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Abstract

Four different forms of engineered log jams were studied on two different streams in western Oregon.  The structures and near-structure stream environments were surveyed for bathymetry, instrumented with an Acoustic Doppler Stream Profiler to understand flow dynamics, and then snorkeled to observe the behavior of salmonids.  We found that more complex structures created a more varied bottom profile, while simpler structures were more likely to create simple shallow or deep pools.  Flow features proved difficult to analyze in shallow water, however all log jams created diverse flow patterns with areas of high and low velocity.  In terms of salmonid behavior, variation in the size of salmonids was correlated with greater variation in the magnitude of the water velocity.  We hope that this data will be of use to restoration planners when determining what types of structures to insert into streams to better promote fish habitat versatility and diversity.   
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Introduction
Some streams in the northwest have a deficit in the amount of woody debris present.  One of the reasons for this were logging practices in the 1960’s and 1970’s.  It was a common practice to use streams and the water in them to float logs down to larger rivers.  Temporary dams were constructed and then released to flow the logs down to larger waterways.  This results in absolute habitat destruction, geomorphic scouring, and complete flushing of almost all alluvial sediments down to bedrock.  Additionally, post-removal of trees, the supply of natural woody debris to the streams was diminished (Czarnomski et. al, 2008).  Aside from the detriment associated with logging, further anthropogenic alterations caused more problems.  Early thoughts on woody debris were that they inhibited salmon migration and were a barrier to fish passage (Burnett et. al, 2008).  This resulted in policies of debris removal, further stripping the streams of coarse woody debris.  The lack of woody debris caused issues for the local salmonids, a culturally and ecologically important group of fish in the Pacific Northwest. Studies conducted since the 1970’s have shown that large woody debris is central to creating habitat for salmon and trout species (Burnett et. al, 2008).  Woody debris in streams adds areas of cover and increases the heterogeneity of hydraulic features. Ecological studies link habitat heterogeneity to reproductive success of plants and animals (Heggenes 2002).  

Today, with more study and understanding of how streams work, the restoration industry has grown to be a multi-billion dollar industry (Bernhardt et al, 2005).  Goals for restoration and mitigation of problems that exists in streams, both rural and urban, are as varied as the types of streams themselves.  A common theme among many projects though is the use of Engineered Log Jams, or ELJs.  ELJs are used by engineers to artificially augment in-stream wood and habitat through their strategic placement.  They also aid in geomorphic stabilization

Two examples of locations where this has been done in Oregon are Quartz Creek, where structures were constructed in 1988 (Gregory and Wildman, 1999), and on Crabtree Creek, where structures were installed in 1991 (according to landowners).  This study examines how these structures have influenced the flow and bathymetry of the stream, and how these two changing characteristics effect resident cutthroat and rainbow trout.  
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Figure 1 Meander Jam Plan Drawing
Site Background

Quartz Creek is a 4th order stream located in the western Cascade Range in Oregon. In Quartz Creek the following structures were surveyed: a full channel jam, an upstream V notch, and a sill log with flow underneath. The reach of Quartz Creek on which these jams are located is a 3rd order stream in the Willamette National Forest. The study sites are approximately 15km upstream of where Quartz Creek flows into the Mackenzie River. The reach on which the three study sites are located is a section of stream that was restored in 1988. All three jams we studied were constructed during the restoration  (Wildman and Gregory, 1999).  The temperature on Quartz Creek ranged between approximately 8-11° Celsius during the study (Randy Wildman, Personal Comm.).  Coastal Cutthroat Trout (Oncorynchus clarki clarki) and Rainbow Trout (Onchorynchus mykiss) reside in Quartz Creek.
The other stream, Crabtree Creek straddles the Willamette Valley and the Western Cascades physiographic provinces.  On Crabtree Creek (which flows into the Santiem River), a series of meander jams were surveyed along a reach of stream that was subjected to a restoration project.  The goal was to slow or eliminate erosion along the outside bend of a meander cutbank.  At Crabtree there also was a single occurrence of submerged log placement, but there was not signidicant research directed at this.  The water temperature at Crabtree Creek is noticeably warmer than at Quartz Creek, approximately 21-23° Celsius according to the StreamPro instrumentation. 

