7.03E-07 -1.27E-06 1.32E-06 1.62E-06 

09-Nov-11 5.59E-07 0.00E+00 -1.01E-06 4.41E-07 1.62E-06 

11-Nov-11 5.59E-07 7.03E-07 -1.27E-06 4.41E-07 1.62E-06 

14-Nov-11 -1.68E-06 -7.03E-07 -1.52E-06 4.41E-07 
-8.08E-

07 

16-Nov-11 -1.12E-06 -2.11E-06 -1.27E-06 8.81E-07 
-8.08E-

07 

 

 


