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EXECUTIVE SUMMARY 

 

The Anson and Abenaki Projects are located on the Kennebec River in central Maine.  As 

part of the new licenses issued by the Federal Energy Regulatory Commission (FERC) for both 

projects in 2003, MPI is to develop and implement passage and protection measures for 

outmigrating silver phase American eel (Anguilla rostrata).  In consultation with natural 

resource agencies and non-governmental organizations (NGO’s) that were part of the Settlement 

Agreement developed during relicensing, MPI developed a plan to investigate the feasibility of 

utilizing hydroacoustic technologies to monitor the timing of downstream eel migration.  A 

prototype hydroacoustic system was designed, installed, and tested during August - October of 

2005 to detect outmigrating silver American eel (eel) passing the Anson Hydroelectric Project.  

Specific objectives of this study were to: 

1. Empirically verify that eel could be detected by the hydroacoustic system;  
2. Experiment with transducer locations and arrays to determine a suitable    

sampling scenario; 
3. Develop specifications and recommendations for deployment of an interim 

hydroacoustic monitoring system in 2006; 
4. Develop methods to recognize echogram and acoustic image patterns of 

outmigrating eel and other non-target species (e.g., smallmouth bass, chain 

pickerel); 
5. Develop recommendations for turbine and wastegate operational protocols during 

future eel outmigration periods.  

Two different sonar technologies were evaluated: split-beam (in two locations), and a 

single DIDSON (Dual-Frequency Identification Sonar).  Both technologies were installed in the 

Anson canal and tested during the pilot study    

 

In an initial test, live yellow-phase eel, silver-phase eel, and other non-eel species were 

tethered and drifted through the acoustic fields to determine the distance from the transducer at 

which eel could be detected and distinguished from non-eel targets.  On DIDSON images, large 

eel (> 900 mm) could be detected and identified out to a maximum range of approximately 20 

meters.  Sub-adult eel (< 700 mm) could be detected and identified to a maximum range of 15 
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meters.  The two most important features that allowed confident identification of eel were object 

shape and serpentine swimming motion.  With the split-beam system it was possible to detect eel 

out to the maximum range sampled (27 m).  The features used for positive split-beam 

identification of eel were more subtle and sometimes more ambiguous than the features used in 

DIDSON identification.  Split-beam characteristics of eel echo traces included a sawtooth pattern 

of the echo trace and varying echo width. 

 

During the core period of this study (September 19th – October 4th), the natural eel 

migration in the Kennebec River was monitored with two split-beam systems and one DIDSON.  

The three acoustic systems sampled simultaneously and covered partially overlapping sample 

areas.  The results from the DIDSON, which sampled the water column from the surface to the 

bottom, and the bottom-mounted split-beam system, were in good agreement.  Both identified 

well over 200 eel.  Based on the results from a system cross-check done to validate the data, the 

surface-mounted split-beam appeared to have missed a substantial number of eel, partly because 

of poor echo traces.  Analysis of the surface split-beam data was further complicated by a higher 

proportion of debris and surface noise.  Eel did not appear to show a pronounced preference for a 

particular position in the water column.  Most passed downstream during the first two hours after 

sunset, and the last hour prior to sunrise.  Major eel outmigration events appeared to be 

clustered around a few nights.  With approval from the consulting agencies, the monitoring 

period was curtailed ahead of schedule due to unusually high river flows from heavy rains.   

 

We conclude that both the bottom-mounted split-beam and the DIDSON system allowed 

consistent identification of eel.  Both systems provided a sufficiently large sample size for 

determining general run-timing and diurnal patterns in the migration of silver eel.  The main 

difference between the two systems was the type of features used for eel identification.  Based on 

feedback from experts in the field of target tracking and classification, we conclude that the type 

of information provided by the DIDSON data, most notably shape and swimming motion, make 

it the better candidate for the development of an automated eel-monitoring system, especially 

when differentiation between eel and debris is a concern, as is the case in the Anson intake canal.  

DIDSON images also have the advantage that their interpretation is more intuitive as compared 

to the interpretation of split-beam echograms (which require considerable experience) and 

quality control is therefore easier. 
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We recommend that the automated eel-monitoring system should be developed using a 

DIDSON system.  However, we also recommend that one split-beam system be used for one 

year to supplement the data generated by the DIDSON.  This will provide a second year of 

information on the vertical distribution, independent counts for comparison, and serve as a 

relatively low-cost insurance policy against accidental DIDSON failure or data loss.  Both the 

DIDSON and the split-beam system should be deployed from the Anson bank to allow easy 

access. 
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1.0 INTRODUCTION 

 
On July 25, 2003, the Federal Energy Regulatory Committee (FERC) issued a 50-year 

license for the Anson Project (104 FERC ¶ 62,060), one of two adjacent projects on the 

Kennebec River owned and operated by Madison Paper Industries (MPI).  MPI, federal, state, 

and local agencies, as well as non-governmental organizations and members of the public, 

formed an Applicant Prepared Environmental Assessment Team (Team) to prepare license 

applications for the Anson and Abenaki Projects.  Preliminary plans for fish passage for eel and 

other species were developed as part of the Team's deliberations.   

 

Article 405 (A) of the FERC license for the Anson Project requires the installation of 

interim downstream passage facilities for adult silver-phase eel within two years of the effective 

date of the license (May 1, 2004).  The complete text of Article 405, which identifies other 

requirements for fish passage at the project, is contained in Appendix B.  After extensive agency 

and stakeholder consultation, MPI filed a Study Plan and Implementation Schedule (Plan) 

pursuant on November 29, 2004, proposing a hydroacoustic monitoring system for detection of 

downstream migrating adult silver-phase eel approaching the Anson powerhouse as a means to 

ensure downstream eel passage past the project.  The Plan was prepared in consultation with the 

U.S. Fish and Wildlife Service (USFWS), the Maine Department of Marine Resources (MDMR), 

and other involved parties, and was approved by FERC on March 15, 2005 (110 FERC ¶ 

62,256).   

 

The system proposed by MPI in the Plan included two hydroacoustic transducers coupled 

to a wireless computer network to provide real-time data to identify the site-specific timing, 

relative magnitude, and environmental conditions associated with adult silver-phase eel 

migration in the vicinity of the Anson Project.  In its final form, a signal would be received by 

the powerhouse when a pre-determined number (to be determined in consultation with fishery 

agencies) of downstream migrating eel targets is reached.  The operator would then take action 

(e.g., alter generation, open wastegates adjacent to the powerhouse) until acoustic monitoring 

shows an appropriate reduction in number of eel targets (to be determined in consultation with 

fishery agencies).  Additionally, because relatively little is currently known about the migratory 

behavior of eel in central Maine, a secondary goal of the proposed hydroacoustic system is to 

provide cumulative downstream eel movement data for use by fishery agencies.   
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In accordance with the Plan, a prototype hydroacoustic system was designed, installed, 

and tested from August to October of 2005.  The purpose of this report is to document the results 

of the prototype tests.  Testing was conducted in consultation with the fishery agencies to 

develop a protocol for the implementation of the proposed interim measures for eel passage.  The 

specific objectives of the work conducted in 2005 were to: 

 

1. empirically verify that eel could be detected by the hydroacoustic system, 

2. experiment with transducer locations and arrays to determine a suitable sampling 

scenario; 

3. develop specifications and recommendations for the deployment of an interim 

hydroacoustic monitoring system for 2006; 

4. develop methods to recognize echogram and acoustic image patterns of 

outmigrating eel and other non-target species (e.g., smallmouth bass, chain 

pickerel); 

5. develop recommendations for turbine and wastegate operational protocols during 

future eel outmigration periods.  

 

According to the license issued by FERC for the project, if interim downstream passage 

is shown to be at least 80 percent effective, additional measures would not be required for the 

development of permanent downstream passage facilities for eel.1  If effectiveness testing 

indicates that the target thresholds are being met, the hydroacoustic system would operate 

seasonally between August and November unless testing and agency consultation (required by 

Article 406 – see Appendix B) indicates another period of operation is justified.  Data from this 

system would be used to define the timing of the outmigration trigger for seasonal 

implementation of potential passage protection measures, such as the modification of turbine 

operation, rack overlays, or the development of other methods that may be available in the 

future.   

 

 
1 The effectiveness target for a permanent downstream fish passage was set at 90 percent.  
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It is anticipated that final hydroacoustic system specifications, based on 2005 proof-of-

concept study recommendations, would be fully operational by August 2006.  Operational 

protocols would be filed for Commission approval after formal consultation with the fishery 

agencies no less than 90 days prior to commencement of operation of the hydroacoustic system.  

The final system would utilize downstream eel movement data as a trigger for initiating 

downstream passage measures (e.g., temporary modification of turbine operations, or intake rack 

overlays combined with opening of a wastegate or spillage).  

 

1.1 Project Description  

 
The Anson Project impoundment encompasses approximately seven miles of the 

Kennebec River and one-half mile of the Carrabassett River, a major tributary that drains 

parts of Maine’s western mountains.  The Anson dam spans the Kennebec River 

immediately downstream of the Route 148/201A bridge between the towns of Anson and 

Madison.  The Abenaki Project (FERC No. 2364) is located approximately one-half mile 

downstream of the Anson Project.  Both projects are located in central Maine (Figure 1).   

 

 The Anson Project consists of the following principal features: (a) a 630-ft. long 

concrete gravity dam with three spillway sections that are regulated by a 5.6-ft. high 

inflatable flashboard system; (b) a 40-ft. wide by 13.5-ft. high inflatable wastegate 

system; (c) a 250-ft long forebay and trashrack section; (d) a 190-ft. long by 54-ft. wide 

powerhouse containing five turbine/generator units with a total installed capacity of nine 

megawatts (MW) and a hydraulic capacity of 6,000 cfs; (e) a reservoir with a surface area 

of approximately 698 acres and a gross storage capacity of 5,860 acre-feet at a normal 

pool elevation of 248.15 feet; and (f) appurtenant facilities.  The Anson Project has a 

permanent crest elevation of 242.62 feet.  The generating units of the Anson Project are 

controlled automatically by headpond level sensors.  The project turbines have a 

minimum and maximum hydraulic capacity of 400 and 1,200 cfs.  

 

Operation of the Anson Project does not vary substantially during low, mean, and 

high water years because the project operates as a run-of-river facility.  Seasonal and 

year-to-year variations in river flows are controlled through upstream storage in the 

Kennebec watershed at the Flagstaff, Brassua, and Moosehead Projects, which are 
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operated by other licensed hydroelectric corporations.  Daily upstream peaking 

operations are again re-regulated at the Williams Project, which is approximately 10 

miles upstream of the Anson Project, so that inflows to the project area are relatively 

steady.  Additionally, MPI operates the Anson Project to minimize the fluctuation of the 

reservoir surface elevation by maintaining a discharge from the project so that flows 

immediately below the dam approximate the sum of inflows into the project reservoir. 

 
1.2 Hydroacoustic System Description  

 

Two sonar technologies were evaluated: split-beam and DIDSON (Dual-

Frequency Identification Sonar).  Split-beam sonar uses one beam divided into four 

quadrants (left/right, up/down).  The small delay between the time when the echo is being 

received on each quadrant is used, together with range, to determine the position of the 

target in 3-dimensional space.  The returned signals are typically displayed in echograms, 

which graph echoes over range and time.  Split-beam technology was first developed in 

1996 (Ehrenberg and Torkelson, 1996) and has been used for a wide variety of fisheries 

applications, including monitoring in-river escapement of adult salmon, fish stock 

assessments in lakes, and entrainment studies at hydroelectric projects (Enzenhofer et al., 

1998; Mueller and Degan, 2004; Degan and Wilson, 1995; Nestler et al., 1997).  The 

information contained in split-beam data holds indirect clues to the shape and size of the 

target but, depending on the mix of species present, species identification can be difficult.  

However, Haro et al. (1999) found split-beam sonar to be a useful tool for assessing the 

spatial and temporal patterns of large (>70 cm) eel in hydroelectric forebays because 

silver eel provide a readily detectable and relatively distinct echo pattern.   

 

DIDSON is a more recently developed technology, initially developed for the 

U.S. Space and Naval Warfare Systems Center for harbor surveillance (Belcher et al., 

2001; Belcher et al., 2002).  Unlike split-beam, DIDSON is an imaging type sonar, which 

means that it provides video-like images with two spatial dimensions.  The images are 

similar to ultrasound images used in the medical field and are more intuitive to interpret 

than split-beam echograms.  The DIDSON can be operated in two different frequency 

modes: a high-frequency (1.8 MHz) mode uses an array of 96 beams, each 0.3° wide 
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horizontally and 12° vertically, and a low-frequency mode (1.1 MHz), which uses 48 

beams, each 0.6° wide horizontally and 12° vertically.  In both frequencies, the total array 

spans a swath of 30°, which, at 10 m range, is equivalent to a 5 m cross-range coverage 

or approximately five times as wide as the 6° and 8° split-beams used in this study.  The 

trade-off between the two DIDSON frequencies is resolution versus maximum range.  

The higher frequency provides higher resolution and more detailed images, but because 

high-frequency sound is absorbed more readily, it is limited by range.  The lower 

frequency, on the other hand, can sample up to 42 m, but provides a much coarser image.  

DIDSON systems are increasingly being introduced into fisheries applications (Maxwell 

et al., 2004; Tiffan et al., 2004), primarily because the images provide information on the 

shape of the target, and thus generally better identification. 

 

We used both split-beam and DIDSON systems to evaluate the relative trade-offs 

between these two types of technology for this specific application.  We anticipated the 

DIDSON to have its primary advantages in the intuitive identification of eel and possibly 

the size of the area sampled, while the split-beam would be able to provide information 

on the vertical distribution of eel (important for locating a suitable sampling area), be less 

limited by range, and require considerably less data storage capacity. 

 

A second goal was to assess eel behavior as it pertains to sampling; in particular, 

the distribution of eel in the water column.  A pronounced preference for swimming close 

to the water surface, for example, would mean that sampling should be concentrated 

there.  Also, evidence of milling behavior or evidence of a high percentage of eel moving 

upstream through the acoustic fields would indicate that the selected sampling area is not 

suitable for detecting downstream migrating eel.   
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1.3 Definitions 

The following terms are used throughout the report: 

 

• Detection: A target is detected when its trace can be seen on an echogram or 

DIDSON image.  The target’s identity (e.g., eel, debris, fish other than eel) 

may be unknown. 

• Identification (or Classification): The terms identification and classification 

are used synonymously.  A detected target is identified (classified) when its 

trace is perceived to have enough features that allow a reasonable 

determination of the target’s identity (e.g., eel, debris, fish other than eel).  For 

a given target, the identification (classification) may be incorrect.  An 

assessment of the identification (classification) accuracy is part of this study. 

• Count: Count refers to the number of targets identified as eel with a given 

acoustic system within a given time period.  It does not imply a complete 

count of all eel that passed. 

20140620-5133 FERC PDF (Unofficial) 6/20/2014 4:01:50 PM



 
- 10 - 

2.0 METHODS 

 
2.1 Equipment Installation and Operation 

 

Three acoustic systems were installed approximately 100 m upstream of the 

project’s intakes.  One split-beam (BioSonics DTX 6000) and one DIDSON system were 

mounted on the right side of the river (facing downstream) and aimed towards the pier on 

the opposite side; a second split-beam (Simrad EK 60) was mounted on a pier on the left 

side of the river and aimed towards the right bank (Figure 2.).  Equipment configurations 

and periods of deployment are listed in Table 1.  Due to the high lease cost, DIDSON 

deployment was limited to an initial test in August and the core period of the study, 

September 19th – October 4th.  Data were collected nightly from 17:30 to 8:00 the 

following morning to include both night and twilight hours. 

 

The installation of the surface transducer mounts on the side walls of the intake 

canal (Photo 1) required boat access.  The installation of the bottom transducer required 

divers.  Transducer pitch angles were selected based on surveyed canal cross-section 

geometry and estimated effective beam width.  The pitch angles of the split-beam 

transducers were empirically verified on September 19th and 20th through an analysis of 

observed split-beam angles of a target suspended at known depth and range.  A wooden 

box was installed on each side of the river to protect the streamside equipment (power 

supply, sounder, network components) from inclement weather and theft. 

 

During high river flows at the end of August, the wet-end connector of the 

BioSonics transducer cable started to leak.  Data collection was interrupted from 

September 2nd until September 8th, when the flow had subsided enough for divers to 

replace the damaged cable and transducer.  BioSonics data collection was further 

interrupted on August 30th, due to an object blocking the beam, and on September 13th 

and 14th, due to intermittent equipment failure.  
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Photo 1. Hydroacoustic transducer mounts, power supply, sounder, and 

computer network component installation at the Anson Project, 
Madison, ME. 

 

Data acquisition programs for both split-beam systems were operated by a single 

PC in the powerhouse, linked through wireless networks to the two echosounders.  The 

DIDSON software was initially run on a laptop computer housed in the stream-side box, 

but was later transferred to a data acquisition PC in the powerhouse.  A wired network 

linked the PC to the stream-side DIDSON equipment.  In addition to the three separate 

networks for the acoustic systems, the powerhouse PC was also equipped with a cable 

modem to provide high-speed internet access for remote control and data access (Photo 

2.).   

 

Data collection parameters for the BioSonics split-beam system were set to –70dB 

threshold, 0.200 milliseconds (msec) pulse length, 13 pings per second (pps) ping rate, 

and a maximum range of 31 m for the surface aim and 27 m for the bottom aim.  The 

Simrad split-beam system was set to 0.256 msec pulse length, 10 pps ping rate, and a 

maximum range of 33 m.  Simrad data acquisition recorded data without threshold, down 

to the noise floor.  The ping rate of both split-beams was limited by reverberation.  

Several data collection parameters were tested for the DIDSON system to optimize the 

images for eel detection and identification (Table 2.). 
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Photo 2. A laptop computer, wireless link, and remote internet system in the 

Anson powerhouse allowed for local and/or remote operation and 
monitoring of the hydroacoustic system. 

 
2.2 Analysis of Acoustic Data  

 

DIDSON files were reviewed by scrolling through an echogram-type view of the 

data and visually identifying potential eel traces based on intensity and shape.  Potential 

eel traces were then further examined in video image mode, which provided information 

on the physical shape of the object and its type of motion.  The date, time, range, and 

score (based on its echo intensity, shape, and motion) for each identified eel were 

recorded. 

 

Split-beam data were analyzed with SonarData EchoView® 3.40.47 software.  

Data were visually examined on synchronized target strength and angle echograms; echo 

traces identified as eel were tracked with an α,-β-tracking algorithm (Blackman and 

Popoli 1999) and manually edited (fragments merged, extraneous echoes deleted) where 

necessary.  Fields recorded in the track database included date, time, range, mean target 

strength, split-beam-x, and –y position, split-beam-α, and -β angles, and direction of 

movement.  Split-beam angular and Cartesian target position was later used to transform 

positions into river-based coordinates (distance from shore, depth); for the Simrad system 

an additional rotation was introduced to compensate for the 28° roll angle of the 
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transducer.  Target positions in river-based coordinates were examined for the spatial 

distribution of detected eel. 

 

To minimize the potential for data interpretation bias, core period DIDSON and 

split-beam data were independently analyzed by different individuals without exchange 

of information.  The counts produced by this initial analysis are referred to as “before 

system cross-check.”  Where the beams of two acoustic systems overlapped, individual 

tracks were matched in a database operation linking records by time and range, with a +/- 

30-second margin for time, and +/- 5 meter margin for the range expected for the given 

geometry of the different systems.  After this initial comparison, the data were more 

thoroughly reviewed by checking each track in the overlapping areas that had not been 

matched.  Where eel tracks were detected on closer inspection, counts were added.  These 

revised counts are referred to as “after system cross-check.” 

 

2.3 Tethered Fish Experiments 

 

Tethered fish experiments were performed to determine the spatial detection 

limits of the hydroacoustic array under various transducer positions.  As well, the 

tethered fish tests were used to detect the distance from the transducers that an eel image 

could be detected and to test the ability to discriminate between eel and non-eel targets 

under somewhat controlled conditions.  System tests were conducted during the period 

August 22 to August 25 (Phase 1), and on September 19, 2005 (Phase 2; silver eel only).   

 

Fish were tethered to a monofilament line deployed from a stationary 16-ft. flat-

bottomed boat that was moored to a Kevlar tagline strung across the canal.  The boat 

position could be modified, but was positioned facing upstream with the stern resting 

slightly within or just upstream of the hydroacoustic fields.  Each fish was drifted 

downstream into the hydroacoustic fields, and allowed to swim in position for a period of 

one to several minutes, or until the fish had become physically exhausted (Photo 3.).  

Species, lifestage, and total length were recorded for each specimen (Table 3.).  Most test 

specimens were subsequently released into the impoundment individually or in groups to 
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provide supplemental imagery of free-swimming fish.  During the second phase of testing 

(September 19), only images from adult silver-phase eel were collected.   

 

 
 

Photo 3. View of a tethered American eel being drifted into position in the 
hydroacoustic fields. 