All total, there were 4 different types of wood placement surveyed on both streams.  

Methods

Objectives


The objective of this study was to look at the effects of log jams on 3 different types of data.  The first unknown was the bathymetry of the near structure pools.  Its intuitive that the bottom contour will reflect to some degree the power of the stream and the magnitudes of vertical mixing.  To further support this though, the 2nd piece of the data puzzle was looking at the velocity profile of the stream at a range of depths.  Lastly, adding the fish behavior onto these two pieces of information would give us a complete picture of how the ELJs are affecting the streams.   

Bathymetry


For the Quartz Creek Sites, a Nikon Total Survey Station was used to collect points along the bottoms of each of the pools near wood placements.  For the most complex pool below the full channel jam, a total of 55 points were collected.  A crisscrossing pattern was made from stream left to stream right (defined as looking downstream).  The setup of the total station for the full meander jam was marked with an orange stake and the same setup point was used for all bathymetry surveying for this site.  For the other two locations on Quartz Creek (the sill log and the v notch), a different survey point was set up.  GPS locations of the setup points were not attainable due to canopy interference with signal.  

The Crabtree Creek site was much larger, deeper, and obstructed by the meander jams.  For this reason, surveying was not done to obtain bathymetry.  However, the bottom contour data is recorded in the bottom track function of the StreamPro velocity profiler.


Stream Profile


For both Quartz and Crabtree Creeks, stream velocities were measured using an Acoustic Doppler Current Profiler (a Teledyne StreamPro).  Transects were established where there were good locations to anchor a guide wire.  After establishing each transect, boundaries were defined such that the ACDP was getting sufficient data at both ends (the shallow areas near the banks).  Starting at stream left (looking downstream), a minimum of 4 passes were taken, verifying that the instrument was getting sufficient data at each end point.  The ADCP was moved across the stream either by pulling with a drive string or by using a guide stick while standing at least a meter downstream of the profiler.  After 4 passes were made successfully, the end points of the transect were surveyed using the total station and then the guide wire was moved to the next location.  All transects were labeled moving upstream, such that the last transect was the closest to the jam (or simply the furthest upstream in the case of Crabtree Creek).  Transects were located within 10 meters (up or downstream) of wood structures.     


Since the ADCP uses the Doppler effect of sound waves reflected off particles suspended within the water column it is subject to interference. In particular there is a blanking distance of approximately 16 cm between the water surface and the first valid data cell or bin in Teledyne terminology. A similar blanking distance of about 10 cm exists between the deepest data cell and the stream bed. 
Stream Profile Analysis


Raw data from the transects was recorded using a handheld version of Teledyne’s Win River II software. These raw data files were then compiled into measurement files using the full WinRiver II software. Due to system resets some of the transects needed to be sub-sectioned using Teledyne’s BBsub tool. Once this was done the measurements were exported as ASCII files containing the relevant information, depth, distance traveled, and the 3 velocity vector components. These files were imported into Wolfram Mathematica 7 where they were converted into lists of location vector pairs. This was done assuming the StreamPro traveled a straight line between the stream left and stream right coordinates, a reasonable assumption since a guide wire was used. In the processed lists, the locations gave the three dimensional position relative to the total station, while the vectors contained the three flow components measured by the ADCP. Visualization methods include three dimensional plots of these pairs, as well as horizontal slices. These slices were examined at each depth and interpolated using Mathematica’s built-in methods.
Snorkel Surveys

 
At the full channel jam on Quartz Creek, snorkel surveys were carried out every 4 hours from 11 am on July 10th to 7 am on July 11th.  The behavior of trout in the pools below the upstream V jam and the sill log was observed (by snorkeling) on July 21 at 12am, 4pm, 8pm and July 22 at 8am.  Additional nighttime surveys for these pools occurred on August 4th at midnight and at 4am.  A survey was carried out on August 8 at the meander jams on Crabtree Creek.

One survey (in a given pool) at Quartz Creek took between 10 and 30 minutes, depending on the size of the pool and number of fish. The location, orientation, and behavior of individual fish were described. Instances of aggression, feeding, and feeding hierarchies were also noted. Trout were grouped by size according to length.  “Small” fish were shorter than approximately 160mm long; “medium” fish were between 160mm and 230mm long; “large” fish were greater than 230mm long. 

Only a single snorkel survey was carried out on Crabtree Creek, taking approximately 1 hour. During this survey, all pools and jams along the study reach were explored.  Due to difficulty in identifying and seeing fish, in addition to what appeared to be a lack of salmonids, further snorkeling at Crabtree was not pursued.   
Results
Quartz Creek

Coastal Cutthroat Trout (Oncorynchus clarki clarki) is the dominant species of fish in all of the pools surveyed on Quartz creek. Rainbow Trout (Oncorynchus mykiss) were observed only in the pool below the Full Channel Jam. The location, preferred orientation, and depth of each individual trout were recorded.  In all of the pools trout were usually found within 10 cm of the substrate. 

During the day trout were observed in feeding hierarchies. Such hierarchies were apparent as the trout would line up, all swimming in the same direction. To feed, a trout would dart out of this line usually into areas of faster flow, and quickly return back to its initial position in the hierarchy. Individuals at the front of this line are higher in the hierarchy and were almost always larger than all the fish behind them. Instances of aggression were most often associated with feeding hierarchies. When a lower ranking individual would move up the line, a higher ranking individual would chase the lower ranking trout away, sometimes appearing to snap at the lower ranking individual. 


At night trout often did not have a preferred orientation, and more often were changing location in the pool. For comparison, during the day trout usually remained relatively stationary, with a preferred orientation. Instances of trout moving more than 1 meter were observed much more often at night. 
Full Channel Jam on Quartz Creek
The Full Channel Jam on Quartz Creek was constructed with 20 pieces of wood in 1988. Since then the structure has accumulated over 300 pieces of wood larger than 10 cm diameter and 1 meter long. The structure splits flow into four separate channels below the jam. Water flows beneath and through the jam into a large, complex pool with a maximum depth of approximately 1.1 meters. The pool is approximately 12 meters wide (measured perpendicular to downstream) and 8 meters long at the longest point (measured parallel to downstream.) For snorkel surveys this habitat was divided into zones based on bathymetry and presence/type of cover. The substrate in this pool varies in size from fine-grained sand to cobbles. The other three channels downstream of the jam were ignored, as they were much smaller and had far fewer fish. This jam is the furthest downstream of the three jams studied on Quartz Creek. 

In terms of bathymetry, the deepest pools are located about a meter and two meters downstream of the flows coming through the jam.  The largest deep hole is located at stream right (left side of figure).  The fastest flowing stream of water is closer to the left side of the below jam area and just passes to the left of the 2nd deeper hole.  Just downstream of this is another deeper hole.  See figure below.  The figure shows this with darker colors being deeper areas.  Flow is going from the upper left edge (which is actually the log) down towards the lower right edge.
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Figure 2 QC1 Bathymetry

Flow Structure

The main flow at this site came through the jam on stream left of the study area, approximately mid-way through the wetted channel. In addition to this major flow, several smaller flows came through the jam further towards stream right. Due to the presence of submerged obstructions these flows separated into eddies. Further to the right flows ceased to enter the pool, resulting in a pool with relatively little moving water.


The following figure illustrates the flows at a depth of 0.11 m, the grid lines appear every 0.5 m. The figure is interpolated within Mathematica and areas without significant confidence have been removed. The flow separation is clearly visible around the submerged logs represented as grey boxes. The low flows are on stream right as well as higher flows stream left can be seen as well. 
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Figure 3: Full Channel Jam Flows
Fish Behavior
Both Rainbow and Cutthroat Trout were found in the pool surveyed downstream of the full channel jam. Cutthroat trout were roughly two times more abundant than Rainbow Trout. Small trout were the most abundant size category observed in this pool. No large fish were observed in this pool. 
Below the Full Channel Jam on Quartz Creek, trout were more often found in areas with overhead cover than areas without cover. Areas of overhead cover included submerged logs and root wads as well as logs far above the water surface. During the day trout were more likely to be found in shaded portions of the pool than in sunlit areas. 