 
During Phase 1, American eel and all non-eel targets were collected at night from 

the Kennebec River using a boat-rigged, pulsed-DC Smith-Root GPP 5.0 boat 

electrofishing unit.  All stunned fish were collected with dip nets with ¼-inch mesh bags 

and deposited in a live-well filled with aerated ambient water for transport to the study 

site.  Fish were then transferred to one of two 150-gallon plastic tubs with pump-

circulated ambient river water.  Species tethered included five live eel (total length 450 – 

679 mm) and nine individuals representing six other species (largemouth and smallmouth 

bass, white sucker, chain pickerel, yellow perch and black crappie; total length 200 – 450 

mm).  Eighteen additional eel were released in to the beam without tethering (Table 3.).  

 

During Phase 2, sixteen adult silver-phase eel of the size class expected during 

fall migration (approximately 1 m) were obtained from a commercial distributor and 

transported alive to the project in an aerated 150-gallon plastic tub.  All fish were initially 

held overnight in the same holding system (as described above) to allow for recovery 

from transport.  Tubs were covered with wooden lids and tarpaulins to prevent escape 

and predation.  All eel were held in mesh nylon laundry bags secured with cable ties 

within the tubs to further prevent escape.  Two adult silver-phased eel, both measuring 

934 mm, were tethered as before, which allowed for the collection of imagery on adult 
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eel using both hydroacoustic systems.  All eel were subsequently released upstream of the 

hydroacoustic system by gently submerging an opened mesh bag, which allowed eel to 

freely swim away with minimal handling.  Six eel were released in the period from 19:55 

– 20:00, approximately 30 m upstream of transducers in mid-channel; five in the period 

from 20:11 – 20:15, approximately 90-m upstream; and five in the period from 20:25 – 

20:29; further upstream, immediately upstream of the highway bridge (approximately 

120 m upstream from the transducers). 

 

2.4 Time-Lapse Surveillance Camera  

 
A weatherproof infrared night vision video camera was installed above the 

entrance of the 5 ft. X 5 ft. sluice gate located adjacent to the project’s skimmer wall in 

an effort to record video imagery of eel to verify results from the hydroacoustic data.  

The camera was equipped with a timer that allowed recording to begin automatically 

from 1830 to 0630 on a nightly basis.  The system was also wired to a video time-lapse 

recorder that allowed for footage to be recorded at a higher frequency.  All tapes were 

reviewed upon completion of the evening’s video sampling.  Six nights of imagery were 

recorded during the period October 3rd to October 8th.   

 

2.5 Environmental Data 

 
Information describing the climatic and hydrologic conditions during the study 

period was gathered from real-time monitoring data at the Anson Project powerhouse and 

from the Mercer Weather Station, (http://www.wunderground.com/), a weather 

monitoring station that is located within approximately ten miles of the study site.  

Meteorologic information for Mercer is collected using Davis Weather Monitor II 

software, and the information is updated daily.  Weather data from the Mercer Weather 

Station was compared to archived data for Portland, Maine, as recorded by the National 

Oceanic and Atmospheric Administration to evaluate for accuracy and precision for the 

study period.  Variables recorded included river flow and temperature, air temperature, 

precipitation, cloud cover, and moon phase.  Environmental data were used to correlate 

these environmental conditions with eel migration events.  
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3.0 RESULTS 

 
3.1 Tethered Fish Experiments and Eel Release 

 
An initial test with an 800 mm (TL) dead eel provided good-quality DIDSON 

images that showed the eel’s shape and details of the boat bottom and outboard motor 

(Figure 3.).  On September 19th, two tethered silver eel (each with a total length of 934 

mm) were confidently identified in low-frequency mode to approximately 20 m range 

(Figure 4., Video 1, Video 2).  Given the shallow aim (-2°), there was little to no bottom 

interference and the eel trace showed up well above the dark image background. 

 

The five specimens of live sub-adult eel (total lengths of 450 – 679 mm) were 

easily recognized on the DIDSON images over a 10-m range interval out to a maximum 

range of 15 m (Figure 5.).  Images in the high-frequency mode show distinct anguilliform 

swimming motion (i.e.,  flexing most of the body), which is characteristic for eel (Video 

3).  However, it became increasingly difficult to identify or even detect sub-adult eel at 

ranges greater than 15 m. 

 

Seventeen of the 18 free-swimming eel released on August 23rd, were detected by 

the DIDSON.  Thirteen of the 17 detected targets were clearly recognized as eel.  The 

identification of four of the detected targets was ambiguous.  Examples are shown in 

Figure 6, Video 4.  Nine of these released eel disappeared from view before reaching the 

downstream end of the DIDSON beam array.  

 

Non-target species (largemouth and smallmouth bass, yellow perch, chain 

pickerel, white sucker and black crappie) could be distinguished from eel, especially 

silver eel, based on the shorter body length and carangiform swimming behavior (i.e., 

flexing only the tail region).  An example for a 450 mm largemouth bass is shown in 

Video 5.  The image of the chain pickerel, an elongated species superficially resembling a 

small eel, could have been confused for a small eel; however, it does not resemble an eel 

in swimming form and body motion.   
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On the BioSonics split-beam echogram, the echo traces of tethered live eel often 

showed a sawtooth pattern and wide and variable echo width characteristic of large fish 

with complex body shape and flexing body (Figure 7.).  Echo traces were easily detected 

out to 27 m, the maximum range sampled (Figure 8.). 

 

Six out of the 18 eel released August 23rd were detected by the BioSonics 

transducer.  Although these fish were detected in the beam, none of the traces were long 

enough to allow confident eel identification; some of the eel traces were potentially 

masked by air bubbles introduced with the net (Figure 9.).  Non-target fish species 

created echo traces that generally appeared smoother (no sawtooth pattern) and slightly 

narrower; however, differences were often subtle.  An example of a 400 mm white sucker 

is shown in Figure 10.  

 

Tethered eel traces recorded on the Simrad split-beam system (in place only 

during the tethering experiment conducted on September 19th) also showed sawtooth 

patterns and wide and variable echo width, especially when compared to debris tracks 

(Figure 11). 

 

3.1.1 Identification of Free-Swimming Eel 

 

DIDSON images allowed intuitive and confident identification of eel over 

a range interval of 5 – 20 m.  Three features were key to the positive identification 

of eel and the discrimination of eel from debris, and in some cases fish other than 

eel:  

1) physical shape of the object; 

2) type of swimming motion; and  

3) echo intensity.   

 

Confidence in correct eel identification was highest under the following 

conditions: data collected in high-frequency mode, eel approximately 80 cm or 

larger (as measured on the image), passing at a distance between 5 and 16 m away 

from the transducer, and over a dark background (i.e., where sound is not 

reflected off the bottom) (Figure 12., Figure 13; Video 6, Video 7).  Identification 
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was made more difficult by the following factors: eel smaller than 80 cm, passing 

at short range when the window length was long (e.g., low-frequency mode 

collecting data from 5 - 25 m); eel traversing the beam diagonally, rather than 

perpendicular to the beam axis, especially when the direction of movement 

coincided with the flow vectors (i.e., prevalent direction of debris tracks); eel not 

displaying anguilliform swimming behavior (on 3 occasions, targets were 

observed that could be either eel sailing down-river in a stiff body posture or eel-

shaped debris); and eel over bright background (i.e., where sound is reflected off 

the bottom).  Eel identification was difficult to impossible at a range of less than 5 

m or more than 20 m.  Beyond 20 m the cross-range resolution of the images was 

too poor to identify targets.  At ranges closer than 5 m, identification was difficult 

due to the short trajectory of the targets and the more frequent occurrence of 

interference between adjacent beams, which created prominent arcs across the 

entire beam array.  At a shallower aiming angle (used from September 19th to 

September 22nd), two eel were observed at short range that cast visible eel-shaped 

shadows.  (Acoustic shadows are analogous to optical shadows: Sound is blocked 

by an object, in this example the eel that is located between the source of the 

sound, i.e., the transducer, and the object that would otherwise reflect the sound, 

in this example the river bottom.)  

 

On several occasions (e.g., October 3rd and 4th), fish other than eel were 

observed and identified by their tail beat (Video 8).  These fish, possibly one 

individual returning repeatedly, went in and out of the beam periodically and 

often moved laterally offshore before being swept downstream. 

 

The split-beam system aimed along the bottom (BioSonics) provided 

echograms of sufficient quality to identify eel at a range greater than 10 m.  At 

shorter range, where the spreading beam is still narrow, eel tracks were too short 

to be easily distinguished from debris and could also easily be overlooked.  The 

discrimination of eel from debris was less intuitive than with DIDSON data, but 

was possible.  The three main features used for eel identification in split-beam 

data were 1) the width (range dimension) of the trace, 2) sawtooth pattern, 3) its 
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random variation in range, and 4) the track trajectory.  Examples for split-beam 

echo tracks of eel and debris are shown in Figure 14.  No attempt was made to 

distinguish eel from other fish species, as the distinction appeared too uncertain.  

Circumstantial evidence from some of the DIDSON footage suggested that fish 

other than eel tended to hold in the current and display foraging behavior. 

 

The split-beam system that had been aimed along the surface (Simrad) 

provided poorer echograms.  Eel tracks were weaker and therefore more difficult 

to identify and more easily missed.  Analysis of the surface split-beam data was 

further complicated by a higher proportion of debris and surface noise (Figure 

15.).  

 

3.1.2 Comparison of Acoustic Systems 

 
Unless specified otherwise, data are presented by sample date.  Each 

sample spans the period from 17:30 to 08:00 the following day.  Dates refer to the 

start date. 

 

Three systems sampled simultaneously and over partially overlapping 

sample areas over the core period of the study (September 19th – October 4th).  

Well over 200 silver eel were conclusively identified during this period.  There 

was good agreement between the bottom split-beam (BioSonics) and the 

DIDSON systems; the respective total counts before and after cross-check are 254 

and 267 for the BioSonics, and 242 and 258 for the DIDSON system (Table 4, 

Figure 16., Figure 17).  The surface split-beam (Simrad) total for the “after cross-

check” counts was 227, almost twice as high as 124, the total for “before cross-

check” (Table 4, Figure 18.).  This indicates that a considerable portion of passing 

eel had been missed in the initial blind analysis of the Simrad data.  

 

The comparison of counts “after cross-check” showed good general 

agreement between the three systems, with peaks and troughs in generally good 

alignment (Figure 19.).  Over the core period, eel passage peaked in the nights of 

September 23rd, 26th and 29th.  The DIDSON count for September 29th is biased 
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low because 1.5 hours of data during the peak hours of eel passage (18:30 – 

20:00) could not be analyzed due to corrupt files. 

 

3.1.3 Spatial distribution and behavior of eel 

 

Only split-beam data could be analyzed for the vertical and cross-river 

distribution of detected eel tracks; DIDSON images are 2-dimensional and do not 

provide information on the vertical position of objects (beam array was aimed 

close to horizontal).  Eel were detected throughout the water column with no 

pronounced preference for bottom or surface (Figure 20).  Any finer details in the 

distribution pattern need to be interpreted with caution, considering the negative 

bias in eel detection at short range of either split-beam system and the overall 

poor detection by the surface split-beam system. 

 

Further examination of selected split-beam tracks indicated that 

occasionally, individual eel moved vertically in the water column.  The DIDSON 

images showed no clear evidence of this type of behavior, instead showing 

relatively smooth movement through the beam, either with the flow or sometimes 

laterally across the channel (also seen on split-beam).  Vertical movement may, 

however, not be obvious on DIDSON images. 

 

Almost all eel detected passed through the sampling area in a downstream 

direction.  Out of the 258 eel counted with the DIDSON over the core period, 

only 2 were observed swimming upstream; another 3 moved laterally and were 

lost before an upstream vs. downstream direction of movement could be 

determined. 

 

3.1.4 Temporal Distribution of Eel and Correlation of Eel Movement with 

Environmental Conditions  

 

Several environmental factors were examined pertaining to temporal 

trends in relative abundance of eel in the project area.  These included time of 
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day, ambient light, rainfall, cloud cover, moon phase, river flow, and water 

temperature.   

 

The bottom split-beam (BioSonics) and, where available (August 22nd – 

24th), the DIDSON data were used to examine relative eel passage rates over the 

period August 22nd – October 7th (Table 5., Figure 21.).  In addition to the three 

peaks (September 23rd, 26th and 29th) identified during the core period, the 

BioSonics data indicated another peak on September 18th.  September 26th and 

29th coincide with the dates for which the Mercer Weather Station recorded 

precipitation and the start of water temperature at the Project falling below 65o F 

(Figure 22.).  Another rain event was recorded for September 17th, one day before 

the first peak detected by the split-beam system.  Acoustic data collected after 

October 8th could not be analyzed for eel counts because it contained too much 

noise generated by the high flow conditions.2  Continued rain and high flows in 

the Kennebec through October jarred the hydroacoustic transducers out of place, 

thereby effectively ending the study.  Personnel from the MDMR and the USFWS 

were contacted for approval to terminate the pilot study ahead of schedule.  

Environmental data for the study period is presented in Table 6. 

 

Nightly cloud cover was assigned a rank score.  Reported cloud cover 

conditions from the Mercer Weather Station taken at five-minute intervals were 

summarized for each daily period 17:30 – 08:00 to arrive at a dominant sky cover 

classification for that date.  Each classification was ranked accordingly, with rain 

ranking the highest value and clear skies ranking lowest.  Periods of rain and 

cloud cover were associated with a greater number of observations of eel 

movement (Figure 23).  No direct correlation between river discharge and eel 

movement was observed; however, discharge at Anson ranged from 3,026 to 

4,206 cfs and did not vary significantly during the data collection period (Figure 

23).  Because the core study period was only 16 days in duration (September 19 – 

October 4), no strong correlation between moon phase and eel movement was 

 
2 Discharge through the project on October 8th and 9th at times exceeded 26,000 cfs (Photo 4; David Lovley, MPI, 

pers. comm.) due to heavy precipitation (approximately 6 inches).   
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identified.  However, during the three nights when peak movement was observed 

(9/23, 9/26, and 9/29), the moon was in its last quarter. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Photo 4. Kennebec River at Anson powerhouse with 26,000 cfs spilling, 

October 8th and 9th, 2005.  Simrad unit is positioned on first pier.  

 

3.1.5 Temporal Pattern of Eel Passage 

 
All three sonar systems indicate a consistent pattern in eel passage.  Most 

eel passed during two concentrated time periods (immediately after dark and 

shortly before dawn) (Table 7., Figure 24.). Between 18:00 and 23:00, 68%, 56%, 

and 58% of the total counts were registered by the DIDSON, bottom split-beam, 

and surface split-beam system, respectively.  The hours between 04:00 and 07:00 

represented an additional 12 % (DIDSON), 15% (bottom split-beam), and 16% 

(surface split-beam) of each transducer’s total count.  The balance of eel 

detections occurred in the hours between these periods, but typically consisted of 

scattered individual movements. 
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3.1.6 Videography Footage 

 
Six evenings of footage were recorded at the exit sluice gate located near 

the intakes at the project in an effort to validate the data recorded by the 

hydroacoustic system.  The infrared light emitted by the video surveillance 

camera was satisfactory and enabled full review of the recorded nighttime 

periods.  At the end of the core study period during which time the camera was 
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operational, 33 eels were detected by the hydroacoustic system; however, eel 

were not observed in any of the video footage. 
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4.0 DISCUSSION 

 

Over the core period of the study, the split-beam system positioned along the bottom and 

the DIDSON system consistently identified similar numbers of silver eel.  Additionally, these 

two systems provided a sufficiently large sample size for determining general run-timing and 

diurnal patterns in the migration of silver eel.  Based on the cross-check against DIDSON data, 

the surface-mounted split-beam appeared to have missed a significant proportion of the eel that 

passed.  This may in part have been due to eel facing the transducer at an oblique angle rather 

than broadside.  Analysis of the surface split-beam data was further complicated by a higher 

proportion of debris and surface noise.  We concluded that, under the given site conditions, split-

beam sampling along the surface is poorly suited for monitoring migrating eel, at least with the 

transducer configuration used during this study.  Changing the heading (i.e., horizontal angle) 

and pitch angle of the transducer could potentially improve the detection of eel and reduce 

surface noise but would not alleviate the problem associated with debris.  The DIDSON system 

appeared better suited for sampling close to the surface.  Even when the top edge of the beam 

array sampled along the surface, DIDSON images appeared to show less debris, partly because 

of the relatively small physical dimensions of the debris (discussed in more detail below). 

 

Although one advantage of the split-beam system was that it could detect eel over longer-

range intervals, we found that this was offset by the split-beam’s ineffectiveness at close range 

(less than 10 m).  The bottom split-beam and DIDSON systems achieved similar sample sizes. 

 

A single transducer does not fully cover the entire cross-section of the intake canal.  

However, the results of this pilot study indicate that:  

 

1. eel passage was relatively uniform throughout the water column and across the 

channel; and  

2. both the bottom split-beam system and DIDSON provide large enough samples 

(in terms of numbers of eel) to detect the presence of and qualitatively determine 

the relative abundance of migrating silver eel.   
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A single transducer should therefore be sufficient to determine run timing and diurnal 

patterns.  A second year of cross-river distribution data should be collected to confirm that eel 

behavior is similar between years and under different river conditions.  While the eel counts 

generated with the DIDSON and bottom split-beam system were of similar quality, additional 

issues need to be considered.  The ultimate goal of this study is the development of an automated 

eel detection system.  

 

Although the split-beam has a slight advantage in that tracking algorithms for these types 

of data have already been developed (Bertsekas 1990, Blackman and Popoli 1999), this 

advantage is offset by the difficulty of  designing a classification system that can reject debris 

tracks at high enough a rate and still accept enough eel tracks.3  At the Anson Project site, debris 

episodes could potentially provide excessive “false-positives.”  Our conclusion is that it is 

possible to visually distinguish eel from non-eel tracks on split-beam echograms to a degree 

comparable to the more intuitive DIDSON images, given enough experience.  However, it is 

difficult to emulate this particular type of visual pattern recognition capability of the experienced 

human eye.  

 

The DIDSON inherently provides information about the shape and type of motion of the 

object, a key feature in the discrimination of eel and debris; whereas split-beam data provide 

only inferential “clues” that can be confounded by object speed and type of motion.  Object 

detection and classification algorithms for DIDSON data are still in their infancy, but can draw 

on a wealth of existing image analysis techniques.  Discussions with individuals with expertise in 

the development of tracking and classification algorithms for split-beam and DIDSON data (Tim 

Mulligan and Peter Withler, Pacific Eumetrics Consulting, Ltd., pers. comm.) have provided 

support for our conclusion that DIDSON data are more suitable for the development of an 

automated eel monitoring system when differentiation between eel and debris is a concern, as is 

the case at the Anson Project. 

 

 
3 A classification system with a false-positive (debris misidentified as eel) rate of 10% would be more than sufficient 
if the ratio of debris/eel is 1/100, but inadequate when the ratio is in the order of 100/1, as is the case at the project 
site.  In the latter example, disregarding false-negatives, 1000 debris and 10 eel tracks would translate into 110 “eel” 
counts.  The “eel” count would be driven by the number (and changes in the number) of debris tracks detected rather 
than the number of eel. 
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Preliminary tests with 2005 study data suggest that an interim automated eel detection 

system can be achieved for fall 2006 at the Anson Project.  Software would be programmed to 

load data files collected at 15 or 30-minute intervals, identify eel targets, and pass an eel estimate 

to the operator.  In the first trial year, the automation should be checked against a manual count 

to refine the detection and classification algorithm as more data are collected and experience 

gained.  We anticipate a fully automated system will eventually require only periodic quality 

control checks of sub-samples.  Quality control will be more easily accomplished with the more 

intuitive DIDSON images, rather than with split-beam data, which requires considerably more 

experience to interpret.   

 

Of the DIDSON sampling schemes tested, the multiplexing (i.e., sampling alternately 

with high and low frequency) scheme used from September 30th to October 4th appeared to work 

best.  The low-frequency periods provided a large sample volume.  The high-frequency periods 

provided better identification and helped in the interpretation of the preceding and following 

low-frequency data, because the predominant types of targets tended to change only gradually 

over time. 

 

While future automated monitoring efforts should concentrate on the use of the DIDSON 

system, there is merit in operating one split-beam system for one more year to supplement the 

DIDSON.  This would provide a second year of information on the vertical distribution of eel, 

provide independent counts for comparison, and serve as a relatively low-cost insurance policy 

against accidental DIDSON failure or data loss. 

 

We have identified several items that can potentially be improved.  DIDSON data 

requires major data storage capacity: 360 GB total for one month (sampling 17:30 – 8:00), or 

twice as much when a back-up copy is included.  The data load may be significantly reduced by 

using motion-detect algorithms (already implemented in DIDSON software) that eliminate data 

from periods when no objects are moving through the beam.  Data from 2005 can be used to 

optimize these parameters. 

 

For purpose of this application, there is no need to monitor the river bottom, since this 

study indicated that eel were distributed relatively uniformly throughout the water column.  A 
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bottom-oriented transducer is logistically more difficult as it requires divers to install and adjust.  

The operation could be further improved by designing transducer mounts that allow aim 

adjustments to be made from the roadside bank, (i.e., without requiring boat or diver access).  

Finally, heading and pitch sensors should be used to facilitate the aiming process and to alert 

operators when the transducer’s aim changes. 
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5.0 RECOMMENDATIONS 

 
Based on the results of this pilot study, we recommend the following measures for the 

installation of an interim downstream eel passage hydroacoustic system: 

 

5.1 Type of Equipment 

 

• use of DIDSON as primary source for eel counts; 

• sample one more year with a split-beam system (in addition to the 

DIDSON) to obtain information on vertical distribution and independent 

target counts for comparison; the split-beam system also serves as a low-

cost backup for any failure or data loss associated with the DIDSON. 

 

5.2 Sampling Location and Aim 

 
• for the DIDSON system, use same location and aim as was used 

September 22nd – October 4th, 2005; use multiplexing sampling scheme 

similar to the one used September 30th – October 4th, 2005; 

• for the split-beam system, use right bank and mount on the side-wall at 

mid-water elevation; aim for the middle of the water column, overlapping 

the DIDSON sampling area. 

 

5.3 Development of Automated Eel-Detection System 

 

• develop automated detection programming (version 1) using 2005 

DIDSON data; 

• test and refine detection accuracy during 2006. 

 

5.4 Monitoring Period 

 
• The monitoring period should target approximately an eight-week period 

extending from late August through late October, with specific dates to be 

determined in consultation with MDMR and USFWS. 

20140620-5133 FERC PDF (Unofficial) 6/20/2014 4:01:50 PM



 
- 29 - 

 

5.5 Miscellaneous 

 
• test motion-detect algorithms to reduce DIDSON data volume; 

• test protocol for data transmission link to operator; 

• design transducer mounts that allow aim adjustments from the roadside 

bank (i.e., without requiring boat or diver access);  

• use heading and pitch sensors to confirm aim and to alert operators to 

changes in the aim. 

 

 

 

 

20140620-5133 FERC PDF (Unofficial) 6/20/2014 4:01:50 PM



 
- 30 - 

6.0 AGENCY CONSULTATION 

 

Copies of the draft study plan and implementation schedule for upstream and downstream 

eel passage, which proposed the interim hydroacoustic system, were circulated to Maine 

Department of Environmental Protection (MDEP), Maine Atlantic Salmon Commission 

(MASC), the Maine Department of Marine Resources (MDMR), the Maine Department of 

Inland Fisheries and Wildlife (MDIFW), the U.S. Fish and Wildlife Service (USFWS) and the 

National Marine Fisheries Service (NMFS) on September 24, 2004.  By letter dated September 

28, 2004, MDEP deferred to MDMR and USFWS for technical aspects of the plans.  By letter 

dated October 18, 2004, MASC also deferred to MDMR and USFWS for technical comments.  

In telephone discussion on October 25, 2004, MDMR stated that they had no comments on the 

plan.  

 

By letter dated November 18, 2004, USFWS provided the following comment in regards 

to the hydroacoustic system: 

 

Pg. 7, 3.2. Interim Downstream Eel Passage Plan - We concur with the proposed 
utilization of hydroacoustic transducers at the upstream Anson forebay to detect 
silver eel outmigration during the August through November period.  The plan 
indicates that data from the eel passage monitoring system will be used to trigger 
the planned nighttime generation shutdown with concurrent wastegate flow 
release in order to facilitate safe downstream passage of adult migratory silver 
eels at both the Anson and Abenaki projects.  We note that MPI proposes to 
install a prototype hydroacoustic monitoring system in the Anson project forebay 
for testing during the late summer or early fall of 2005, following consultation 
with fisheries agencies.  We look forward to working with MPI on the design and 
testing of this plan. 

 

On August 5, 2005, a study work plan and a site visit invitation were sent to the 

consulting agencies so that the design of the system could be viewed (Appendix A).  MPI did not 

specifically request comments on the work plan because the concept of the study had already 

been discussed with and agreed to by agencies.  On August 25, 2005, agency personnel from the 

MDMR viewed the installed and operational hydroacoustic pilot system at the Anson Project, as 

well as associated imagery from Phase 1 of the testing.  It was concluded that the pilot design of 

the system was satisfactory.  In early October, personnel from MDMR and the USFWS were 
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contacted for consultation regarding early termination of the study due to repeated high-flow 

events in the Kennebec River. 
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8.0 TABLES 

 

Table 1. Acoustic system configurations and dates of deployment (Each sample spans 
the period from 17:30 to 8:00 the following day), Anson Project American eel 
downstream passage study, August – October 2005.   

 
Acoustic System Configuration Sample Dates 
DIDSON mounted approximately 30 cm below the water 

surface and 40 cm away from the side wall; -2° 
pitch angle;  
 

8/22 – 8/24 

DIDSON mounted approximately 30 cm below the water 
surface and 40 cm away from the side wall;  -14° 
pitch angle 
 

9/19 – 9/21 

DIDSON mounted approximately 30 cm below the water 
surface and 40 cm away from the side wall;  -8° 
pitch angle (top edge of the beam aimed along the 
surface) 
 

9/22 – 10/4 

Split-beam BioSonics 
6° CIRCULAR 201 KHZ TRANSDUCER; 
MOUNTED APPROXIMATELY 20 CM 

BELOW THE WATER SURFACE AND 40 
CM AWAY FROM THE SIDE WALL; -3° 

PITCH ANGLE (TOP EDGE OF THE BEAM 
AIMED ALONG THE SURFACE) 

 

8/22 – 8/24 

Split-beam BioSonics 6° circular 201 kHz transducer; mounted on the 
river bottom; 5° pitch angle (bottom edge of the 
beam aimed along the bottom) 
 

8/25 – 9/2 

Split-beam BioSonics 4°x 8° elliptical 201 kHz transducer; mounted on 
the river bottom with the long beam axis close to 
horizontal; 5° pitch angle; 
 

9/8 – 10/7 

Split-beam Simrad 7° circular 120 kHz transducer;  mounted 
approximately 20 cm below the water surface; -4° 
pitch angle (top edge of the beam aimed along the 
surface) 28° roll angle to fit mounting plate;  

9/9 – 10/7 
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Table 2.  DIDSON data collection parameters - each sample spans the period from 
17:30 to 8:00 the following day, Anson Project American eel downstream 
passage study, August - October 2005.   

 
Frequency  

(MHz) 
Frame Rate 

(fps) 
Start Range 

(m) 
Window 

Length (m) 
Sample 
Dates 

1.1 5 10 20 8/22 – 8/23 
1.1 5 1 40 8/24 
1.1 5 1 40 9/19 
1.1 6 10 20 9/20 
1.8 6 5 15 9/21 
1.1 5 10 20 9/22 – 9/24 

1.8-1.1 multiplex 
(30 minutes each) 

6 
high: 5 
low: 5 

high: 10 
low: 20 

9/25 – 9/27 

1.8-1.1 multiplex 
(30 minutes each) 

7 
high: 2 
low: 5 

high: 10 
low: 20 

9/28 – 9/29 

1.8-1.1 multiplex 
(15 minutes each) 

7 
high: 2 
low: 5 

high: 10 
low: 20 

9/30 – 10/4 

 
 
Table 3. Fish evaluated during testing of the hydroacoustic system, Anson Project 

American eel downstream passage study, August - October 2005.   
 

Species  
Total Length 

(mm) Lifestage Date of Test 
American eel* 800 adult (silver) 8/24/2005 
American eel 600 juvenile (yellow) 8/24/2005 
American eel* 650 juvenile (yellow) 8/24/2005 
American eel* 679 juvenile (yellow) 8/24/2005 
American eel 460 juvenile (yellow) 8/24/2005 
American eel* 625 juvenile (yellow) 8/24/2005 
American eel* 630 juvenile (yellow) 8/24/2005 
American eel 410 juvenile (yellow) 8/24/2005 
American eel 430 juvenile (yellow) 8/24/2005 
American eel 450 juvenile (yellow) 8/24/2005 
American eel 500 juvenile (yellow) 8/24/2005 
American eel 400 juvenile (yellow) 8/24/2005 
American eel 380 juvenile (yellow) 8/24/2005 
American eel 380 juvenile (yellow) 8/24/2005 
American eel <= 400 (n=10) juvenile (yellow) 8/24/2005 
American eel 679 juvenile (yellow) 8/25/2005 

Largemouth bass* 375 adult 8/24/2005 
Largemouth bass* 450 adult 8/24/2005 

White sucker* 400 adult 8/24/2005 
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Species  
Total Length 

(mm) Lifestage Date of Test 
Smallmouth bass* 320 adult 8/24/2005 
Smallmouth bass* 260 adult 8/24/2005 
Smallmouth bass* 200 adult 8/24/2005 
Chain pickerel* 280 juvenile 8/24/2005 
Yellow perch* 270 adult 8/24/2005 
Black crappie* 290 adult 8/24/2005 
American eel* 934 adult (silver) 9/19/2005 
American eel* 934 adult (silver) 9/19/2005 

* tethered with rod and reel 
 
 
Table 4. Core period (9/19/05 – 10/04/05) American eel counts before and after 

system-cross check,  Anson Project American eel downstream passage study, 
August - October 2005.   

 
Surface split-beam Bottom split-beam DIDSON 

 Simrad BioSonics  
 before after before after before after 

19-Sep 6 8 6 6 6 6 
20-Sep 10 11 - 0 9 9 
21-Sep 4 10 14 14 6 6 
22-Sep 6 7 18 19 12 13 
23-Sep 9 24 13 16 29 30 
24-Sep 8 14 12 15 18 18 
25-Sep 7 22 25 30 29 32 
26-Sep 6 26 36 37 32 35 
27-Sep 13 20 13 17 12 14 
28-Sep 15 19 24 24 15 17 
29-Sep 19 30 52 54 35 36 
30-Sep 7 12 14 15 12 13 
1-Oct 3 8 16 16 10 11 
2-Oct 3 6 3 4 8 8 
3-Oct 5 6 2 2 6 6 
4-Oct 3 4 6 7 3 4 
Totals 124 227 254 276 242 258 
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Table 5. Study period (August 22, 2005 –  October 7, 2005) American eel counts 
(counts shown for the core period were generated after the system cross-
check), Anson Project American eel downstream passage study. 

 

Date DIDSON 

BioSonics 6° circular 
split-beam 

surface 

BioSonics 6° circular 
split-beam 

bottom 

BioSonics 4°x8° 
elliptical split-beam 

bottom 
Simrad 7° circular 
split-beam surface

22-Aug 2 0 - - - 
23-Aug 5 2 - - - 
24-Aug 2 3 - - - 
25-Aug - - 9 - - 
26-Aug - - 4 - - 
27-Aug - - 1 - - 
28-Aug - - 0 - - 
29-Aug - - 0 - - 
30-Aug - - - - - 
31-Aug - - 2 - - 
1-Sep - - 2 - - 
2-Sep - - 6 - - 
3-Sep - - - - - 
4-Sep - - - - - 
5-Sep - - - - - 
6-Sep - - - - - 
7-Sep - - - - - 
8-Sep - - - 9 - 
9-Sep - - - 8 - 
10-Sep - - - 9 - 
11-Sep - - - 11 - 
12-Sep - - - 3 - 
13-Sep - - - - - 
14-Sep - - - - - 
15-Sep - - - 6 - 
16-Sep - - - 9 - 
17-Sep - - - 7 - 
18-Sep - - - 32 - 
19-Sep 6 - - 6 8 
20-Sep 9 - - 0 11 
21-Sep 6 - - 14 10 
22-Sep 13 - - 19 7 
23-Sep 30 - - 16 24 
24-Sep 18 - - 15 14 
25-Sep 32 - - 30 22 
26-Sep 35 - - 37 26 
27-Sep 14 - - 17 20 
28-Sep 17 - - 24 19 
29-Sep 36 - - 54 30 
30-Sep 13 - - 15 12 
1-Oct 11 - - 16 8 
2-Oct 8 - - 4 6 
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Date DIDSON 

BioSonics 6° circular 
split-beam 

surface 

BioSonics 6° circular 
split-beam 

bottom 

BioSonics 4°x8° 
elliptical split-beam 

bottom 
Simrad 7° circular 
split-beam surface

3-Oct 6 - - 2 6 
4-Oct 4 - - 7 4 
5-Oct - - - 1 - 
6-Oct - - - 2 - 
7-Oct - - - 1 - 
Totals 267 5 24 374 227 

 
Table 6. Environmental conditions during the core study period (September 19, 2005 

– October 4, 2005) at the Anson Project and as recorded at the Mercer 
Weather Station. 

 

Date  
Avg. Daily Air 

Temp. (F) 
Daily Precip 

(in.) 
Water 

Temp. (F) 
River Flow 

(CFS) 
Cloud  
Cover Moon Phase 

9/19/2005 64 0.00 69 3677 Clear -  
9/20/2005 62 0.03 68 3501 Overcast-Broken Clouds -  
9/21/2005 66 0.00 68 3428 Clear -  
9/22/2005 66 0.00 68 3500 Clear-Few Clouds Equinox 
9/23/2005 65 0.00 68 3456 Rain (followed by clearing)  - 
9/24/2005 53 0.00 68 3370 Clear-Overcast  - 
9/25/2005 53 0.00 68 3328 Overcast-Clear Last Quarter 
9/26/2005 62 0.28 65 3297 Overcast-Rain  - 
9/27/2005 60 0.00 65 3266 Clear  - 
9/28/2005 58 0.00 65 3300 Clear-Few Clouds  - 
9/29/2005 57 0.64 65 3431 Clear (with late rain)  - 
9/30/2005 49 0.00 63 3622 Clear  - 
10/1/2005 52 0.00 61 4206 Clear  - 
10/2/2005 60 0.00 62 4115 Clear  - 
10/3/2005 60 0.00 63 3230 Clear-Overcast  - 
10/4/2005 62 0.00 64 3172 Overcast -Clear  - 

 
Table 7. Diurnal (17:30 – 8:00) pattern of American eel relative abundance observed 

during the Anson Project American eel downstream passage study, August – 
October, 2005. 

 
 BioSonics DIDSON Simrad 

Hour 
average eel 

count 
percent of 
total count 

average eel
count 

 percent of total 
count 

average eel 
count 

percent of total 
count 

17 0.5 3% 0.1 1% 0.3 2% 
18 1.4 8% 0.3 2% 0.4 3% 
19 3.9 21% 4.6 28% 2.8 20% 
20 3.1 16% 3.4 21% 2.6 19% 
21 1.5 8% 1.6 10% 1.1 8% 
22 0.7 4% 1.2 7% 1.1 8% 
23 1.2 6% 0.6 4% 0.8 5% 
0 1.1 6% 0.4 2% 0.8 5% 
1 0.9 5% 0.6 4% 0.4 3% 
2 0.8 4% 0.8 5% 0.8 5% 
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 BioSonics DIDSON Simrad 

Hour 
average eel 

count 
percent of 
total count 

average eel 
count 

percent of total 
count 

average eel 
count 

percent of total 
count 

3 0.3 2% 0.6 4% 0.5 4% 
4 1.5 8% 1.4 8% 1.1 8% 
5 0.9 5% 0.5 3% 0.6 4% 
6 0.4 2% 0.1 0% 0.6 4% 
7 0.5 3% 0.1 0% 0.2 1% 
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9.0 FIGURES 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Anson and Abenaki Projects, Kennebec River, Somerset County, Maine. 
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BioSonics split-beam 

Simrad split-beam 

Figure 2. Approximate locations and aims of acoustic systems used. View is looking 
upstream from the Anson powerhouse, the spillway is on the right, Anson 
Project American eel downstream passage study, August – October, 2005. 
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Figure 3. DIDSON high-frequency image of tethered dead 800 mm eel and details of 

the boat, Anson Project American eel downstream passage study, August – 
October, 2005. 
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Figure 4. DIDSON low-frequency image of live tethered 934 mm eel at 21 m range, 

Anson Project American eel downstream passage study, August – October, 
2005. 
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Figure 5. DIDSON high-frequency image of live tethered 679 mm eel at 11 m range, 

Anson Project American eel downstream passage study, August – October, 
2005.
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Figure 6. DIDSON high-frequency image of released eel swimming away from the 

boat, Anson Project American eel downstream passage study, August – 
October, 2005. 
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Figure 7. BioSonics split-beam echogram of live tethered eel (679 mm) at 11 m range 
(eel echo trace shows sawtooth pattern and wide and variable echo width 
characteristic of large fish with complex body shape), Anson Project 
American eel downstream passage study, August – October, 2005. 
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Figure 8. BioSonics split-beam echogram of live tethered eel (679 mm) at 26 m range 
(eel echo trace shows moderate amount of sawtooth pattern and echo width 
characteristic of large fish with complex body shape), Anson Project 
American eel downstream passage study, August – October, 2005. 
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Figure 9. BioSonics split-beam echogram of released eel swimming underneath the 
boat, Anson Project American eel downstream passage study, August – 
October, 2005. 

 

 
 

Figure 10. BioSonics split-beam echogram of live tethered white sucker (400 mm), 
Anson Project American eel downstream passage study, August – October, 
2005.
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debris

eel

re 11. Simrad split-beam echogram of live tethered eel ( 934 mm) at 20 m range.  
(eel echo trace shows sawtooth pattern and wide and variable echo width 
characteristic of large fish with complex body shape.  By comparison, debris 
echoes form straight, narrow track with constant echo width), Anson Project 
American eel downstream passage study, August – October, 2005. 
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Figure 12. DIDSON high-frequency image of free-swimming native eel, Anson Project 
American eel downstream passage study, August – October, 2005. 
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Figure 13. DIDSON high-frequency image of free-swimming native eel, Anson Project 
American eel downstream passage study, August – October, 2005. 

 
- 49 - 

20140620-5133 FERC PDF (Unofficial) 6/20/2014 4:01:50 PM



 

 Time 

debris

debris 

eel 

eel 

Time

R
ange  

 

Figure 14. BioSonics split-beam echograms of free-swimming native eel.  The echogram 
on the left is color-coded by acoustic target strength (dB).  The echogram on 
the right shows the same data, color-coded by horizontal split-beam angle, 
with warm colors indicating the upstream side of the transducer.  Tracks 
progressing from warm to cold colors are targets moving downstream, tracks 
changing colors in the reverse order (none shown) would indicate target is 
moving upstream.  Note the sawtooth pattern of the eel tracks, compared to 
the smooth appearance of the debris tracks, Anson Project American eel 
downstream passage study, August – October, 2005. 
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Figure 15. Simrad split-beam echograms of free-swimming native eel.  The echogram on 
the left is color-coded by acoustic target strength (dB).  The echogram on the 
right shows the same data, color-coded by horizontal split-beam angle, with 
warm colors colors indicating the upstream side of the transducer.  Tracks 
progressing from warm to cold colors are targets moving downstream, tracks 
changing colors in the reverse order (none shown) would indicate target is 
moving upstream.  Note the sawtooth pattern of the eel tracks, compared to 
the smooth appearance of the debris tracks, Anson Project American eel 
downstream passage study, August – October, 2005. 
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Figure 16. The number of eel counted with split-beam sonar (BioSonics) aimed along 
the bottom, before and after system cross-check, Anson Project American eel 
downstream passage study, August – October, 2005. 
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Figure 17. The number of eel counted by imaging sonar (DIDSON) before and after 
system cross-check, Anson Project American eel downstream passage study, 
August – October, 2005. 
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Figure 18. The number of eel counted with split-beam sonar (Simrad) aimed along the 

surface, before and after system cross-check, Anson Project American eel 
downstream passage study, August – October, 2005. 
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Figure 19. Comparison of the number of eel counted with split-beam and DIDSON 

sonar after system-check, Anson Project American eel downstream passage 
study, August – October, 2005. 
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 Water surface 

 Channel profile 

 
Approximate area sampled: 

  
 Surface split-beam (Simrad) 

 Bottom split-beam bottom (BioSonics) 

 DIDSON 9/19 – 9/21 

 DIDSON 9/22 – 10/4 

 

Mean vertical and cross-river position of eel tracks: 
 

 Simrad BioSonics 
 
Detected before cross-check 

Detected before cross-check and matched with DIDSON 

Detected after cross-check with DIDSON 

Figure 20. Mean vertical and cross-river position of eel tracks detected with split-beam 
sonars aimed along the surface and the bottom, Anson Project American eel 
downstream passage study, August – October, 2005. 
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Figure 21. The number of eel counted over the entire study period, Anson Project 

American eel downstream passage study, August – October, 2005. 
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Figure 22. Water temperature at the Anson powerhouse and precipitation reported at 

the Mercer Weather Station, Anson Project American eel downstream 
passage study, August – October, 2005. 
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Figure 23. Correlation between Anson Station discharge, cloud cover, and total eel 

count during the core sample period, Anson Project American eel 
downstream passage study, September 19 - October 04, 2005. 
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Figure 24. Diurnal (17:30 – 8:00) pattern of the number of eel counted, Anson Project 

American eel downstream passage study, August – October, 2005. 
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9.1 Index of DIDSON Videos 

 

Note: HF in file name indicates images were taken in high-frequency mode, LF indicates 

low-frequency mode 

 

Reference File Name Description 
1 2005-09-19_153559_LF_934eel_15m.avi tethered eel (934 mm) at 15 m range 
2 2005-09-19_153559_LF_934eel_20m.avi tethered eel (934 mm) at 20 m range 
3 2005-08-23_124405_HF_679eel_11m.avi tethered eel (679 mm) at 11 m range, 

boat; 
4 2005-08-23_125700_HF_630eel_released.avi released eel (630 mm) and air bubbles 
5 2005-08-23_153129_LF_450LMB.avi tethered largemouth bass 
6 2005-09-26_013000_HF_perfect_track.avi high-quality image of free-swimming 

native eel at 6 m range 
7 2005-09-30_043000_HF_10m_towards_xducer.avi high-quality image of free-swimming 

native eel at 10.5 m range 
8 2005-09-26_063000_HF_other_fish.avi fish other than eel, note tail-beat 
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75 Main Street, P.O. Box 576 • Pittsfield, ME 04967 • Phone: 207-487-3328 • Fax: 207-487-3124 • www.KleinschmidtUSA.com 

- Offices Nationwide - 

 
 
       August 5, 2005 
 
 
VIA EMAIL 
 
Anson Project, FERC No. 2365 
Abenaki Project, FERC No. 2364 
American Eel Downstream Passage Pilot Study 
 
To Distribution List: 
 
 Attached is a brief pilot study plan for the installation and calibration of hydroacoustic 
equipment in the forebay of the Anson Project during the week of August 22, 2005.  This plan is 
being provided to the agency members of the Fish Passage Team for their information, along 
with an invitation to visit the project to review and discuss the pilot study installation.   