When trout were observed feeding they were often involved in dominance hierarchies.  In the pool below the full channel jam feeding hierarchies usually occurred in the same four places. Three of these four locations are depicted in Figure 3.  In Figure 4 these feeding hierarchies appear to be schools of fish headed in the same direction. Figure 4 is a compilation of all of the snorkel survey data, if just one survey was displayed the feeding hierarchies would appear as in figure 3. Each hierarchy had three or more fish.


At night fish frequently did not have a preferred orientation.  At night trout utilized the slow flowing area on the stream right side of the pool far more than they had during the day.  There were usually one to three small trout feeding at night.
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Figure 4- Map view of a feeding hierarchy
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Upstream V Notch Jam on Quartz Creek
Site

The upstream V notch jam is the furthest upstream jam on Quartz Creek. It is composed of two logs which intersect at an approximately 90 degree angle (measured on the upstream side of the jam). The pool below the jam is roughly rectangular in shape, with an average width of 8 meters and a length of 17 meters. The substrate is primarily boulders and cobbles, with spawning gravel along the right edge of the pool along ¾ of its length. The pool reaches its maximum depth of approximately 1 meter about 0.5 meters from the jam. 

Bathymetry
The bottom profile for the upstream V is fairly predictable.  As the water is concentrated and falls off the structure, it creates a very consistent scour pool (dark purple in figure).  This pool extends out radially and then eventually its effects dissipate downstream.  The assymetrical fingers in the middle of the figure are likely the result of some more resistant rocks that have caused some inconsistencies in an otherwise flattening depth profile.  
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Figure 6 Upstream V Jam (flow from upper left to lower right)
Flow Structure
Due to the lateral concentration of the flow at the apex of the V notch, there was a large area of strong flow directly downstream. This flow trended towards stream left where it was deflected by a large boulder. To the right of the thalweg a fairly strong back flow eddy formed creating an area of circulation. 

The figure below was taken at a depth of .46 m and with grid lines every .5 m. Mathematica’s interpolation clearly shows the right ward trend of the main flow, as well as the strong eddy on the stream right. 

[image: image8.jpg]



Figure 7: Upstream V Flows

Fish Behavior
Cutthroat trout were the only species of fish observed in the pool formed below the V-notch jam on Quartz Creek. Small fish were the most abundant size in this pool. The locations of fish were referenced to a tape measure stretched underwater roughly down the center of the pool, with “0 meters” at the downstream entrance of the pool and “17 meters” located just below the V-notch at the upstream pool entrance. 

Cutthroat trout were most often found near large cobbles or boulders in the stream. Multiple fish were found around larger boulders, such as the one labeled rock in figures 7 & 8 below. Around this particular boulder there were at minimum three fish using it for cover during both daytime and nighttime surveys. The logs making up the V-notch jam also provided cover as the pool has scoured out sufficiently below these logs to let even the largest fish swim beneath them. 

Feeding dominance hierarchies were also observed during daytime surveys of this pool. In figure 7 these dominance hierarchies appear to be schools of fish because figure 7 is a compilation of all of the daytime data for this pool. 

Large fish were usually found in the deeper part of the pool, within 5 meters of the V-notch jam. During the snorkel survey at 8am on July 22, 2010 multiple large fish were observed swimming around the deepest part of the pool, with no preferred orientation or location. For comparison, the majority of small and medium fish were holding their positions and orientation in the pool during this survey.
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Sill Log with flow underneath on Quartz Creek

Site

In 1988 a sill log was placed downstream of the V-notch jam. (Gregory and Wildman, 1999) During a high flow event the sill log was either moved or had sediments scoured out from below it. Today there is a single sill log across the main channel, with all flow moving below it on the stream right side.  As the water flows under the sill log it moves into a triangular shaped pool. The sill log creates one side of the triangle and a cabled lateral deflector jam creates the downstream edge of the triangle. This pool has a maximum depth of 1.1 meters and is approximately 5 meters wide at its widest point and 5 meters long at its longest point. 

Bathymetry
Similar to the upstream V, the flow becomes concentrated as it goes under this sill log.  This results in some scour and a deep pocket right at the base of a small cascade (dark purple).  The flow then splits and circulates around a central rock (yellow and green circles).  In the top portion of this figure, the stream collects pebbles and finer materials in a low energy flow are resulting in the shallowest area of this site (indicated in red).  
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Figure 10 Sill Log (flow from lower left towards the right)
Flow Structure
After flowing under the jam, much of the flow is deflected slightly left by the presence of boulders. Further left, beyond the thalweg a large slow moving eddy forms, circulating around a submerged boulder. Near the intersection of the return flow of the eddy some flow moves upstream, despite its proximity to the main downstream flow.

The strength of the main flow is clearly evident on the following figure, taken at a depth of .36m with gridlines every .25m. Due to the presence of rocks the main flow does not become apparent until the center of the figure. The large slow eddy around the main rock can be seen along with the complex flows created at its confluence with the main flow.
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Figure 11: Sill Log Flows

Fish Behavior

Cutthroat trout were the only species of fish observed in the pool below the Sill Log. Small trout were the most abundant size in this pool. As in other pools, trout were most often swimming in or near cover, including the shade of logs over half a meter above the water surface. Boulders were also widely utilized for cover.  Small trout located in the fastest flow in this pool were generally found within 5cm of the bottom, and directly downstream of medium to large boulders. 

At night trout were more often located further from the fastest flowing water, in the stream left corner of the pool, than during the daytime. During the daytime trout showed a preference for shade or cover of boulders. Figures 11 and 12 are day and nighttime maps of fish orientation and location, respectively. 



Crabtree Creek

Meander Jams on Crabtree Creek
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Figure 14 Crabtree Creek Thalweg
Site

The meander jams on Crabtree Creek were constructed in 2008.  Six log jams were constructed on the outside of a meander in the stream by burying logs into the bank and anchoring them with boulders.  (a picture would seriously help here). Five of six jams are still in the wetted channel at low summer flow.  The thalweg of the channel runs beneath the first (furthest upstream) jam (referred to as Jam 5), and on the inside of the curve relative to the subsequent four jams (referred to as jams 2-5).  What would be Jam 6 was not in the current stream channel, and thus was not included in the study.  The meander jam is located at 44°38'49.49"N, 122°52'20.13"W (Google Earth). The substrate on Crabtree Creek is primarily silt, sand, and some gravel.  Pools are formed between jams. The deepest pool is 1.6m deep and is located between jams 2 and 3. 
Bathymetry
The bottom profile of the Crabtree site is predictable.  As the meander jams disrupt the flow and cause low flow areas behind them, the stream dumps fine grained sediments.  These sediments accumulate in what was likely the old thalweg, on the outside of the meander bed.  Now, the thalweg is located just off the ends of the meander jams.  The deepest points are located just downstream of jams 4 and 3.  Below Jam 4 (downstream) there is a submerged sill log.  It is clear that water flowing over this sill log has scoured sediments from below while accumulating them upstream.  The deep pool below Jam 3 is possibly the result of Jam 3 receiving the highest energy flows, and those flows bouncing off and refracting around it.  This hypothesis is further supported by Jam 3 being the jam with by far the most accumulation of additional woody debris since construction of the project.  
Flow Structure

The jams create areas of higher flow just off the ends of the jams, this flow tends stream left around the curve and away from the jams. Some jams have areas of high flow behind them when the main flow is not sufficiently deflected. Others seem to create slow moving eddies on the downstream side. 


The following figure was interpolated from data at a depth of .4 m with grid lines every meter. The large flow arrows between the second and third jams are likely due to interpolation of a single arrow. There is some flow there however, as the third jam is the one that has accumulated the most woody debris. The Jams force the main flows away from the right bank as desired. They also form slow moving areas in the space in front of them.
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Figure 15: Meander Jam Flows

Fish Behavior
No salmonids were observed on Crabtree Creek on August 8. Extremely low visibility (less than 1 meter) may have prevented observation; however other fish species were observed. It is also possible than any salmonids that may use this reach of Crabtree Creek had moved upstream earlier in the season, following the colder water. Redside Shiner (Richardsonius balteatus) and Speckled Dace (Rhinichthys osculus) were observed. A few individuals of invasive species, the Northern Pikeminnow (Ptychocheilus oregonensis) and Smallmouth Bass (Micropterus dolomieu) were also observed in association with the Meander Jams on Crabtree Creek. 
Discussion


Maps comparing trout orientation and location using slices of 50cm depth show that fish generally swim upstream.  In figure 15, there is sufficient vertical variation in velocity magnitude and or direction such that the fish do not seem to be responding to the plotted velocities. It is extremely important to note that between 80-90% of the trout were seen swimming within 10 cm of the bottom, thus within the blanking distance of the ADCP.  Although the magnitude and direction of the current in the pools should not be strikingly different from the deepest available measurement, the current figures depict fish relative to the velocity measured approximately 40-70cm above the depth the fish were seen swimming.  
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Figure 17 Velocity measurement for the Upstream V-notch pool, with fish location and direction overlaid on top.


A few fish displayed on figure 16 were swimming at the same depth as the displayed velocity data. The fish without orientations, on the top right side of the diagram, were large or medium in size. The diagram shows that the medium and large fish were responding to both cover of the log and to slower water velocity. Qualitative notes taken in the field suggest that the water flowed from the entrance of the pool right to the area that these large fish were located, suggesting that there may be some influence of a dominance hierarchy on the specific individuals using this location.  

Comparing figures 15 and 16 it appears that the velocity in the pool below the complex jam was smaller in magnitude than that in the pool below the upstream v-notch jam. There were no large fish in the pool below the complex jam.  The most large fish were seen in the pool below the v-notch jam. This correlation suggests that the larger maximum magnitude of water velocity seen in the pool below the v-notch jam may favor larger fish. Conversely, no large fish were found in the pool below the complex jam possibly due to too slow water velocity. Further study is needed to verify this correlation. 


There were a few specific points that jumped out as us in comparing and contrasting the sites.  When we put together our conceptual model, we could see that the large jam on Quartz Creek was a best case practice for enhancing fish populations.  It produced the widest variation of flow which resulted in the most bathymetric variation.  This in turn created the largest diversity of habitat for fish to live and feed in.    


Another interesting observation was the effect of the sill logs and the upstream V.  Both of these types of structures concentrated flow and redirected that flow vertically.  This created scour pools.  These pools were important for the larger fish, as was evident in their primary presence near these small cascades.  


On the opposite side of the hydraulic spectrum, slower flows near these areas of mixing help to accumulate spawning gravels.  The one instance of nice spawning gravels that we saw was just downstream of the upstream V and to the side, possibly shielded from high flow events by the concentrating of the flow to the center of the channel.  Coincidently though, too little flow will result in accumulation of fine grained sediments overtop of these gravels, as was seen at Crabtree Creek.   


Another point of interest in the model is the lateral concentration of flow associated with the sill log on Quartz Creek. Although not originally intended to be this way (the original jam was blow out during a high flow event), the result was a sill log with flow only passing underneath at the extreme stream right. Consequently, all the flow moved from the center of the channel (downstream of the upstream V) to the right side of the stream, and then flowed quickly down under the obstruction, resulting in a swirling flow just below the sill log.

The interpretation of the data was used to create a conceptual model (Table 1).  The hope is that this model will be of use in determining what type of structure to create.  In order to use the model, first the goal has to be established.  As an example, the following 3 goals were run through the model: More fish, less erosion, and some control over the channel form.  In order to create habitat for large quantities of fish, the habitat needs to be complex and varying.  The full channel jam was the best case example in terms of creating the most habitat diversity.  Conversely, if it was erosion that was your concern, the meander jams would be the ELJ of choice.  They interrupt flow and actually can cause aggradation where there was cutting action before.  Lastly, if you are just looking for the simplest option and just want to push the stream to the middle or side of its channel, an upstream V can be used.  This would also be the cheapest option due to savings on design and materials.     

Table 1 Conceptual Model
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Limitations


The first limitation encountered in this study was a spatial issue with the ADCP.  As mentioned, the ADCP works off acoustic reflection.  Due to this, there is a small space just below the instrument and just above the bottom of the stream where data has too much noise and interference (from surface and bed reflection) to be useful.  Besides not having velocity data at these extremes, there also was a loss of correlatable data since in some cases fish were swimming in these locations.  This could be the reason for some of the apparent strange behavior in an interpolated velocity field.

On the flipside, we also came across some difficulty due to having too much data.  With multiple transects and velocities at all depths, the end 3-d data was difficult to visualize (required slicing, either vertical or horizontal).  

The collection of fish data via snorkel surveys was one of the most difficult parts of this research.  The cold water presented a challenge as it became hard to spend long time periods in the pools, which would have given fish more time to adjust to human presence and more time to observe behavior.  In Crabtree Creek, the water was warmer but the visibility was very low, making it hard to identify and observe the fish species that were present.  

Lastly, at both sites, the canopy prevented us from getting a good enough GPS signal.  This means that our different data sets, although they can be locally aligned, the absolute position of our total station is unknown.  
Future Study


One of the difficult steps in this research was alignment of the different data sets during analysis.  Although there was extensive surveying of transect ends, further mapping of the stream beds with emphasis on features would have been helpful.  For future consideration, it would be good to do preliminary surveying and then a second set of surveyed data after some basic understanding was achieved. A consistent total station set up and frequent surveying would have also made it much easier to accurately overlay all components and scale them consistently.


Data resolution caused some problems during the analysis phase.  Due the nature of the extremely shallow environment, data came back noisy and with blank spots where the ADCP wasn’t able to capture information. The blanking distance of the ADCP at the stream bed made it difficult to correlate flow and fish data because most fish were found in areas where the ADCP was unable to record data.


During the analysis and visualization phase a number of issues became apparent. Though a powerful piece of software, Mathematica was, in retrospect, not the best tool for visualization due to its lack of certain interpolating methods. This combined with a lack of time resulted in an inability to compute certain measures such as vorticity. Further time would have allowed the data to be formatted into a true three dimensional grid and visualized using already developed tensor field visualization tools.


Using underwater photography to record fish behavior can augment and expand upon data taken during snorkel surveys. Installing cameras to record fish behavior eliminates the influence of the diver’s presence shown by fish during snorkeling. If underwater photography is used in an instance where the hydraulics are being studied, it would be best to record the location of the camera and measure the stream velocities with the camera in place. Pictures should be taken at 20-30 minute intervals. This timing will allow the camera to record changes in behavior related to time of day without providing identical images. At night an infrared light could be used to illuminate the pool without disturbing the fish. Based on nighttime snorkel surveys on Quartz Creek, prolonged exposure to white light does cause fish to “wake up” and therefore may influence the fish’s behavior. 
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Figure � SEQ Figure \* ARABIC �5�- Day and nighttime compilation of trout orientation data from Quartz Creek Full Channel Jam. Note that the "schools" of fish are compilations of feeding hierarchies.





Figure � SEQ Figure \* ARABIC �8�- Daytime trout orientation map of V-pool. Red arrows signify fish grater than 20cm from the bottom, circles indicate fish with no preferred orientation. Black line represents the most downstream location of the velocity data. Top left corner is upstream, bottom right corner is downstream.





Figure � SEQ Figure \* ARABIC �9�- Nighttime trout orientation map for the V-pool. Same arrow meaning as in figure 8.





Figure � SEQ Figure \* ARABIC �12� Daytime map of cutthroat trout in pool below Sill Log. Symbols equivalent to those in figure 8





Figure � SEQ Figure \* ARABIC �13� Nighttime trout orientation map of pool below the Sill Log. Symbols equivalent to those used in figure 8.





Figure � SEQ Figure \* ARABIC �16� Map of fish and horizontal velocity vectors at 0.5 m depth. Note that the few fish were actually located at this depth.