 

 Madison Paper Industries (MPI) is not specifically requesting comments on the attached 
plan because the concept of the study has already been discussed with and agreed to by agencies, 
but we would appreciate your being available on site to offer comments on the installation.  This 
pilot study is an experimental installation at the Anson Project, but is based on previous lab 
studies that have shown successful detection of eels using hydroacoustics.  As noted in the 
attached work plan, results of the pilot study will be provided to agencies in late 2005 for review 
and discussion in the context of planning for future efforts in 2006.  

 

 We expect that Thursday, August 25, 2005 will be the best day for agency personnel to 
visit the site to review the installation and discuss the technical and logistical criteria that govern 
the location and configuration of the installation.  MPI and consultant personnel will be at the 
site from 10:00 am to 2:00 pm to provide a tour of the installation and answer questions.  

 
 Sincerely, 
 
 KLEINSCHMIDT ASSOCIATES 

  
 Brandon H. Kulik 
 Senior Fishery Biologist 
BHK:mt 
Enclosure 
cc: Christopher Bean, David Lovley, Donald Degan, Andrew Sims, Andrew Qua 
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MADISON PAPER INDUSTRIES 
MADISON, MAINE 

 
AMERICAN EEL FISH DOWNSTREAM PASSAGE PILOT STUDY 

 
2005 WORK PLAN 

 
1.0 BACKGROUND 

 
The Anson Project is one of two adjacent projects on the Kennebec River owned and 

operated by Madison Paper Industries (MPI).  The Abenaki Project (FERC No. 2364) is located 

approximately one-half mile downstream of the Anson Project (Figure 1). The Anson Project 

impoundment encompasses approximately 7 miles of the Kennebec River and 0.5 miles of the 

Carrabassett River.  The Anson dam spans the Kennebec River immediately downstream of the 

Route 148/201A bridge between Anson and Madison.  The Abenaki Project impoundment 

encompasses approximately 0.5 miles of the Kennebec River from immediately below the Anson 

tailrace to the Abenaki dam.  On July 25, 2003, the FERC issued a new license for these projects.  

 

The new license issued for the Anson and Abenaki projects contemplated the installation 

of interim downstream passage for adult silver-phase American eel (eel).  The specific 

requirements for this work plan were detailed in a study plan pursuant to Article 405 (A), which 

was filed on November 29, 2004 and was approved by FERC on March 15, 2005 (110 FERC 

¶62,256).  The plan, prepared in consultation with agencies, proposed a hydroacoustic system to 

detect downstream migrating silver eels approaching the Anson powerhouse so that operation of 

both projects can be managed to promote downstream eel passage.  The final system will provide 

real-time data to minimize lost generation during eel outmigration past the project, and provide 

downstream eel movement data utilized as a trigger for initiating downstream passage measures 

(e.g., temporary turbine shutdown or intake rack overlays combined with opening of a waste gate 

or spillage).   

 

As described in the plan, a hydroacoustic monitoring pilot study will be conducted in 

summer/fall 2005.  During testing, specifications and orientation of the hydroacoustic gear will 

be tested; recommendations for a full-scale prototype will be based on recommendations of the 

pilot study.  A summary report will be provided to agencies for review and discussion.  If the 

agencies find the recommended system and methodology satisfactory, the final system 
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equipment and configuration will then be installed and calibrated prior to the 2006 outmigration 

season.  

 

2.0 PILOT STUDY WORK SCOPE AND SCHEDULE 

 

This work plan summarizes the scope of work to be performed in support of the 2005 

pilot study.  The goals and objectives of the study are to: 

• empirically verify that eels can be detected by the hydroacoustic system(s); 

• experiment with various transducer locations and arrays to determine the best 
configuration to detect eels approaching the project intake area, and; 

• develop specifications and recommendations for the monitoring system to be 
deployed during 2006. 

 
The study will be jointly conducted by MPI, Kleinschmidt Associates, and Aquacoustics.  

Aquacoustics specializes in using hydroacoustic systems to monitor movements of various fish 

species in connection with studies such as population assessments and fish passage effectiveness.  

In order to assess the feasibility of utilizing hydroacoustics to detect eels, the following methods 

will be conducted: 

 

1. Two types of transducers will be evaluated (split beam; Didson). 

2. The test array will include paired horizontally-oriented transducers aimed at a 

roughly perpendicular angle to the entrance flow at Anson near the ME-16 bridge. 

3. Transducers will be mounted on poles that will be movable, but anchored.  This 

will facilitate experimentally positioning the beam depth and angle to seek 

optimal acoustic coverage of the water column.   

4. Once a satisfactory array is functioning, the system will be tested over the course 

of the next series of days.  To test the system:   

a. It will be calibrated with a standard acoustic target object. 

b. Specimens of adult-sized eel and other representative common fish from 

this river reach that could be present and provide false targets (e.g., 

smallmouth bass, trout, white sucker, etc.) will be collected from the study 
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site vicinity for target testing.1  Each test specimen will be measured, 

weighed and kept alive in an aerated holding tub.  

c. During tests, each specimen will be placed in a mesh bag or cage so that it 

can be freely floated through the acoustic field in a variety of water 

column positions and vertical/horizontal orientations relative to the 

acoustic beam axis.  A series of passes with each specimen will be made 

to collect data to distinguish the adult eel acoustic signature from acoustic 

patterns of non-target species. 

d. Prevailing station operation will be recorded and correlated with test 

conditions. 

5. After the week of testing, the data will be examined to determine final 

specifications for the fall monitoring set-up; however, the splitbeam sonar system 

will remain in place after the August setup and sample through the fall monitoring 

period. 

6. The fall emigration period is anticipated to commence in late September; the 

exact week will be set later and hinge on ambient fall conditions.  Monitoring will 

continue from the end of the test period through the conclusion of the fall 

emigration period (November). 

7. Trained technicians will trouble-shoot, maintain and download data through the 

expected eel migration period. 

8. If possible, a sampling net will be placed in the outfall from the trash sluice gate 

at the end of the skimmer wall to empirically correlate passage of eels to 

potentially verify the eel targets.  The net would be retrieved and checked daily. 

 
Upon completion of this effort, a report of results, including recommendations for a full-

scale monitoring system, will be drafted and provided to agencies for review in late 2005 or early 

2006.  The report and recommended plan for the 2006 effort can be discussed and, if possible, 

agreed to at the annual Anson-Abenaki Fish Passage Team meeting (scheduled to occur in the 

                                                 
1 Fish will be collected using boat electrofishing, which may also provide an indication of the relative 
abundance of eels available in the project impoundment for natural migration during the second stage of the 
study later in the year. 
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first quarter of 2006 as soon as possible after the annual KHDG Meeting).  

 

3.0 AGENCY INVOLVEMENT 

 

This plan is being provided to the agency members of the Fish Passage Team as a 

courtesy.  While MPI is not specifically requesting comments because the concept of the study 

has already been discussed with and agreed to by agencies, comments on the plan are welcome.  

This pilot study is experimental, though previous lab studies have shown successful detection of 

eels using hydroacoustics.  Agency representatives will be invited to visit the site to observe 

operation of the system(s) once they are in place and operational.  As noted above, results will be 

provided to agencies for review and discussed in the context of planning for future efforts in 

2006.  
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Article 405.  The licensee shall design, install, operate, and maintain passage facilities to provide 
efficient upstream and downstream passage for American eel and Atlantic salmon past the 
project.  The designs for the interim downstream fishway for American eel and upstream 
fishways for American eel and Atlantic salmon shall conform to the preliminary layout presented 
in "Fish Passage and Protection Alternatives Assessment and Plan", prepared for Madison Paper 
Industries, Madison, Maine by Kleinschmidt, Pittsfield, October, 2001 unless the licensee and 
consulting agencies concur that alternative design layouts are appropriate. 

 
(A) Within six months of the effective date of this license, the licensee shall file, for Commission 
approval, final plans and implementation schedules to install, operate, and maintain upstream 
and interim downstream passage facilities for American eel as provided for in Condition Nos. 
3.A and 3.B of Appendix A. Within two years of the effective date of this license, upstream and 
interim downstream passage facilities for American eel shall be installed and operational at the 
project.  
 
(B) Not less than 90 days before the start of construction of permanent downstream passage 
facilities for American eel at the project, as provided for in Condition Nos. 3.A and 3.B of 
Appendix A, the licensee shall file, for Commission approval, a preliminary fishway design and 
a final plan and implementation schedule to install, operate, and maintain such facilities. 

 
(C) Within six months of being given written notice by the Maine Atlantic Salmon Commission 
and the U.S. Fish and Wildlife Service, that sustained annual stocking of Atlantic salmon above 
the project has begun or will begin within two years, the licensee shall file, for Commission 
approval, a preliminary fishway design and a final plan and implementation schedule to install, 
operate, and maintain interim passage facilities for Atlantic salmon.  The licensee shall consult 
with the two agencies annually to determine the schedule for such sustained annual stocking.  
The design of the facility may be integrated with the interim downstream passage facilities for 
American eel.   

 
(D) Not less than 90 days before the start of construction of upstream and permanent 
downstream passage facilities for Atlantic salmon at the project, as provided for in Condition 
Nos. 4.A and 4.B of Appendix A, the licensee shall file, for Commission approval, final plans 
and implementation schedules to install, operate, and maintain such facilities.  The licensee shall 
also file a preliminary fishway design for the permanent downstream passage facility. 
 
(E) The licensee shall install and operate the upstream passage facility for Atlantic salmon, as 
provided in Condition No. 4.B of Appendix A, within two years following written certification 
by the U.S. Fish and Wildlife Service and the Maine Atlantic Salmon Commission that 226 
returning Kennebec River Atlantic salmon [from the Lockwood Project (FERC No. 2574) fishlift 
or other lower Kennebec River trap and truck facility or fishway] have been released into the 
Kennebec River watershed above the Weston dam (FERC No. 2325) in any single season.  

 
(F) The licensee shall consult annually with the Maine Atlantic Salmon Commission, the Maine 
Department of Marine Resources, the Maine Department of Inland Fisheries and Wildlife, the 
U.S. Fish and Wildlife Service, and the National Marine Fisheries Service whenever interim 
downstream passage facilities for American eel and Atlantic salmon are operational at the project 

B-1 
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and shall make reasonable changes to interim downstream operations or design as mutually 
agreed to with the consulting agencies and approved by the Commission.  

 
(G) The licensee shall prepare the plans and schedules for installing, operating, and maintaining 
passage facilities for American eel and Atlantic salmon and post-installation changes in 
operations or designs in such facilities in consultation with the Maine Atlantic Salmon 
Commission, the Maine Department of Marine Resources, the Maine Department of Inland 
Fisheries and Wildlife, the U.S. Fish and Wildlife Service, and the National Marine Fisheries 
Service for review prior to filing with the Commission for approval.  The licensee shall include 
with each plan documentation of consultation on the completed plan after it has been prepared 
and provided to the agencies, and specific descriptions of how the agencies' comments were 
addressed in the plan.  The licensee shall allow a minimum of 30 days for the agencies to 
comment and to make recommendations prior to filing the plan with the Commission for 
approval.  If the licensee does not adopt a recommendation, the filing shall include the licensee's 
reasons, based on project-specific information.   
 
The Commission reserves the right to require changes to the plans.  The licensee shall not 
implement a plan until the licensee is notified by the Commission that the plan is approved. 
Upon Commission approval, the licensee shall implement the plan, including any changes to the 
plan required by the Commission. 
 
 
Article 406.  The licensee shall conduct testing of the effectiveness of interim and permanent 
upstream and downstream fish passage facilities following their construction, in consultation 
with the Maine Atlantic Salmon Commission, the Maine Department of Marine Resources, the 
Maine Department of Inland Fisheries and Wildlife, the U.S. Fish and Wildlife Service, and the 
National Marine Fisheries Service as described below.  The purpose of the effectiveness testing 
is to determine the efficiency of both interim and permanent fish passage facilities to allow 
movement of Atlantic salmon and American eel past the project.  Efficiency targets are 80 
percent for interim facilities and 90 percent for permanent facilities, subject to confirmation 
through testing that the targets are reasonably achievable and scientifically valid for the species 
being tested.  The efficiency targets may be revised following consultation and agreement among 
the licensee and the consulting agencies.  Any such change shall be included in the licensee’s 
annual report to the Commission under Article 407 below. 
 
(A)  Interim downstream passage facilities.  The licensee shall conduct radio telemetry studies, 
or other comparable studies agreeable to the licensee and the consulted agencies, and approved 
by the Commission [see 406(C) below], of the efficiency of interim downstream passage 
facilities for both American eel and Atlantic salmon for up to three years following the 
commencement of operation of those facilities for the respective species.  For American eel, 
these studies are expected to take place in 2007, 2008, and 2009.  For Atlantic salmon, the 
studies shall take place when the U.S. Fish and Wildlife Service and the Maine Atlantic Salmon 
Commission determine, after consultation with the licensee, that a sufficient number of 
appropriate salmon smolt are available for testing.  The results of such studies shall be reviewed 
annually by the licensee and the consulted agencies, and study protocols and methodologies in 
any subsequent years adjusted as appropriate.   

B-2 
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If the results of the efficiency studies indicate that a passage efficiency of 80 percent has been 
achieved for each species, the licensee shall maintain and operate the interim facility as built and 
have no further obligations for downstream American eel or Atlantic salmon passage until 
permanent facilities are installed after 2020.  If efficiency is determined to be less than 80 
percent for either species, the licensee shall work with the consulted agencies to develop a plan 
to modify the facilities or project operations.  The plan shall be implemented after approval by 
the agencies, and the licensee shall then conduct additional studies, to be approved by the 
agencies, for up to three more years, using radio telemetry or other comparable studies, to assess 
downstream passage efficiency for both species.  For American eel, the additional studies are 
expected to take place in 2010, 2011, and 2012.  For Atlantic salmon, the studies would occur in 
the three years following the first three-year study period. 
 
If efficiency is again determined to be less than 80 percent for either species, the licensee shall 
again work with agencies to determine a plan to modify downstream passage facilities or project 
operations.  The plan shall be implemented after approval by the consulted agencies and the 
Commission [see 406(C) below].  The licensee may elect to conduct further studies of the 
efficiency of the facilities, in consultation with agencies.  If further studies of efficiency for eel 
passage are not pursued, the licensee shall contribute funding in the amount of $12,500 annually 
for the Anson Project to an Eel Research and Enhancement Fund, continuing at the same annual 
rate (i.e., without application of any escalation rate) in subsequent years until permanent 
downstream passage facilities for American eel are installed.  The fund shall be administered by 
a Committee composed of the Maine Department of Marine Resources, the U.S. Fish and 
Wildlife Service and the licensee. 
 
(B)  Permanent passage facilities.  The licensee shall conduct post-construction studies of any 
permanent upstream and downstream fish passage facilities to monitor the facilities’ 
effectiveness in achieving a target of 90 percent efficiency in the movement of American eel and 
Atlantic salmon through the facilities.  At least six months prior to the completion of 
construction of any permanent upstream and downstream fish passage facilities after the project, 
and after consultation with and approval of the Maine Atlantic Salmon Commission, the Maine 
Department of Marine Resources, the Maine Department of Inland Fisheries and Wildlife, the 
U.S. Fish and Wildlife Service, and the National Marine Fisheries Service and approval by the 
Commission [see 406 (C) below]. 
 
(C)  Study plans.  The licensee shall prepare the plans in 406 (A) and (B) in consultation with the 
Maine Atlantic Salmon Commission, the Maine Department of Marine Resources, the Maine 
Department of Inland Fisheries and Wildlife, the U.S. Fish and Wildlife Service, and the 
National Marine Fisheries Service.  The licensee shall include with each plan documentation of 
consultation on the completed plan after it has been prepared and provided to the agencies, and 
specific descriptions of how the agencies’ comments were addressed in the plan and schedule.  
The licensee shall allow a minimum of 30 days for the agencies to comment and to make 
recommendations prior to filing the plan with the Commission for approval.  If the licensee does 
not adopt a recommendation, the filing shall include the licensee’s reasons, based on 
project-specific information.   
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The Commission reserves the right to require changes to the plans.  The licensee shall not 
implement a plan until the licensee is notified by the Commission that the plan is approved.  
Upon Commission approval, the licensee shall implement the plan, including any changes to the 
plan required by the Commission.  If the results of monitoring indicate that changes in project 
structures or operations, including alternative flow releases, are necessary to protect fish 
resources, the Commission may direct the licensee to modify project structures or operations. 
 
Prior to making any deposits to the fund, the licensee shall convene a meeting of the other 
members of the Committee to establish by-laws and other operational procedures to govern the 
activities of the Committee.  The operating procedures shall include a provision that decisions by 
the Committee regarding releases of monies from the fund shall be by consensus, and in the 
event that the Committee cannot reach consensus within a reasonable period of time, then a 
decision regarding release of monies from the fund shall be deemed to have been made by the 
Committee when a two-thirds vote has been achieved. The operating procedures shall also 
establish the frequency of meetings and the responsibility for chairing the meetings.  Meeting 
notices and minutes shall be provided by the licensee and annual reports shall be filed with the 
Commission and the Maine Department of Environmental Protection by the licensee. 
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$Q�,QYHVWLJDWLRQ�RI�WKH�)HDVLELOLW\�RI�(PSOR\LQJ�+\GURDFRXVWLF�
0RQLWRULQJ�DV�D�0HDQV�WR�'HWHFW�WKH�3UHVHQFH�DQG�0RYHPHQW�RI�/DUJH��

$GXOW�(HOV��*HQXV�$QJXLOOD��
�
�
,�� ,1752'8&7,21�
�
7KH�PDQDJHPHQW�DQG�FRQVHUYDWLRQ�RI�ZRUOG�ZLGH�HHO�SRSXODWLRQV�KDV�EHFRPH�DQ�LVVXH�
RI�KHLJKWHQHG�FRQFHUQ�LQ�UHFHQW�\HDUV��HVSHFLDOO\�LQ�1RUWK�$PHULFD��(XURSH��$VLD�DQG�
1HZ�=HDODQG���,Q�WKH�8�6���FRQFHUQV�KDYH�EHHQ�UDLVHG�UHJDUGLQJ�D�VLJQLILFDQW�LQFUHDVH�
LQ�FRPPHUFLDO�KDUYHVW�WKURXJKRXW�PRVW�RI�WKH�VSHFLHV·�1RUWK�$PHULFDQ�UDQJH��DQG�D�
JURZLQJ�SHUFHSWLRQ�WKDW�UHFUXLWPHQW�WR�WKH�ILVKHU\�LV�GHFOLQLQJ�DW�OHDVW�LQ�VRPH�ULYHU�
EDVLQV���$OWKRXJK�WKH�H[WHQW�RI��DQG�FDXVHV�IRU��WKLV�DSSDUHQW�GHFOLQH�DUH�QRW�
GRFXPHQWHG��LQ�UHFHQW�\HDUV�WKHUH�KDV�WKXV�EHHQ�JURZLQJ�FRQFHUQ�DPRQJ�UHVRXUFH�
PDQDJHPHQW�DJHQFLHV�WKDW�JUHDWHU�PHDVXUHV�PXVW�EH�WDNHQ�WR�FRQVHUYH�UHPDLQLQJ�HHO�
UHVRXUFHV��$60)&��LQ�SUHS�����)LVKHU\�PDQDJHUV�KDYH�H[SUHVVHG�FRQFHUQ�RYHU�SRWHQWLDO�
KXPDQ�LPSDFWV��LQFOXGLQJ�PRUWDOLW\�GXH�WR�FRPPHUFLDO�RYHU�H[SORLWDWLRQ��SROOXWLRQ��
KDELWDW�GHVWUXFWLRQ��DQG�XSVWUHDP�DQG�GRZQVWUHDP�SDVVDJH�DW�GDPV����

�
$V�D�FRQVHTXHQFH��UHVRXUFH�DJHQFLHV�KDYH�LQ�VRPH�LQVWDQFHV�UHTXHVWHG�GRZQVWUHDP�
SDVVDJH�LPSURYHPHQWV�IRU�DGXOW�HPLJUDQW�HHOV�DW�GDPV��+RZHYHU��PRVW�FRQYHQWLRQDO�
ILVK�SDVVDJH�GHVLJQV�DUH�KLVWRULFDOO\�EDVHG�RQ�WKH�ELRORJLFDO�DQG�EHKDYLRUDO�
UHTXLUHPHQWV�RI�DQDGURPRXV�VDOPRQLGV�DQG�FOXSHLGV��5HFHQW�REVHUYDWLRQV�LQGLFDWH�
WKDW�HHO�PLJUDWLRQ�SDWWHUQV�GLIIHU�IURP�WKRVH�H[KLELWHG�E\�DQDGURPRXV�ILVKHV��DQG�HHO�
PRYHPHQWV�PD\�YDU\�VLWH�VSHFLILFDOO\��WKXV�FRQYHQWLRQDO�SDVVDJH�GHVLJQV�HPSOR\HG�IRU�
RWKHU�VSHFLHV�PD\�QRW�HIIHFWLYHO\�DWWUDFW�DQG�SDVV�HHOV��/LWWOH�GHWDLOHG�EHKDYLRUDO�
LQIRUPDWLRQ�H[LVWV�UHJDUGLQJ�HHO�PRYHPHQWV�GXULQJ�PLJUDWLRQ���

�
([DPSOHV�RI�LQIRUPDWLRQ�LPSRUWDQW�WR�WKH�GRZQVWUHDP�HHO�SDVVDJH�LVVXH�DUH��$UH�HHO�
RXWPLJUDWLRQ�PRYHPHQWV�SULPDULO\�QRFWXUQDO�RU�GLXUQDO"��:LOO�HHOV�UHVSRQG�SUHGLFWDEO\�
WR�OLJKW��VRXQG��K\GUDXOLF�RU�RWKHU�VWLPXOL"�:KHUH�LQ�WKH�ZDWHU�FROXPQ�GR�HHOV�VZLP�
ZKHQ�PLJUDWLQJ"��'R�WKH\�´VHDUFKµ�IRU�D�SDUWLFXODU�GRZQVWUHDP�RXWOHW�RU�DWWHPSW�WR�
SDVV�ZKDWHYHU�LQWDNH�ORFDWLRQ�WKH\�KDSSHQ�WR�HQFRXQWHU"��:KDW�DWWUDFWV�RU�UHSHOV�HHOV�
LQ�D�IRUHED\"��'R�HHOV�VFKRRO�RU�PRYH�LQGLYLGXDOO\"��:LOO�WKH\�SDVV�YLD�VSLOOZD\V�DQG�
JDWHV"�

�
6WXG\�PHWKRGV�WR�UHYHDO�WKH�UXQ�WLPLQJ��EHKDYLRU��VSDWLDO�DQG�WHPSRUDO�SDWWHUQV�RI�HHO�
PRYHPHQWV�GXULQJ�HPLJUDWLRQ�KDYH�WKXV�IDU�EHHQ�OLPLWHG�WR�WUDQVPLWWHU�WDJJLQJ�DQG�
DQHFGRWDO�REVHUYDWLRQ���7KXV�FRQFOXVLYH�LQIRUPDWLRQ�UHJDUGLQJ�HHO�PRYHPHQW�DW�GDPV�
LV�OLPLWHG���+DUR�DQG�&DVWUR�6DQWRV��������LQYHVWLJDWHG�DGXOW�$PHULFDQ�HHO��$QJXLOOD�
URVWUDWD��PRYHPHQWV�LQ�D�&RQQHFWLFXW�5LYHU�FDQDO��XVLQJ�DFRXVWLF�DQG�UDGLR�WHOHPHWU\���
%DUELQ�HW�DO���������DOVR�HPSOR\HG�DFRXVWLF�WDJV�WR�LQYHVWLJDWH�VLOYHU�SKDVH�$PHULFDQ�
HHO�PRYHPHQWV�LQ�WKH�3HQREVFRW�5LYHU��0DLQH��+RZHYHU��WHOHPHWU\�PHWKRGV�KDYH�
OLPLWDWLRQV��VXFK�DV��
��

�D��VPDOO�VDPSOH�VL]H���
�E��SRWHQWLDO�IRU�DOWHUDWLRQ�RI�WKH�EHKDYLRU�RI�WHVW�VSHFLPHQV��
�F��OLPLWHG�UHVROXWLRQ�RI�VSDWLDO�GDWD��
�G��SRWHQWLDOO\�KLJK�ODERU�DQG�PDWHULDO�FRVWV�LI�WKH�VWXG\�REMHFWLYH�LV�WR�WUDFN�D�

VLJQLILFDQW�QXPEHU�RI�HHOV�DQG�RU�PRQLWRU�PRYHPHQW�IRU�DQ�H[WHQGHG�WLPH�
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SHULRG���
�H��ORVV�RI�VLJQDOV�LQ�GHHS�ZDWHU�LQWDNHV�DQG�RU�DFRXVWLF�RU�HOHFWULFDO�

LQWHUIHUHQFH���
�I��WDJ�WUDQVPLWWHU�RU�UHWHQWLRQ�IDLOXUH�SRWHQWLDOO\�FRQIRXQGLQJ�UHVXOWV��DQG���
�J��GLIILFXOW\�LQ�GLVFHUQLQJ�LQGLYLGXDO�RU�VFKRRO�UHVSRQVHV��
�

$Q�DOWHUQDWH�PHWKRG�IRU�REVHUYLQJ�WKH�PRYHPHQW��VSDWLDO�DQG�WHPSRUDO�SDWWHUQV�RI�ILVK�
LV�K\GURDFRXVWLF�VXUYHLOODQFH��7KLV�PHWKRG�KDV�EHHQ�VXFFHVVIXOO\�XVHG�WR�ERWK�
HQXPHUDWH�DQG�HYDOXDWH�PRYHPHQWV�RI�PLJUDWRU\�VDOPRQLGV�DQG�FOXSHLGV��,Q�JHQHUDO��
K\GURDFRXVWLFV�ZRUNV�EHVW�ZKHQ���
�

�D��WKH�ILVK�WDUJHW�RI�LQWHUHVW�KDV�HFKR�FKDUDFWHULVWLFV�WKDW�VHSDUDWH�LW�IURP�RWKHU�
VSHFLHV�E\�DFRXVWLF�VL]H�RU�SDWWHUQ��RU�E\�EHKDYLRU��WHPSRUDOO\�RU�VSDWLDOO\����

�E��WKH�DFRXVWLF�HQYLURQPHQW�KDV�D�ORZ�VLJQDO�WR�QRLVH�UDWLR�DOORZLQJ�RQH�WR�
VDPSOH�WDUJHW�RUJDQLVPV�ZLWKRXW�LQWHUIHUHQFH�IURP�DFRXVWLF�VFDWWHUHUV�LQ�WKH�
HQYLURQPHQW��DQG��

�F��WDUJHWV�IURP�WKH�ILVK�RI�LQWHUHVW�DUH�VHSDUDWHG�IURP�VWUXFWXUHV��VXUIDFH�DQG�
ERWWRP�LQWHUIDFHV��

�
$OWKRXJK�LW�KDV�QHYHU�EHHQ�DSSOLHG�WR�WKH�DTXDWLF�PRYHPHQWV�RI�HHOV��K\GURDFRXVWLF�
PRQLWRULQJ�KDV�WKH�SRWHQWLDO�WR�GHILQH�FULWLFDO�DVSHFWV�RI�HHO�EHKDYLRU�UHODWLYH�WR�ILVK�
SDVVDJH�LI�LW�FDQ�DFFHSWDEO\�GHWHFW�HHO�WDUJHWV�XQGHU�D�VXLWDEOH�UDQJH�RI�FRQGLWLRQV��
%UDQGW��XQSXEOLVKHG�GDWD��H[SHULPHQWDOO\�XVHG�K\GURDFRXVWLFV�WR�VXUYH\�IRU�HHOV�LQ�DQ�
RSHQ�RFHDQ�HQYLURQPHQW��+RZHYHU��WKH�IHDVLELOLW\�RI�K\GURDFRXVWLF�VDPSOLQJ�IRU�HHOV�LQ�
IUHVKZDWHU�KDV�QRW�EHHQ�H[SORUHG��DOWKRXJK�LW�SRWHQWLDOO\�UHSUHVHQWV�DQ�HIIHFWLYH�ZD\�WR�
HYDOXDWH�ULYHULQH�PRYHPHQW��UHVSRQVHV�DW�LQVWUHDP�EDUULHUV��DQG�VWLPXOL���
�
+\GURDFRXVWLF�PRQLWRULQJ�KDV�VHYHUDO�LQKHUHQWO\�DGYDQWDJHRXV�FKDUDFWHULVWLFV���

�
�D��LW�FDQ�UHFRUG�WKH�VSDWLDO�SDWWHUQV�RI�LQGLYLGXDO�RU�ODUJH�QXPEHUV�RI�WDUJHWV�

RYHU�WLPH�ZLWKRXW�LQWUXVLYH�WUDQVPLWWHUV�RU�ULVN�RI�DOWHULQJ�WKH�EHKDYLRU�RI�WKH�
WHVW�VXEMHFW�

�E��D�ODUJH�DUHD�RI�ULYHU�DQG�RU�DQ\�GHSWK�RI�LQWDNH�RU�FDQDO��HWF��FDQ�EH�
PRQLWRUHG�

�F��UHDO�WLPH�PRYHPHQWV�FDQ�EH�ILHOG�REVHUYHG�DQG�UHFRUGHG�
�G��IL[HG�DVSHFW�PRQLWRULQJ�FDQ�EH�DXWRPDWHG�WR�RSHUDWH�LQGHILQLWHO\��PLQLPL]LQJ�

ODERU�FRVWV�DVVRFLDWHG�ZLWK�ORQJ�WHUP�GDWD�JDWKHULQJ�
�

+\GURDFRXVWLF�PRQLWRULQJ�DOVR�KDV�SRWHQWLDO�OLPLWDWLRQV��
�

�D��WDUJHW�GLVFULPLQDWLRQ�LV�EDVHG�RQ�LQWHUSUHWDWLRQ�RI�ILVK�HFKR�SDWWHUQV��ZKLFK�
LQ�WXUQ�FDQ�EH�LQIOXHQFHG�E\�ORFDOL]HG�HQYLURQPHQWDO�RU�SK\VLFDO�VLWH�IDFWRUV�

�E��VSDWLDO�VDPSOLQJ�PD\�UHTXLUH�PDNLQJ�DQG�WHVWLQJ�DVVXPSWLRQV��RU�DGGLWLRQDO�
YDOLGDWLRQ�ZLWK�VXSSOHPHQWDU\�ILHOG�WHFKQLTXHV�

�F��LW�PD\�EH�GLIILFXOW�WR�VDWLVIDFWRULO\�HQVRQLI\�WKH�HQWLUH�SDVVDJH�]RQH�RI�LQWHUHVW�
²�L�H���ILVK�ORFDWHG�DORQJ�ZDOOV��VWUHDP�ERWWRPV��RU�LQ�]RQHV�RI�WXUEXOHQFH�PD\�
QRW�EH�GHWHFWDEOH��

�
�
,,�� 2%-(&7,9(6�
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�
7KH�SULPDU\�REMHFWLYH�RI�WKLV�SLORW�VWXG\�LV�WR�HYDOXDWH�ZKHWKHU�DGXOW�HHO�HFKRHV�
�FRUUHVSRQGLQJ�LQ�VL]H�WR�HHOV�PLJUDWLQJ�GRZQVWUHDP��FDQ�EH�GLVFULPLQDWHG�IURP�RWKHU�
FRPPRQ�DFRXVWLF�WDUJHWV�XQGHU�ERWK�ODERUDWRU\�DQG�ILHOG�FRQGLWLRQV���7KH�IRFXV�RI�WKLV�
VWXG\�LV�OLPLWHG�WR�HYDOXDWLQJ�SDUDPHWHUV�QHFHVVDU\�RQO\�IRU�WKH�SXUSRVH�RI�JDWKHULQJ�
LQIRUPDWLRQ�RQ�HHO�HFKR�FKDUDFWHULVWLFV��VSDWLDO�DQG�WHPSRUDO�PRYHPHQW��DQG�
VZLPPLQJ�EHKDYLRU�RI�HHOV�LQ�D�ULYHULQH�HQYLURQPHQW��(YDOXDWLRQ�RI�PHWKRGV�WR�GHYHORS�
D�TXDQWLWDWLYH�HVWLPDWH�RI�WKH�QXPEHU�RI�HHOV�SDVVLQJ�D�SRLQW�RI�LQWHUHVW��DQRWKHU�
SRWHQWLDOO\�YDOLG�XVH�RI�DFRXVWLF�VDPSOLQJ��LV�EH\RQG�WKH�VFRSH�RI�WKLV�LQYHVWLJDWLRQ��
�
:H�KDYH�FKRVHQ�WR�FKDUDFWHUL]H�DFRXVWLF�HFKRV�IURP�$PHULFDQ�HHOV�DQG�GHYHORS�D�
PDWKHPDWLFDO�DFRXVWLF�PRGHO�IRU�WKLV�DQG�WZR�DGGLWLRQDO�VSHFLHV�RI�$XVWUDODVLDQ�
IUHVKZDWHU�HHOV��WKH�VKRUWILQQHG��$��DXVWUDOLV��DQG�ORQJILQQHG��$��GLHIIHQEDFKLL��HHO���7KH�
ODWWHU�WZR�VSHFLHV�DUH�XQGHU�VLPLODU�LPSDFW�IURP�K\GURHOHFWULF�GHYHORSPHQW�DQG�ORVV�RI�
KDELWDW��DQG�WKH�DFRXVWLF�HVWLPDWHV�ZLOO�EH�XVHIXO�IRU�IXWXUH�K\GURDFRXVWLF�VXUYH\V�LQ�
1HZ�=HDODQG�DQG�$XVWUDOLD��

�
,Q�WKLV�UHSRUW�ZH�ZLOO��
�

�D��LGHQWLI\�WDUJHW�VWUHQJWK�DQG�HFKR�FKDUDFWHULVWLFV�RI�DGXOW�HHO�XQGHU�YDULRXV�
RULHQWDWLRQV�WR�WKH�WUDQVGXFHU��

�E��HYDOXDWH�DQ�DSSOLFDWLRQ�RI�XVLQJ�D�IL[HG�DVSHFW�K\GURDFRXVWLF�V\VWHP�WR�
GHWHFW�LQ�ILHOG�HHO�PRYHPHQWV���

�F��GHULYH�D�PDWKHPDWLFDO��.LUFKRII�UD\�PRGH��PRGHO�WR�HVWLPDWH�EDFNVFDWWHU�DV�D�
IXQFWLRQ�RI�HHO�OHQJWK��DVSHFW��DQG�DFRXVWLF�IUHTXHQF\��DQG���

�G��SURYLGH�UHFRPPHQGDWLRQV�VSHFLILFDOO\�IRU�DSSOLHG�XVH�RI�K\GURDFRXVWLF�
PRQLWRULQJ�IRU�HYDOXDWLRQ�RI�EHKDYLRU�DQG�WLPLQJ�RI�HHO�PRYHPHQW��

�
�
,,,�0(7+2'6�
�
6WXG\�6LWHV�
(VWLPDWHV�RI�HHO�WDUJHW�VWUHQJWK�ZHUH�SHUIRUPHG�DW�WKH�6��2��&RQWH�$QDGURPRXV�)LVK�
5HVHDUFK�&HQWHU��&$)5&���7XUQHUV�)DOOV��0DVVDFKXVHWWV��/LYH�DGXOW�$PHULFDQ�HHOV�ZHUH�
REWDLQHG�IURP�WKH�0LOOHUV�5LYHU��WULEXWDU\�RI�WKH�&RQQHFWLFXW�5LYHU��)UDQNOLQ�&RXQW\��
0DVVDFKXVHWWV��DQG�&REERVHH�6WUHDP��WULEXWDU\�RI�WKH�.HQQHEHF�5LYHU��.HQQHEHF�
&RXQW\��0DLQH��LQ�-XO\�DQG�$XJXVW���������(HOV�ZHUH�KHOG�XQIHG�LQ�FRQFUHWH�IORZ�
WKURXJK�KROGLQJ�SRQGV��%XUURZV�DQG�&KHQRZHWK�������DW�WKH�&$)5&�IDFLOLW\�DQG�
VXSSOLHG�ZLWK�DPELHQW�&RQQHFWLFXW�5LYHU�ZDWHU����������°&����+\GURDFRXVWLF�FDOLEUDWLRQ�
DQG�WDUJHW�VWUHQJWK�WHVWV�ZHUH�SHUIRUPHG�LQ�DQ�LVRODWHG�VHFWLRQ�RI�D�VHFRQG�KROGLQJ�
SRQG��)LJ�����PHDVXULQJ����P�[������P�[���P�ZDWHU�GHSWK�RQ�$XJXVW����DQG�����ZDWHU�
WHPSHUDWXUH����°&����0RQLWRULQJ�RI�GRZQVWUHDP�PLJUDQW�HHO�SDVVDJH�ZDV�SHUIRUPHG�LQ�
WKH�IRUHED\�RI�&DERW�6WDWLRQ��D����PHJDZDWW�K\GURHOHFWULF�IDFLOLW\�����NP�GRZQVWUHDP�
RI�WKH�&RQWH�/DERUDWRU\�RQ�WKH�&RQQHFWLFXW�5LYHU��)LJ������
�
(HO�7DUJHW�6WUHQJWK�'HWHUPLQDWLRQ�
:H�XVHG�D�%LRVRQLFV�'7�����GLJLWLDO�HFKRVRXQGHU��'7�$FTXLVLWLRQ�Y�����VRIWZDUH��ZLWK�
D�����N+]�VSOLW�EHDP�WUDQVGXFHU���°�[���°�EHDP�ZLGWK��PRXQWHG�DW�RQH�HQG�RI�WKH�
KROGLQJ�SRQG���P�IURP�WKH�ERWWRP��$�VWDQGDUG�VSKHULFDO�FDOLEUDWLRQ�WDUJHW�ZLWK�NQRZQ�
HFKR�LPDJH�FKDUDFWHULVLWLFV�ZDV�VXVSHQGHG�RQ�WKH�D[LV�RI�WKH�DFRXVWLF�EHDP��7KH�

20140620-5133 FERC PDF (Unofficial) 6/20/2014 4:01:50 PM



 4

DFRXVWLF�HQYLURQPHQW�ZDV�SODFLG�DQG�FOHDU��L�H���ZDWHU�QRW�IORZLQJ��DQG�GHEULV�IUHH����,W�
ZDV�QHFHVVDU\�WR�VXEGXH�WHVW�VSHFLPHQV�VR�WKDW�WKH�ILVK�ZRXOG�UHPDLQ�LQ�WKH�EHDP�
ORQJ�HQRXJK�IRU�WKH�GHVLUHG�QXPEHU�RI�SLQJV�WR�EH�FROOHFWHG��(HOV�ZHUH�DQHVWKHWL]HG�LQ�
06�����RU�NLOOHG�LPPHGLDWHO\�EHIRUH�WHVWLQJ�DQG�VXVSHQGHG�YHUWLFDOO\�LQ�WKH�ZDWHU�DW�
PLG�GHSWK��DSSUR[LPDWH�FHQWHU�RI�WUDQVGXFHU�EHDP��IURP�D�EUDFNHW�ORFDWHG�DERYH�WKH�
SRQG�E\�DQ�DWWDFKHG�VLQJOH�PRQRILODPHQW�Q\ORQ�OLQH�DW�D�KRUL]RQWDO�GLVWDQFH�RI���P�
IURP�WKH�WUDQVGXFHU��:H�VDPSOHG�ZLWK�ERWK�����DQG�����PVHF�SXOVH�ZLGWKV�DW�D�VDPSOH�
UDWH�RI���SLQJV�VHFRQG��7DUJHW�VWUHQJWKV��GRUVDO�DQG�ODWHUDO�DVSHFWV��ZHUH�PHDVXUHG�IRU�
VL[�WHVW�HHOV�RI�YDU\LQJ�VL]HV���������������������������DQG�����PP�6/����7HVW�HHOV�ZHUH�
WKHQ�WUDQVSRUWHG�RQ�LFH�WR�DQ�[�UD\�IDFLOLW\�DQG�UDGLRJUDSKV�ZHUH�WDNHQ�RI�GRUVDO�DQG�
ODWHUDO�DVSHFWV�RI�HDFK�ILVK���:H�XVHG�D�6XPPLW�,QQRYHW�/;���9�[�UD\�PDFKLQH�ZLWK�
WKH�IROORZLQJ�VHWWLQJV������P$��������VHFRQG�H[SRVXUH�����N%S��VPDOO�HHOV������N3E�
�ODUJH�HHOV���
�
&DERW�6WDWLRQ�)RUHED\�0RQLWRULQJ�
7R�TXDOLWDWLYHO\�YHULI\�WKH�UHODWLYH�DEXQGDQFH�RI�HHOV�LQ�WKH�IRUHED\�GXULQJ�WKH�
K\GURDFRXVWLF�VXUYHLOODQFH�SHULRG��DQ�XQGHUZDWHU�FORVHG�FLUFXLW�YLGHR�FDPHUD�ZDV�
LQVWDOOHG�LQ�WKH�E\SDVV�ZHLU�WR�UHFRUG�SDVVDJH�RI�HHOV�DQG�RWKHU�ILVKHV���7KH�E\SDVV�ZHLU�
LV�ORFDWHG�DW�WKH�VRXWKHUQ�HQG�RI�WKH�VWDWLRQ�LQWDNH��DQG�ZDV�RXWVLGH�WKH�HQVRQLILHG�
]RQH�RI�WKH�IRUHED\��)LJ�������7KH�E\SDVV�ZHLU�ZDV�LOOXPLQDWHG�E\�D������ZDWW�PHUFXU\�
YDSRU�DQG������ZDWW�VRGLXP�YDSRU�ODPS�WKDW�DUH�XVHG�IRU�DWWUDFWLRQ�RI�MXYHQLOH�
DQDGURPRXV�FOXSHLGV�WR�WKH�E\SDVV��$�VDPSOLQJ�GHYLFH�WKDW�LQWHUFHSWV�DOO�ILVK�SDVVLQJ�
WKH�E\SDVV�LV�ORFDWHG�GRZQVWUHDP�RI�WKH�E\SDVV�ZHLU���7R�HQKDQFH�LPDJH�FRQWUDVW��D���
P�ZLGH�EDQG�H[WHQGLQJ�DFURVV�WKH�IORRU�RI�WKH�E\SDVV�ZHLU�DQG�WKH�ZDOO�RSSRVLWH�WKH�
FDPHUD�ZDV�SDLQWHG�ZKLWH��9LGHR�UHFRUGLQJ�ZDV�SHUIRUPHG�XVLQJ�WLPH�ODSVH�YLGHR�
UHFRUGHUV�����K�PRGH��DSSUR[LPDWHO\���IUDPHV�VHF��FDSDEOH�RI�ORJJLQJ�WKH�GDWH�DQG�
WLPH�RI�HDFK�SDVVDJH�HYHQW����9LGHR�UHFRUGLQJ�ZDV�EHJXQ�RQ���6HSWHPEHU�DQG�HQGHG����
1RYHPEHU��EXW�RQO\�GXULQJ�WKH�QLJKW�KRXUV��������WR���������7HPSHUDWXUH�GDWD�IURP�
WKH�&DERW�6WDWLRQ�FDQDO�ZHUH�ORJJHG�RQ�DQ�KRXUO\�EDVLV�IRU�WKH�GXUDWLRQ�RI�WKH�VWXG\���
)ORZ�GDWD�IURP�WKH�&RQQHFWLFXW�5LYHU�PDLQVWHP�ZHUH�REWDLQHG�IURP�WKH�86*6�JDXJLQJ�
VWDWLRQ�DW�0RQWDJXH�&LW\����NP�GRZQVWUHDP�RI�&DERW�6WDWLRQ����$GGLWLRQDO�IORZ�GDWD�
ZHUH�FROOHFWHG�IURP�WKH�86*6�JDXJLQJ�VWDWLRQ�RQ�WKH�0LOOHUV�5LYHU��D�WULEXWDU\�RI�WKH�
&RQQHFWLFXW�5LYHU��DW�(UYLQJ��0$�����NP�XSVWUHDP�IURP�&DERW�6WDWLRQ���7KH�0LOOHUV�
5LYHU�LV�QRW�VXEMHFW�WR�DOWHUDWLRQ�RI�IORZ�E\�K\GURSRZHU�IDFLOLWLHV���'DLO\�UDLQIDOO�GDWD�
IURP�D�12$$�ZHDWKHU�VWDWLRQ�LQ�6XQGHUODQG��0$��DSSUR[LPDWHO\����NP�IURP�&DERW�
6WDWLRQ��ZHUH�REWDLQHG�IURP�WKH�12$$�&OLPDWLF�'DWD�&HQWHU��
�
$�ILHOG�WHVW�WR�GHWHFW�SRWHQWLDO�DFRXVWLF�HHO�WDUJHWV�ZDV�SHUIRUPHG�LQ�WKH�IRUHED\�RI�
&DERW�6WDWLRQ��7KH�REMHFWLYH�RI�WKLV�WHVW�ZDV�WR�GHWHUPLQH�LI�LW�ZDV�IHDVLEOH�WR�
TXDOLWDWLYHO\�JDWKHU�LQIRUPDWLRQ�RQ�WKH�WLPLQJ�DQG�PDJQLWXGH�RI�HHO�PRYHPHQW�LQ�D�
VHFWLRQ�RI�WKH�IRUHED\�ZLWK�WKH�W\SH�RI�DFRXVWLF�HTXLSPHQW�DQG�WDUJHW�VWUHQJWK�
LQIRUPDWLRQ�JDWKHUHG�LQ�WKH�WHVW�SRQG��7KH�WHVW�ZDV�SHUIRUPHG�XVLQJ�WKH�VDPH�
HFKRVRXQGHU������N+]�VSOLW�EHDP�WUDQVGXFHU��DQG�VRIWZDUH�WKDW�ZDV�XVHG�LQ�WDUJHW�
VWUHQJWK�HVWLPDWLRQ�WHVWV���7KH�WUDQVGXFHU�ZDV�PRXQWHG�IURP�D�VWHHO�SROH�QH[W�WR�D�
FRQFUHWH�IRUHED\�ZDOO�����P�XSVWUHDP�RI�WKH�WUDVK�UDFNV�DW�D�GHSWK�RI���P���7KH�
WUDQVGXFHU�EHDP�ZDV�RULHQWHG�DFURVV�WKH�IRUHED\�DW�DQ�DQJOH���°�XSVWUHDP�IURP�D�OLQH�
SDUDOOHO�WR�WKH�UDFNV��)LJ������DQG�GRZQZDUG�DW�DQ�DQJOH�RI��°���7KLV�FRQILJXUDWLRQ�
DOORZHG�XV�WR�VDPSOH�DW�PD[LPXP�UDQJH�����P��DFURVV�WKH�IRUHED\�LQ�DQ�DUHD�MXVW�
XSVWUHDP�RI�WKH�WUDVK�UDFNV��ZKHUH�HHOV�KDYH�EHHQ�REVHUYHG�DW�WKH�VXUIDFH�VZLPPLQJ�
DJDLQVW�WKH�IORZ���7KH�IDU�HQG�RI�WKH�EHDP�FRQH�DOVR�VDPSOHG�IURP�WKH�VXUIDFH�WR�WKH�
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ERWWRP�����P����3UHFLVH�EHDP�SRVLWLRQ�ZDV�GHWHUPLQHG�E\�VXVSHQGLQJ�D�OHDG�WDUJHW�DW�
NQRZQ�WKUHH�GLPHQVLRQDO�SRVLWLRQV�UHODWLYH�WR�WKH�WUDQVGXFHU��UHFRUGLQJ�WDUJHW�
VWUHQJWKV�IRU�D�WZR�PLQXWH�SHULRG��DQG�FDOFXODWLQJ�EHDP�SRVLWLRQ�EDVHG�RQ�D�PDWUL[�RI�
WDUJHW�SRVLWLRQ�DQG�VWUHQJWKV��
�
+\GURDFRXVWLF�PRQLWRULQJ�IRU�HHO�WDUJHWV�LQ�WKH�IRUHED\�EHJDQ�RQ����6HSWHPEHU�DQG�
WHUPLQDWHG�RQ���2FWREHU��7KH�HFKRVRXQGHU�VDPSOHG�DW���SLQJV�VHFRQG�ZLWK�D�
WKUHVKROG�RI�²���G%�DQG�SXOVH�ZLGWK�RI�����PVHF��%HFDXVH�RI�WKH�ODUJH�TXDQWLWLHV�RI�
GDWD�FROOHFWHG��WKH�WKUHVKROG�ZDV�LQFUHDVHG�WR�²���G%�GXULQJ�WKH�RYHUQLJKW�SHULRG�RI����
�����6HSWHPEHU���7KH�WKUHVKROG�ZDV�UHGXFHG�EDFN�WR�����G%�RQ����6HSWHPEHU��VLQFH�
GDWD�DQDO\VLV�UHYHDOHG�WUDFNLQJ�RI�ILVK�ZDV�QRW�FRQVLVWHQW�ZLWK�HDUOLHU�GDWD�DQDO\VLV�DW�²
���G%��0RQLWRULQJ�ZDV�SHUIRUPHG�DW�QLJKW�RQO\��IURP�VXQGRZQ�WR�VXQULVH��IURP�
DSSUR[LPDWHO\�������WR��������GDLO\���+\GURDFRXVWLF�GDWD�ZHUH�GRZQORDGHG�IURP�WKH�
FRQWURO�FRPSXWHU�RQ�D�GDLO\�EDVLV��VWRUHG�WR�GLVN��YHULILHG��DQG�VHQW�WR�$TXDFRXVWLFV��
,QF��IRU�SURFHVVLQJ�DQG�DQDO\VLV��
�
$FRXVWLF�0RGHO�
'RUVDO�DQG�ODWHUDO�UDGLRJUDSKV�RI�ILYH�$PHULFDQ�HHOV�WKDW�ZHUH�XVHG�LQ�WKH�WDUJHW�
VWUHQJWK�GHWHUPLQDWLRQ�WHVWV�ZHUH�FRQYHUWHG�WR�GLJLWDO�VLOKRXHWWHV�E\�WUDFLQJ�WKH�RXWHU�
HGJHV�RI�ERGLHV��QRW�LQFOXGLQJ�ILQV��DQG�VZLPEODGGHUV���$GGLWLRQDO�UDGLRJUDSKV�DQG�
WUDFLQJV�RI�RQH�ORQJILQQHG�DQG�WZR�VKRUWILQQHG�HHOV�ZHUH�SURYLGHG�E\�-��%RXEHH��
1DWLRQDO�,QVWLWXWH�IRU�:DWHU�DQG�$WPRVSKHULF�5HVHDUFK��1,:$���+DPLOWRQ��1HZ�
=HDODQG���7UDFLQJV�ZHUH�WKHQ�VFDQQHG�DQG�GLJLWL]HG�DW���PP�UHVROXWLRQ�DORQJ�WKH�
PHGLDO�D[LV�RI�WKH�ILVK�ERG\�XVLQJ�DQ�DXWRPDWHG�DOJRULWKP���'RUVDO�DQG�ODWHUDO�ERG\�
RXWOLQHV�WUDFHG�RQ�YHOXP�ZHUH�XVHG�WR�FKHFN�DFFXUDF\�RI�ERG\�HGJH�GHOLQHDWLRQ�RQ�
UDGLRJUDSK�WUDFLQJV��
�
��
,9�'$7$�$1$/<6,6�
�
(HO�7DUJHW�6WUHQJWK�'HWHUPLQDWLRQ�
:H�DQDO\]HG�HHO�WDUJHW�VWUHQJWKV�E\�SURFHVVLQJ�WKH�GDWD�ILOHV�WKURXJK�%LR6RQLFV�'7�
$QDO\]HU�9HUVLRQ�������VRIWZDUH�DQG�RXWSXWWLQJ�D�GDWDEDVH�ZLWK�HFKR�ORFDWLRQ��WDUJHW�
VWUHQJWK��DQG�UDQJH���7KLV�GDWDEDVH�ZDV�ILOWHUHG�WR�UHPRYH�WDUJHWV�RWKHU�WKDQ�IURP�WKH�
HHO�DV�ZHOO�DV�WDUJHWV�JUHDWHU�WKDQ���G%�RII�D[LV��VHH�5HVXOWV�VHFWLRQ����7KH�UHPDLQLQJ�
WDUJHWV�DUH�DYHUDJHG�WR�SURYLGH�PHDQ�WDUJHW�VWUHQJWK�IRU�HDFK�HHO�VDPSOHG���7KHVH�GDWD�
DUH�WKHQ�UHJUHVVHG�ZLWK�WKH�/RJ����WRWDO�OHQJWK��RI�WKH�HHO��
�
&DERW�6WDWLRQ�)RUHED\�0RQLWRULQJ�
9LGHRWDSHV�IURP�WKH�&DERW�6WDWLRQ�E\SDVV�FDPHUD�IRU�WKH�SHULRG�IURP����6HSWHPEHU�WR�
��2FWREHU�ZHUH�UHYLHZHG�LQ�WKHLU�HQWLUHW\��������WR��������DW�DSSUR[LPDWHO\��;�QRUPDO�
VSHHG���)LVK�SDVVLQJ�WKH�ZHLU�ZHUH�LGHQWLILHG�WR�VSHFLHV��ZKHQ�SRVVLEOH��DQG�UHFRUGHG�
DORQJ�ZLWK�WLPH�RI�SDVVDJH���$�VHFRQG�UHYLHZHU�DVVLVWHG�LQ�LGHQWLI\LQJ�REMHFWV�RU�ILVK�
WKDW�FRXOG�QRW�EH�FKDUDFWHUL]HG�E\�WKH�ILUVW�UHYLHZHU���&RXQWV�RI�HHOV�ZHUH�VXPPHG�RQ�D�
GDLO\�DQG�KRXUO\�EDVLV��KRXUO\�FRXQWV�ZHUH�DQDO\]HG�WR�GHWHUPLQH�SDWWHUQV�RI�IUHTXHQF\�
LQ�HHO�SDVVDJH�RYHU�WKH�QRFWXUQDO�REVHUYDWLRQ�SHULRG���%HFDXVH�ULYHU�IORZV�LQFUHDVHG�
VLJQLILFDQWO\�DIWHU���2FWREHU��ZH�DOVR�UHYLHZHG�YLGHRWDSHV�IRU�WKH�HDUO\�HYHQLQJ�KRXUV�
�������WR��������IRU�WKH�SHULRG�IURP���2FWREHU�WR����2FWREHU�LQ�RUGHU�WR�FRPSDUH�HHO�
FRXQWV�DW�WKH�E\SDVV�GXULQJ�WKLV�IUHVKHW��
�
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:H�DQDO\]HG�WKH�&DERW�6WDWLRQ�IRUHED\�DFRXVWLF�GDWD�WKURXJK�%LR6RQLFV�'7�9WUDFNHU�
9HUVLRQ������VRIWZDUH�DQG�RXWSXW�D�GDWDEDVH�ZLWK�WUDFNHG�ILVK�WDUJHW�VWUHQJWK��UDQJH��
QXPEHU�RI�SLQJV�IRU�HDFK�ILVK��DQG�GLUHFWLRQ�RI�WUDYHO�WKURXJK�WKH�EHDP���%HFDXVH�PRVW�
GRZQVWUHDP�PLJUDQW�HHOV�FDSWXUHG�DW�WKH�&DERW�E\SDVV�VDPSOHU�DUH�JUHDWHU�WKDQ����
FP�7/��ZH�ILOWHUHG�WKHVH�WUDFNHG�ILVK�E\�VHOHFWLQJ�RQO\�WKRVH�H[FHHGLQJ�D�PHDQ�WDUJHW�
VWUHQJWK�RI�������G%�����FP��DQG�²�����G%������FP����&RXQWV�RI�WUDFNHG�ILVK�ZHUH�
VXPPHG�RQ�D�GDLO\�DQG�KRXUO\�EDVLV��GDLO\�DQG�KRXUO\�FRXQWV�ZHUH�DQDO\]HG�WR�
GHWHUPLQH�SDWWHUQV�RI�IUHTXHQF\�LQ�HHO�SDVVDJH�RYHU�WKH�SHULRG�VDPSOHG�DQG�WKH�
QRFWXUQDO�REVHUYDWLRQ�SHULRG��
�
$FRXVWLF�0RGHO�
$�.LUFKKRII�UD\�PRGH��.50��PRGHO��&OD\�DQG�+RUQH�������ZDV�XVHG�WR�HVWLPDWH�GRUVDO�
DQG�ODWHUDO�EDFNVFDWWHU�DV�D�IXQFWLRQ�RI�ILVK�OHQJWK��DVSHFW��DQG�DFRXVWLF�FDUULHU�
IUHTXHQF\�IRU�HDFK�HHO���7KH�.50�PRGHO�FRKHUHQWO\�VXPV�EDFNVFDWWHU�IURP�D�VHW�RI�
IOXLG�ILOOHG�F\OLQGHUV�UHSUHVHQWLQJ�WKH�ERG\�DQG�D�VHW�RI�JDV�ILOOHG�F\OLQGHUV�UHSUHVHQWLQJ�
WKH�VZLPEODGGHU���7KH�PRGHO�LV�SDUDPHWHUL]HG�IRU�HDFK�HHO�DQG�OHQJWKV�DUH�VFDOHG�IRU�
FRPSDULVRQ���)XOO�GHWDLOV�RI�WKH�PRGHO�FDQ�EH�IRXQG�LQ�&OD\�DQG�+RUQH���������-HFK�HW�
DO����������RU�+RUQH�DQG�-HFK����������0RGHO�EDFNVFDWWHU�YDOXHV�KDYH�EHHQ�VKRZQ�WR�
PDWFK�ILHOG�PHDVXUHPHQWV��&OD\�DQG�+RUQH�������-HFK�HW�DO��������DQG�WKH�PRGHO�KDV�
EHHQ�DSSOLHG�WR�RWKHU�VSHFLHV�DW�QXPHURXV�IUHTXHQFLHV��-HFK�HW�DO��������+RUQH�DQG�
-HFK���������7R�TXDQWLI\�YDULDWLRQ�LQ�EDFNVFDWWHU�DPSOLWXGHV�DPRQJ�$PHULFDQ�HHOV��WKH�
PHDQ�DQG�VWDQGDUG�GHYLDWLRQ�EDFNVFDWWHU�ZDV�SUHGLFWHG�IRU�GRUVDO�DQG�ODWHUDO�
RULHQWDWLRQ�DV�D�IXQFWLRQ�RI�HHO�OHQJWK��DVSHFW��DQG�DFRXVWLF�ZDYHOHQJWK���7KH�ILW�RI�WKH�
PRGHO�WR�PHDVXUHG�WDUJHW�VWUHQJWKV�ZDV�FRPSDUHG�E\�SORWWLQJ�PHDQ�GRUVDO�DQG�ODWHUDO�
EDFNVFDWWHU�FXUYHV�DW�����N+]�DQG�VXSHULPSRVLQJ�PHDQ�GRUVDO�DQG�ODWHUDO�WDUJHW�
VWUHQJWK�YDOXHV�IURP�ILYH�HHOV�PHDVXUHG�DW�WKH�&$)5&�KROGLQJ�SRQG���7UHQGV�LQ�
$PHULFDQ�HHO�EDFNVFDWWHU�UHVSRQVH�FXUYHV�ZHUH�FRPSDUHG�WR�EDFNVFDWWHU�UHVSRQVH�
FXUYHV�RI�ORQJILQQHG�DQG�VKRUWILQQHG�HHOV��
��
�
9���5(68/76�
�
(HO�7DUJHW�6WUHQJWK�'HWHUPLQDWLRQ�
2EVHUYHG�WDUJHW�VWUHQJWKV�IURP�EDFNVFDWWHU�PHDVXUHPHQWV�RI�LQGLYLGXDO�HHOV�LQ�WKH�
KROGLQJ�SRQG�YDULHG�E\�DV�PXFK�DV����G%�ZLWKLQ�VHWV�RI�GRUVDO�RU�ODWHUDO�
PHDVXUHPHQWV���7KHUH�ZHUH�QR�FRQVLVWHQW�WUHQGV�LQ�DPSOLWXGHV�RI�GRUVDO��)LJ���D��RU�
ODWHUDO��)LJ���E��EDFNVFDWWHUHG�HFKRHV�RYHU�WLPH�IRU�HDFK�ILVK���7DUJHW�VWUHQJWK�PHDVXUHV�
DOVR�YDULHG�DV�D�IXQFWLRQ�RI�DQJOH�RII�WKH�DFRXVWLF�D[LV���&KDQJHV�LQ�DQJOH�RII�D[LV�DUH�
GXH�WR�ODWHUDO�PRYHPHQW�E\�WKH�ILVK�UHODWLYH�WR�WKH�WUDQVGXFHU�IDFH���7R�OLPLW�WKH�
DPRXQW�RI�ODWHUDO�PRYHPHQW�LQFOXGHG�LQ�WKH�WDUJHW�VWUHQJWK�GDWD�VHWV��RQO\�WDUJHW�
VWUHQJWK�PHDVXUHPHQWV�ORFDWHG�ZLWKLQ���GHJUHHV�RI�WKH�DFRXVWLF�D[LV��L�H��WKH�KDOI�
SRZHU�SRLQWV�RI�WKH�WUDQVGXFHU�EHDP�SDWWHUQ��ZHUH�LQFOXGHG�LQ�FRPSDULVRQ�ZLWK�
SUHGLFWHG�HFKR�DPSOLWXGHV���$W�D�GLVWDQFH�RI�����PHWHUV��WKLV�LQFOXGHV�DOO�WDUJHWV�ZLWKLQ�
D������P�VZDWK�DORQJ�WKH�ZLGH�D[LV��L�H��[�\�SODQH��RI�WKH�DFRXVWLF�FRQH���%DFNVFDWWHUHG�
HFKR�DPSOLWXGHV�DOVR�YDULHG�DV�D�IXQFWLRQ�RI�UDQJH�IURP�WKH�WUDQVGXFHU��)LJ���D��E����
&KDQJHV�LQ�GLVWDQFH�IURP�WUDQVGXFHU�DOVR�UHVXOWV�EHFDXVH�RI�PRYHPHQWV�RU�VZD\LQJ�E\�
WKH�DQLPDO���7R�OLPLW�WKH�DPRXQW�RI�UDQJH�YDULDELOLW\�LQ�DFRXVWLF�PHDVXUHPHQWV��
REVHUYHG�WDUJHW�VWUHQJWK�GDWD�VHWV�ZHUH�DOVR�ILOWHUHG�WR�LQFOXGH�DOO�WDUJHWV�DW�WKH�PRGDO�
UDQJH�DQG�WKRVH�ZLWKLQ���FP�RI�WKH�PRGDO�GLVWDQFH��7DEOH������7KH�FRPELQDWLRQ�RI�WKHVH�
WZR�ILOWHUV�UHGXFHG�WKH�QXPEHU�RI�WDUJHWV�LQFOXGHG�LQ�DYHUDJH�WDUJHW�VWUHQJWK�DQG�
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YDULDQFH�FDOFXODWLRQV�ZLWKLQ�GDWD�VHWV��
�
7KH�PHDQ�WDUJHW�VWUHQJWK�IRU�ERWK�GRUVDO�DQG�ODWHUDO�DVSHFW�DORQJ�ZLWK�FRPELQHG�GRUVDO�
DQG�ODWHUDO�DVSHFW�IRU�HDFK�RI�WKH���HHOV�VDPSOHG�LV�UHJUHVVHG�ZLWK�WKH�WRWDO�OHQJWK��FP��
IRU�HDFK�HHO���7KH�WKUHH�UHJUHVVLRQ�HTXDWLRQV�JHQHUDWHG�DUH��
�
� � 76� �������/2*�/����������IRU�GRUVDO�DVSHFW�
�
� � 76� �������/2*�/����������IRU�ODWHUDO�DVSHFW��
�
� � 76� �������/2*�/����������IRU�D�FRPELQHG�DVSHFW����
�
7KHVH�HTXDWLRQV�ZHUH�XVHG�WR�JHQHUDWH�D�SUHGLFWHG�DFRXVWLF�WDUJHW�VL]H�IRU�HHOV�H[SHFWHG�
LQ�WKH�&DERW�6WDWLRQ�IRUHED\�GXULQJ�VDPSOLQJ�LQ�6HSWHPEHU�DQG�2FWREHU��������
'LIIHUHQFHV�DPRQJ�WKH�SUHGLFWHG�OHQJWK�IRU�WKH�WKUHH�HTXDWLRQV�ZDV���FP�DW�²���G%�WR�
���FP�DW�²���G%�IRU�WKH�OHQJWKV�RI�HHOV�IRXQG�LQ�WKH�E\SDVV�GXULQJ�WKH�VDPSOH�SHULRG���
/RYH·V��������DQ\�DVSHFW�HTXDWLRQ��
�
� � 76� ����/2*�/��²�������
�
SUHGLFWV�VLPLODU�OHQJWKV�WR�WKH�HHO�HTXDWLRQV�GHULYHG�IURP�RXU�WHVWV��7DEOH������6LQFH�ZH�
FRXOG�QRW�GHWHUPLQH�ZKLFK�DVSHFW�WKH�DFRXVWLF�V\VWHP�ZDV�VDPSOLQJ�WKH�HHOV�LQ�WKH�
IRUHED\�DUHD��ZH�XVHG�WKH�FRPELQHG�HTXDWLRQ�WR�SUHGLFW�OHQJWKV�IRU�GDWD�DQDO\VLV��
�
&DERW�6WDWLRQ�)RUHED\�0RQLWRULQJ�
)LHOG�FRQGLWLRQV��WHPSHUDWXUH��IORZ��DQG�UDLQIDOO��IRU�WKH�PRQWKV�RI�6HSWHPEHU�DQG�
2FWREHU�DUH�JLYHQ�LQ�)LJV���D�DQG�E��:DWHU�WHPSHUDWXUHV�ZHUH�DERYH�QRUPDO�DQG�IORZV�
ZHUH�EHORZ�QRUPDO�IRU�WKH�VXUYH\�SHULRG���'ULIWLQJ�GHEULV�ZDV�UHODWLYHO\�PLQLPDO�
WKURXJKRXW�WKH�VXUYH\�SHULRG��DQG�FRQVLVWHG�ODUJHO\�RI�FOXPSV�RI�DTXDWLF�PDFURSK\WHV�
�SULPDULO\�9DOOLVQHULD��VS���XS�WR�����P�LQ�GLDPHWHU��
�
'XULQJ�YLGHR�PRQLWRULQJ��QLJKW�LOOXPLQDWLRQ�RI�WKH�E\SDVV�ZHLU�DQG�ZDWHU�FODULW\�ZHUH�
DOZD\V�VXIILFLHQW�WR�YLHZ�FRPSOHWHO\�DFURVV�WKH�����P�ZHLU��DOWKRXJK�QRW�DOO�ILVK�OLNH�
REMHFWV�FRXOG�EH�LGHQWLILHG�WR�VSHFLHV���������RI�WRWDO�QXPEHU�RI�LGHQWLILDEOH�DQG�
XQLGHQWLILDEOH�ILVK����1XPEHUV�RI�HHOV�SDVVLQJ�WKH�ZHLU�RQ�D�QLJKWO\�EDVLV�ZHUH�UHODWLYHO\�
ORZ������HHO�K��GXULQJ�WKH�SHULRG�RI�K\GURDFRXVWLF�VDPSOLQJ��7DEOHV���DQG����)LJ�������$�
VPDOO�LQFUHDVH�LQ�WKH�QXPEHU�RI�HHOV�DW�WKH�E\SDVV�ZDV�QRWHG�RQ���2FWREHU���+RZHYHU��
FRXQWV�RI�HHOV�DW�WKH�E\SDVV�ZHLU�RQ���2FWREHU�ZHUH�DQ�RUGHU�RI�PDJQLWXGH�KLJKHU�WKDQ�
RQ�SUHYLRXV�QLJKWV�ZKHQ�K\GURDFRXVWLF�VDPSOLQJ�ZDV�RQJRLQJ���2YHUDOO�PRYHPHQW�RI�
HHOV�WKURXJK�WKH�E\SDVV�WHQGHG�WR�RFFXU�LQ�WKH�HDUO\�HYHQLQJ�KRXUV��)LJ������
�
)LOWHULQJ�WKH�K\GURDFRXVWLF�GDWD�E\�VL]H�UDQJH�SURGXFHG�YDU\LQJ�UHVXOWV���7KH�WHPSRUDO�
GLVWULEXWLRQ�RI�WUDFNHG�ILVK�JUHDWHU�WKDQ����FP�LQ�WKH�&DERW�6WDWLRQ�IRUHED\�LQGLFDWHG�D�
SHDN�LQ�DFWLYLW\�RQ�WKH�PRUQLQJ�RI�6HSWHPEHU����DQG�HYHQLQJ�RI�6HSWHPEHU�����7DEOH����
)LJ���D����$�SHDN�LQ�QXPEHUV�RI�WDUJHWV�JUHDWHU�WKDQ�����FP�RFFXUUHG�RQ�6HSWHPEHU����
DQG�����7DEOH����)LJ���D����7KH�KLJKHVW�WDUJHW�GHWHFWLRQ�UDWH�RFFXUUHG�EHWZHHQ�������
DQG�������KRXUV��)LJ���D����3ORWWLQJ�WKH�UDQJH�DQG�GHSWK�GLVWULEXWLRQ�IRU�ILVK�JUHDWHU�
WKDQ�����FP�VKRZHG�QR�WUHQGV�IRU�UDQJH�DFURVV�IRUHED\�RU�GHSWK�VWUDWD��)LJ�������)LVK�
JUHDWHU�WKDQ�����FP�GLG�VKRZ�D�SURSHQVLW\�IRU�FOXPSLQJ�DV�ZH�REVHUYHG���ILVK�ZLWKLQ�D�
��PLQXWH�SHULRG�DIWHU�VXQVHW�RQ�6HSWHPEHU�����)LJ������6DPSOH�VL]H�IRU�DFRXVWLFV�ZDV�
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����WUDFNHG�ILVK�JUHDWHU�WKDQ����FP�DQG����JUHDWHU�WKDQ�����FP��WKHVH�RQO\�FRPSULVHG�
���RI�WKH�WRWDO�ILVK�WUDFNHG�GXULQJ�WKH�SHULRG���
�
/HQJWK�GLVWULEXWLRQ�GDWD�IURP�E\SDVV�VDPSOHU�FROOHFWLRQV�PDGH�LQ������DQG������ZDV�
VLPLODU�WR�WKDW�HVWLPDWHG�IURP�DFRXVWLFDOO\�WUDFNHG�ILVK��)LJ��������'DLO\�UXQ�WLPLQJ�IRU�
HHOV�LQ�WKH�E\SDVV�ZDV�VRPHZKDW�VLPLODU�WR�DFRXVWLFDOO\�WUDFNHG�ILVK�JUHDWHU�WKDQ����
FP��EXW�PRUH�FORVHO\�UHVHPEOHG�GLVWULEXWLRQ�IRU�ILVK�JUHDWHU�WKDQ�����FP��)LJ���D�E����
'LHO�PRYHPHQWV�RI�DFRXVWLFDOO\�WUDFNHG�HHOV�DQG�HHOV�REVHUYHG�LQ�WKH�E\SDVV�DOVR�
VKRZHG�VRPH�VLPLODULW\��)LJ���D�E���EXW�WKH�UHODWLRQVKLSV�EHWZHHQ�ERWK�GDLO\�DQG�GLHO�
DFRXVWLF�DQG�YLGHR�FRXQWV�ZHUH�ORZ��U���������DQG�QRW�VWDWLVWLFDOO\�VLJQLILFDQW��S����������
�
$FRXVWLF�0RGHO�
/HQJWKV�RI�WKH�ILYH�PRGHOHG�$PHULFDQ�HHOV�UDQJHG�IURP�����PP�WR�����PP�ZLWK�D�
PHDQ�OHQJWK�RI�����PP���7KH�VZLPEODGGHU�RI�HDFK�ILVK�LV�ORFDWHG�EHORZ�WKH�VSLQDO�
FROXPQ�LQ�WKH�DQWHULRU�KDOI�RI�WKH�ERG\��)LJ��������$OO�VZLPEODGGHUV�XVHG�LQ�PRGHOLQJ�
H[HUFLVHV�UHPDLQHG�LQIODWHG�LQ�WKH�UDGLRJUDSKV���$QWHULRU�SQHXPDWLF�GXFWV�DQG�
VZLPEODGGHUV�FRQWDLQHG�YDULDEOH�DPRXQWV�RI�DLU��
�
7KH�JHQHUDO�VKDSH�RI�EDFNVFDWWHU�UHVSRQVH�VXUIDFHV�ZDV�VLPLODU�DPRQJ�DQG�EHWZHHQ�
GRUVDO��)LJ������DQG�ODWHUDO��)LJ������RULHQWDWLRQV�IRU�DOO�$PHULFDQ�HHOV���$OO�ILVK�ZHUH�
PRGHOHG�DW�D�OHQJWK�RI�����PP��WKURXJK�DQ�DVSHFW�UDQJH�RI���R�WR�����R��DQG�DQ�
DFRXVWLF�IUHTXHQF\�UDQJH�RI����N+]�WR�����N+]���%DFNVFDWWHU�DPSOLWXGHV�ZHUH�
XQLIRUPO\�ORZ�DW�ODUJH�GHYLDWLRQV�IURP�KRUL]RQWDO��L�H���RUWKRJRQDO�WR�WKH�LQFLGHQW�
DFRXVWLF�ZDYH�IURQW���DQG�LQFUHDVHG�WR�D�PD[LPXP�QHDU����R��7DEOH������7KLV�UHSUHVHQWV�
D�ILVK�RUWKRJRQDO�WR�D�WUDQVGXFHU�IDFH�ZLWK�QR�GLIIHUHQFH�LQ�WKH�DQJOH�RI�VZLPEODGGHU�
UHODWLYH�WR�WKH�ILVK�ERG\���$ORQJ�WKH�ILVK�OHQJWK��/��WR�DFRXVWLF�ZDYHOHQJWK��λ��D[LV��LI�ILVK�
OHQJWK�/�LV�NHSW�FRQVWDQW��D�KLJKHU�/�λ�YDOXH�FRUUHVSRQGV�WR�D�KLJKHU�DFRXVWLF�FDUULHU�
IUHTXHQF\���.HHSLQJ�WKH�IUHTXHQF\�FRQVWDQW�LOOXVWUDWHV�WKH�HIIHFW�RI�FKDQJHV�LQ�ILVK�
OHQJWK�RQ�HFKR�DPSOLWXGH���2YHUDOO��WKHUH�LV�OHVV�LQIOXHQFH�RI�ILVK�DVSHFW�RQ�WDUJHW�
VWUHQJWK�DW�ORZ�/�λ�YDOXHV���7KURXJKRXW�WKH�/�λ�UDQJH��WKH�UHVSRQVH�VXUIDFH�LV�
V\PPHWULF�DERXW�WKH�SHDN�HFKR�DPSOLWXGH�LQ�GRUVDO�DQG�ODWHUDO�EDFNVFDWWHU�UHVSRQVH�
FXUYHV���7KH�TXDVL�SHULRGLF�SHDNV�DQG�YDOOH\V�DORQJ�WKH����R�DVSHFW�DQJOH�FRUUHVSRQG�WR�
DUHDV�RI�FRQVWUXFWLYH�DQG�GHVWUXFWLYH�EDFNVFDWWHU�LQWHUIHUHQFH���3HDN�GRUVDO�EDFNVFDWWHU�
DPSOLWXGHV�H[FHHG�PD[LPXP�ODWHUDO�DPSOLWXGHV�IRU�DOO�HHOV��
�
6LPLODULWLHV�DQG�GLIIHUHQFHV�DPRQJ�ODWHUDOO\�DQG�GRUVDOO\�RULHQWHG�EDFNVFDWWHU�FXUYHV�
DUH�FODULILHG�LQ�WKH�PHDQ�DQG�VWDQGDUG�GHYLDWLRQ�EDFNVFDWWHU�UHVSRQVH�VXUIDFHV���
$PSOLWXGHV�DQG�YDULDELOLW\�LQ�WKH�GRUVDO�RULHQWDWLRQ�DYHUDJH�VXUIDFHV��)LJ����D��H[FHHG�
WKRVH�LQ�WKH�DYHUDJH�ODWHUDO�RULHQWDWLRQ�SORWV��)LJ����E����7KH�GHFUHDVHG�GHSHQGHQFH�RI�
EDFNVFDWWHU�DPSOLWXGH�RQ�DVSHFW�DW�ORZ�/�λ�YDOXHV�LV�SUHVHQW�LQ�ERWK�VXUIDFHV���3HDN�
DPSOLWXGHV�DW�DQ\�/�λ�YDOXH�RFFXU�DW�DSSUR[LPDWHO\���R�DQG�GHFUHDVH�V\PPHWULFDOO\�DV�
DVSHFW�DQJOH�GHYLDWHV�IURP�KRUL]RQWDO���6WDQGDUG�GHYLDWLRQ�YDOXHV�DUH�KLJKHVW�DORQJ�
DVSHFW�DQJOHV�DSSUR[LPDWLQJ����R���$�VHFRQG�DUHD�RI�KLJK�YDULDELOLW\�RFFXUV�LQ�ERWK�
RULHQWDWLRQV�DW�DVSHFWV�RI����R�DQG�/�λ�YDOXHV�JUHDWHU�WKDQ������9DULDELOLW\�LQ�
EDFNVFDWWHU�DPSOLWXGHV�LV�ORZ�DW�ERWK�RULHQWDWLRQV�DW�DVSHFWV�WKDW�GHYLDWH�JUHDWHU�WKDQ�
��R�IURP�KRUL]RQWDO��
�
7KH�ILW�RI�WKH�.LUFKKRII�UD\�PRGH�EDFNVFDWWHU�PRGHOV�WR�PHDVXUHG�WDUJHW�VWUHQJWKV�ZDV�
H[DPLQHG�E\�SORWWLQJ�SUHGLFWHG�DQG�REVHUYHG�PHDQ�WDUJHW�VWUHQJWK�YDOXHV�DW�����N+]�
DV�D�IXQFWLRQ�RI�HHO�OHQJWK�RYHU�D�UDQJH�RI�����PP�WR�����PP�IRU�GRUVDO�DQG�ODWHUDO�

20140620-5133 FERC PDF (Unofficial) 6/20/2014 4:01:50 PM



 9

RULHQWDWLRQV��)LJ��������'RUVDO�DQG�ODWHUDO�SUHGLFWHG�EDFNVFDWWHU�DPSOLWXGHV�QRQ�
PRQRWRQLFDOO\�LQFUHDVH�DV�ILVK�OHQJWK�LQFUHDVHG���3UHGLFWHG�WDUJHW�VWUHQJWKV�UDQJHG�
IURP�DSSUR[LPDWHO\�����G%�DW�����PP�WR�����G%�DW�����PP���$W�OHQJWKV�JUHDWHU�WKDQ�
����PP��SUHGLFWHG�GRUVDO�EDFNVFDWWHU�DPSOLWXGHV�DOZD\V�H[FHHGHG�SUHGLFWHG�ODWHUDO�
EDFNVFDWWHU�DPSOLWXGHV���:LWK�WKH�H[FHSWLRQ�RI�WKH�VHFRQG�VPDOOHVW�HHO������PP���
REVHUYHG�PHDQ�ODWHUDO�EDFNVFDWWHU�DPSOLWXGHV�DOZD\V�H[FHHGHG�REVHUYHG�PHDQ�GRUVDO�
WDUJHW�VWUHQJWKV���2EVHUYHG�GRUVDO�PHDQ�WDUJHW�VWUHQJWKV�ZHUH�ELDVHG�ORZ�UHODWLYH�WR�
WKH�.50�PRGHO�ZKLOH�REVHUYHG�ODWHUDO�PHDQ�WDUJHW�VWUHQJWKV�ZHUH�ELDVHG�KLJK�UHODWLYH�
WR�WKH�SUHGLFWHG�EDFNVFDWWHU��
�
$PHULFDQ�HHO�SUHGLFWHG�EDFNVFDWWHU�UHVSRQVH�FXUYHV�GLIIHUHG�IURP�WKH�1HZ�=HDODQG�
ORQJILQQHG�DQG�VKRUWILQQHG�HHO�EDFNVFDWWHU�UHVSRQVH�FXUYHV���7KH�1HZ�=HDODQG�
ORQJILQQHG�HHO�GRUVDO�UHVSRQVH�VXUIDFH��)LJ�������PRGHOHG�DW�D�ILVK�OHQJWK�RI������PP��
LV�GLVWLQFWO\�GLIIHUHQW�IURP�WKH�$PHULFDQ�HHO�UHVSRQVH�VXUIDFHV���7KH�ORQJILQQHG�HHO�
UHVSRQVH�VXUIDFH�FRQWDLQV�D�VWURQJ�SHDN�DPSOLWXGH�RI�������������G%��DW���R�DVSHFW�DQG�
D�/�λ�YDOXH�RI����������N+]����%DFNVFDWWHU�DPSOLWXGHV�UHPDLQ�KLJK�DW�ODUJHU�/�λ�YDOXHV�
EXW�DUH�UHODWLYHO\�ORZ�DW�RWKHU�DVSHFW�DQG�/�λ�FRPELQDWLRQV���5HGXFHG�VFDWWHULQJ�OHQJWK�
YDOXHV�GURS�UDSLGO\�ZKHQ�DVSHFW�GHYLDWHV�IURP�KRUL]RQWDO���7KH�VKRUWILQQHG�HHO�GRUVDO�
UHVSRQVH�VXUIDFH��)LJ�����FRQWDLQV�IHDWXUHV�VLPLODU�WR�WKRVH�REVHUYHG�LQ�WKH�$PHULFDQ�
HHO�UHVSRQVH�VXUIDFH���%DFNVFDWWHU�IURP�WKH�VKRUWILQQHG�HHO�VZLPEODGGHU�ZDV�PRGHOHG�
DV�WKUHH�VHSDUDWH�FKDPEHUV�WKDW�LQFOXGHG�WKH�DQWHULRU�SQHXPDWLF�GXFW���%DFNVFDWWHU�
DPSOLWXGH�ZDV�QRW�DV�GHSHQGHQW�RQ�DVSHFW�DW�ORZ�/�λ�YDOXHV�DV�LW�ZDV�DW�KLJKHU�/�λ�
YDOXHV���3UHGLFWHG�UHGXFHG�VFDWWHULQJ�OHQJWK�SHDNHG����������������G%��DW�����N+]�DQG�
���R�DVSHFW���0D[LPXP�EDFNVFDWWHU�DPSOLWXGHV�JHQHUDOO\�LQFUHDVHG�ZLWK�LQFUHDVLQJ�/�λ�
YDOXHV�DQG�GHFUHDVHG�DV�DVSHFW�DQJOHV�GHYLDWHG�IURP�KRUL]RQWDO��
�
�
9,��',6&866,21�
�
(HO�7DUJHW�6WUHQJWK�'HWHUPLQDWLRQ�
7DUJHW�VWUHQJWKV�DV�GHWHUPLQHG�IURP�WHVWLQJ�LQ�WKH�KROGLQJ�SRQGV�\LHOGHG�SUHGLFWLYH�
HTXDWLRQV�WKDW�ZHUH�VLPLODU�WR�/RYH·V��������DQ\�DVSHFW�HTXDWLRQV�IRU�D�JHQHUDOL]HG�ILVK��
�7KLV�UHVXOW�PDNHV�LW�LPSRVVLEOH�WR�GLVFULPLQDWH�HHOV�IURP�RWKHU�VLPLODUO\�VL]HG�ILVKHV�
EDVHG�RQ�WDUJHW�VWUHQJWK�DORQH���+RZHYHU��WKH�DEXQGDQFH�RI�QRQ�HHO�VSHFLHV�SUHVHQW�LQ�
WKH�&DERW�FDQDO�WKDW�DUH�ODUJHU�WKHQ����FP�7/��H�J���DGXOW�FRPPRQ�FDUS��&\SULQXV�
FDUSLR���QRUWKHUQ�SLNH��(VR[�OXFLXV���ODUJH�DGXOW�VPDOOPRXWK�EDVV��0LFURSWHUXV�
GRORPLHXL���DQG�ZDOOH\H��6WL]RVWHGLRQ�YLWUHXP���$��+DUR��SHUV��REV���LV�ORZ��DQG�IHZ�LI�DQ\�
ILVK�RI�WKLV�VL]H�ZHUH�REVHUYHG�LQ�WKH�E\SDVV��9DULDELOLW\�LQ�PHDVXUHG�76�EHWZHHQ�HHOV�
ZLWKLQ�WKH����²�����FP�VL]H�UDQJH�FRXOG�SUREDEO\�EH�UHGXFHG�E\�DGGLWLRQDO�HVWLPDWHV�RI�
76�IURP�D�ODUJHU�VDPSOH�VL]H���$�WHVW�HQYLURQPHQW�ZLWK�OHVV�DFRXVWLF�UHYHUEHUDWLRQ�WKDQ�
WKH�%XUURZV�SRQGV�ZRXOG�DOVR�UHGXFH�YDULDELOLW\�RI�76�HVWLPDWHV��
�
&DERW�6WDWLRQ�)RUHED\�0RQLWRULQJ�
*LYHQ�WKH�UHVXOWV�RI�WKH�WDUJHW�VWUHQJWK�HVWLPDWHV��WKHUH�ZDV�QR�PHWKRG�WR�
XQHTXLYRFDOO\�GHWHUPLQH�ZKHWKHU�´HHO�VL]HGµ�WDUJHWV�ZHUH�LQ�IDFW�PLJUDQW�HHOV��VLQFH�76�
RI�RWKHU�VSHFLHV�NQRZQ�WR�EH�SUHVHQW�LQ�WKH�&DERW�IRUHED\�DUH�FRPSDUDEOH�WR�WKRVH�
PHDVXUHG�IRU�VPDOOHU�HHOV���+RZHYHU��VRPH�LQGLUHFW�HYLGHQFH�VXSSRUWV�WKH�SRVVLELOLW\�
WKDW�PRVW�RI�WKH�HHO�VL]HG�WDUJHWV�ZHUH�LQ�IDFW�HHOV�����HHOV�FRPSULVHG�WKH�JUHDWHVW�
SURSRUWLRQ�RI�ODUJH�ILVK�VSHFLHV�REVHUYHG�DW�WKH�E\SDVV�ZHLU��DQG�����YHUWLFDO�DQG�
KRUL]RQWDO�GLVWULEXWLRQ�RI�HHO�VL]HG�WDUJHWV�ZLWKLQ�WKH�IRUHED\�ZDV�XQLIRUP��ZKLFK�
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UHIOHFWV�EHKDYLRU�RI�UDGLR�WDJJHG�HHOV�LQ�WKH�IRUHED\�REVHUYHG�LQ�SUHYLRXV�WHOHPHWU\�
VWXGLHV��+DUR�DQG�&DVWUR�6DQWRV���������)URP�QLJKWWLPH�YLVXDO�REVHUYDWLRQV�DW�&DERW�
6WDWLRQ��VPDOOPRXWK�EDVV�WHQG�WR�EH�VXUIDFH��RU�ERWWRP�RULHQWHG��GLVWULEXWLRQ�RI�
ZDOOH\H�DQG�RWKHU�VSHFLHV�LV�XQNQRZQ���7KHUH�LV�DOVR�WKH�SRVVLELOLW\�WKDW�ODUJH�WDUJHWV�
FRXOG�KDYH�EHHQ�GHEULV��H�J���FOXPSV�RI�DTXDWLF�PDFURSK\WHV���EXW�ZH�QRWHG�WKDW�PRVW�
GULIWLQJ�GHEULV�RFFXUUHG�LQ�WKH�XSSHU�PHWHU�RI�WKH�ZDWHU�FROXPQ��ZKLOH�HHO�VL]HG�WDUJHWV�
RFFXUUHG�DW�DOO�GHSWKV��
�
2Q�D�QLJKWO\�EDVLV��WKH�QXPEHU�RI�DFRXVWLF�WDUJHWV�SHU�XQLW�WLPH�GLG�QRW�PDWFK�FRXQWV�
DW�WKH�E\SDVV�ZHLU���/RZ�QXPEHUV�RI�HHOV�SDVVLQJ�WKH�E\SDVV�ZHLU�GXULQJ�WKH�DFRXVWLF�
VXUYH\�SHULRG��RQO\�VHYHUDO�SHU�QLJKW��PD\�KDYH�FRQWULEXWHG�WR�WKLV�ODFN�RI�FRUUHODWLRQ���
(QYLURQPHQWDO�FRQGLWLRQV�WKDW�SURPRWH�GRZQVWUHDP�PLJUDWLRQ�LQ�HHOV��9ρOOHVWDG�HW�DO��
������ZHUH�QRW�IDYRUDEOH�GXULQJ�WKH�WZR�ZHHN�PRQLWRULQJ�SHULRG��DV�ULYHU�IORZ�DQG�
ZDWHU�WHPSHUDWXUH�GHFUHDVH�ZHUH�PLQLPDO��$OVR��ZH�GLG�QRW�REVHUYH�WKH�KLJK�QXPEHUV�
�!���SHU�QLJKW��RI�HHOV�SDVVLQJ�WKH�E\SDVV�ZHLU�WKDW�ZH�UHFRUGHG�GXULQJ�KLJK�
IORZ�UDLQIDOO�GDWHV�DIWHU���2FWREHU��RU�LQ�SUHYLRXV�\HDUV·�PRQLWRULQJ�RI�WKH�E\SDVV�
VDPSOHU���5HODWLRQVKLSV�EHWZHHQ�WKH�GLHO��KRXUO\��YLGHR�DQG�DFRXVWLF�FRXQWV�DUH�EHWWHU��
DQG�WKH�JHQHUDO�WUHQG��KLJKHVW�QXPEHUV�RI�HHOV�DQG�WDUJHWV�LQ�WKH�HDUO\�HYHQLQJ��DOVR�
UHIOHFWV�FDWFK�SDWWHUQV�DW�WKH�E\SDVV�VDPSOHU�LQ�SUHYLRXV�\HDUV��
�
$OVR��FDQDO�IORZV�ZHUH�QRW�FRQVWDQW�GXULQJ�WKH�WZR�ZHHN�K\GURDFRXVWLF�PRQLWRULQJ�
SHULRG��DV�&DERW�6WDWLRQ�JHQHUDWLRQ�W\SLFDOO\�YDULHV�WKURXJKRXW�WKH�GD\�GXULQJ�ORZ�IORZ�
SHULRG��+LJKHU�FDQDO�IORZV�PD\�KDYH�LQKHUHQWO\�EHHQ�DVVRFLDWHG�ZLWK�KLJKHU�WDUJHW�
FRXQWV�SHU�XQLW�WLPH���7KH�ODFN�RI�DFFXUDWH�IRUHED\�IORZ�GDWD��ERWK�PDJQLWXGH�DQG�IORZ�
ILHOG�FKDUDFWHULVWLFV��SUHYHQWHG�XV�IURP�DQDO\]LQJ�WKH�FRXQW�GDWD�ZLWK�UHVSHFW�WR�IORZ���
)LVK�LQ�WKH�IRUHED\�PD\�KDYH�EHHQ�FRXQWHG�PRUH�WKDQ�RQFH�E\�UHSHDWHGO\�SDVVLQJ�
WKURXJK�WKH�DFRXVWLF�EHDP�RYHU�WLPH���*UHDWHU�WKDQ�����RI�DOO�HHOV�FRXQWHG�LQ�WKH�
E\SDVV�ZHLU�ZHUH�VZHSW�LQWR�WKH�E\SDVV�FKDQQHO�DQG�GLG�QRW�UHWXUQ�WR�WKH�IRUHED\��DQG�
KHQFH�ZHUH�FRXQWHG�RQO\�RQFH���%HFDXVH�RI�WKHVH�DGGLWLRQDO�FRPSOLFDWLQJ�IDFWRUV��
VWURQJ�UHODWLRQVKLSV�EHWZHHQ�DFRXVWLF�DQG�E\SDVV�FRXQWV�PD\�QRW�EH�H[SHFWHG��EXW�D�
JURVV�WUHQG�PLJKW�KDYH�EHHQ�HYLGHQW�KDG�D�ODUJHU�SHDN�LQ�GRZQVWUHDP�PRYHPHQW��VXFK�
DV�RFFXUUHG�RQ���2FWREHU��RFFXUUHG�GXULQJ�WKH�VXUYH\���,W�VKRXOG�DOVR�EH�QRWHG�WKDW�
HVWLPDWLRQ�RI�DFFXUDWH�FRXQWV�RU�GHQVLW\�RI�HHOV�LQ�WKH�&DERW�IRUHED\�ZHUH�QRW�
REMHFWLYHV�RI�WKH�VWXG\��DQG�DUH�EH\RQG�WKH�VFRSH�RI�WKLV�HIIRUW���+RZHYHU��LW�DSSHDUV�
IURP�RXU�UHVXOWV�WKDW�WKH�SUHVHQFH�RU�DEVHQFH�RI�HHOV�LQ�WKH�IRUHED\�DQG�WKHLU�VSDWLDO�
GLVWULEXWLRQ�FDQ�EH�LQIHUUHG�E\�K\GURDFRXVWLF�PHWKRGV��
�
$FRXVWLF�0RGHO�
3UHGLFWHG�PHDQ�EDFNVFDWWHU�DPSOLWXGHV�GLIIHUHG�IURP�WKRVH�PHDVXUHG�LQ�WKH�&$)5&�
%XUURZV�SRQGV��7KH�$PHULFDQ�HHOV�XVHG�LQ�WDUJHW�VWUHQJWK�H[SHULPHQWV�ZHUH�ODUJH�
WDUJHWV�UHODWLYH�WR�WKH�RSHUDWLQJ�IUHTXHQF\�RI�WKH�HFKRVRXQGHU���/�λ�YDOXHV�XVHG�LQ�WKH�
SUHGLFWHG�DQG�REVHUYHG�WDUJHW�VWUHQJWK�FRPSDULVRQ�UDQJHG�IURP����WR�������/DUJH�
OHQJWK�WR�ZDYHOHQJWK�UDWLR�YDOXHV�LQGLFDWH�WKDW�HFKR�UHWXUQV�IURP�D�VLQJOH�DQLPDO�PD\�
EH�UHFRUGHG�DV�PXOWLSOH�WDUJHWV�DQG�FRXOG�SRWHQWLDOO\�FRQWULEXWH�WR�WKH�YDULDELOLW\�
REVHUYHG�LQ�PHDVXUHG�WDUJHW�VWUHQJWKV���9DULDELOLW\�LQ�PD[LPXP�EDFNVFDWWHU�
DPSOLWXGHV�LQ�LQGLYLGXDO�DQG�PHDQ�SUHGLFWHG�EDFNVFDWWHU�UHVSRQVH�FXUYHV�DOVR�
VXJJHVWV�WKDW�QR�VSHFLILF�IUHTXHQF\�ZLOO�PD[LPL]H�HFKR�UHWXUQV�IURP�DOO�HHOV���7KH�HIIHFW�
RI�ILVK�DVSHFW�RQ�HFKR�DPSOLWXGHV�IURP�GRUVDOO\�RU�ODWHUDOO\�RULHQWHG�DQLPDOV�LV�
FRQVLVWHQW�DW�DOO�ILVK�OHQJWKV�DQG�DFRXVWLF�IUHTXHQFLHV���$Q�DGGLWLRQDO�H[SODQDWLRQ�IRU�
WKH�PLVPDWFK�LQ�REVHUYHG�DQG�SUHGLFWHG�WDUJHW�VWUHQJWKV�LV�WKH�XVH�RI�D�VKDOORZ�
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FRQFUHWH�SRQG�WR�PHDVXUH�GRUVDO�DQG�ODWHUDO�EDFNVFDWWHU���5HYHUEHUDWLRQ�ZLWKLQ�WKH�
SRQG�DQG�WKH�VKRUW�UDQJH�IURP�WUDQVGXFHU�WR�WDUJHW�SRWHQWLDOO\�FRQWULEXWHG�WR�WKH�RYHU�
���G%�LQ�WDUJHW�VWUHQJWK�UDQJH�REVHUYHG�LQ�HDFK�VHW�RI�WDUJHW�VWUHQJWK�PHDVXUHPHQWV��

$�WKLUG�SURFHGXUDO�VWHS�WKDW�SRWHQWLDOO\�FRQWULEXWHG�WR�WKH�PLVPDWFK�LQ�WDUJHW�VWUHQJWKV�
LV�WKH�WLPH�GHOD\�EHWZHHQ�WDUJHW�VWUHQJWK�PHDVXUHPHQWV�DQG�[�UD\V���6HYHUDO�KRXUV�
HODSVHG�EHWZHHQ�WLPH�RI�PHDVXUHPHQW�DW�DPELHQW�ZDWHU�WHPSHUDWXUH��WR�VWRUDJH�LQ�DQ�
LFH�SDFNHG�FRROHU��WR�[�UD\�DW�URRP�WHPSHUDWXUH���7KH�VZLPEODGGHUV�RI�$PHULFDQ�HHOV�
DUH�SK\VRVWRPRXV�ZLWK�D�ODUJH�GXFW�MRLQLQJ�WKH�VZLPEODGGHU�DQG�WKH�RHVRSKDJXV���7KH�
GXFW�DSSHDUV�DV�D�VHSDUDWH�FKDPEHU�DQG�VHUYHV�DV�D�SULPLWLYH�OXQJ��6WHHQ���������,W�LV�
QRW�NQRZQ�LI�OLYH�HHOV�FKDQJH�WKH�YROXPH�RI�JDV�LQ�WKH�VZLPEODGGHU�DQG�SQHXPDWLF�
GXFW�ZKLOH�H[SRVHG�WR�DLU�IRU�H[WHQGHG�SHULRGV���

&RPSDULVRQ�RI�WDUJHW�VWUHQJWKV�EHWZHHQ�PHDVXUHG�DQG�PRGHOHG�$PHULFDQ�HHOV�UDQJHG�
IURP�����PP�WR�����PP���7KLV�OHQJWK�UDQJH�EUDFNHWHG�WKH�UDQJH�RI�OHQJWKV�XVHG�WR�
PRGHO�HHO�EDFNVFDWWHU�UHVSRQVH�FXUYHV�ZLWK�WKH�.50�PRGHOV���&OD\�DQG�+RUQH��������
FRPSDUHG�SUHGLFWHG�WDUJHW�VWUHQJWKV�RI�$WODQWLF�FRG��*DGXV�PRUKXD��WR�PD[LPXP�WDUJHW�
VWUHQJWKV�PHDVXUHG�E\�1DNNHQ�DQG�2OVHQ����������7KH\�IRXQG�WKDW�D�.50�PRGHO�RI�D�
���FP�ILVK�PDWFKHG�REVHUYHG�VFDWWHULQJ�RYHU�D�UDQJH�RI���FP�WR�����FP���6LQFH�
$PHULFDQ�HHO�VZLPEODGGHU�DQJOHV�GR�QRW�DSSHDU�WR�YDU\�GUDPDWLFDOO\�IURP�KRUL]RQWDO��
PRGHOHG�WDUJHW�VWUHQJWKV�FRXOG�EH�H[WUDSRODWHG�EH\RQG�WKH�UDQJH�RI�OHQJWKV�XVHG�LQ�WKH�
PRGHO���+LJK�YDULDELOLW\�REVHUYHG�LQ�PHDVXUHG�WDUJHW�VWUHQJWKV�DQG�WKH�QRQ�PRQRWRQLF�
LQFUHDVH�LQ�WDUJHW�VWUHQJWK�ZLWK�ILVK�OHQJWK�UHGXFHV�WKH�SUHGLFWLYH�YDOXH�RI�WKH�.50�
PRGHO��

'RUVDO�EDFNVFDWWHU�UHVSRQVH�FXUYHV�IRU�1HZ�=HDODQG�VKRUWILQQHG�DQG�ORQJILQQHG�HHOV�
ZHUH�EDVHG�RQ�D�VLQJOH�DQLPDO���7KH�[�UD\�RI�WKH�ORQJILQQHG�HHO�LQ�D�FXUOHG�SRVLWLRQ�
LQFUHDVHG�WKH�GLIILFXOW\�RI�FRQVWUXFWLQJ�D�VWUDLJKW�ERG\�IRUP���7KH�ODUJH�VL]H�������PP��
RI�WKH�ORQJILQQHG�HHO�JUHDWO\�LQFUHDVHG�WKH�SUHGLFWHG�WDUJHW�VWUHQJWK�UHODWLYH�WR�WKH�
SUHGLFWHG�WDUJHW�VWUHQJWKV�RI�WKH�$PHULFDQ�HHOV���+LJKHU�JHRPHWULF�VFDWWHULQJ�
IUHTXHQFLHV�UHVXOW�LQ�KLJKHU�SUHGLFWHG�EDFNVFDWWHU�DPSOLWXGHV���0RGHOLQJ�WKH�
VZLPEODGGHU�RI�WKH�VKRUWILQQHG�HHO�DV�WKUHH�VHSDUDWH�FKDPEHUV�GLG�QRW�DSSHDU�WR�
LQIOXHQFH�WKH�FKDUDFWHU�RI�WKH�EDFNVFDWWHU�UHVSRQVH�FXUYH���)HDWXUHV�LQ�WKH�VKRUWILQQHG�
UHVSRQVH�FXUYH�ZHUH�VLPLODU�WR�WKRVH�REVHUYHG�LQ�WKH�$PHULFDQ�HHO�EDFNVFDWWHU�
UHVSRQVH�FXUYHV���7KH�DQWHULRU�SQHXPDWLF�GXFW�ZDV�PRUH�DSSDUHQW�LQ�WKH�VKRUWILQQHG�
HHO�UDGLRJUDSK�WKDQ�LQ�DQ\�RWKHU�HHO�UDGLRJUDSK���*HQHUDO�DQDWRPLFDO�DUUDQJHPHQW�RI�
VZLPEODGGHU��SQHXPDWLF�GXFW��DQG�UHODWLYH�SRVLWLRQ�RI�VZLPEODGGHU�LQ�ERG\�FDYLW\�ZDV�
VLPLODU�DPRQJ�$PHULFDQ��ORQJILQQHG��DQG�VKRUWILQQHG�HHOV��

�
�
9,,��5(&200(1'$7,216��
�
$W�SUHVHQW��LW�DSSHDUV�WKDW�K\GURDFRXVWLFV�FDQ�EH�XVHG�DV�D�TXDOLWDWLYH�WRRO�WR�
GHWHUPLQH�WKH�VSDWLDO�DQG�WHPSRUDO�SDWWHUQV�RI�EHKDYLRU�RI�ODUJH��!����FP��HHOV�LQ�
K\GURHOHFWULF�IRUHED\V���9HULILFDWLRQ�RI�WDUJHWV�UHPDLQV�D�FULWLFDO�DVSHFW�WR�WKH�
XVHIXOQHVV�RI�K\GURDFRXVWLF�GDWD��DQG�FRQFXUUHQW�PRQLWRULQJ�RI�DFWXDO�HHO�DEXQGDQFH�
�H�J���E\�YLGHR��QHWWLQJ��YLVXDO�REVHUYDWLRQ��VKRXOG�EH�SHUIRUPHG�DV�SDUW�RI�D�
K\GURDFRXVWLF�VXUYH\�SURWRFRO���:KHUH�SRVVLEOH��WKH�PHWKRG�RI�YHULILFDWLRQ�VKRXOG�EH�
FDUHIXOO\�FKRVHQ�WR�PRVW�DFFXUDWHO\�UHIOHFW�DEXQGDQFH�RI�WDUJHWV�DV�GHWHUPLQHG�E\�
DFRXVWLF�PRQLWRULQJ��
�
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$OVR��GLVFULPLQDWLRQ�RI�HHO�WDUJHWV�IURP�WKRVH�RI�RWKHU�ILVKHV�UHPDLQV�SUREOHPDWLF��EXW�
LV�DOVR�VLWH�VSHFLILF���,Q�VRPH�FLUFXPVWDQFHV��GRZQVWUHDP�PLJUDQW�HHOV�PD\�EH�WKH�
ODUJHVW�RU�PRVW�DEXQGDQW�ODUJH�WDUJHWV�LQ�D�VXUYH\�DUHD��DGGLQJ�FRQILGHQFH�WR�SRVLWLYH�
LGHQWLILFDWLRQ�RI�WDUJHWV�DV�HHOV��LQ�PRVW�FDVHV��KRZHYHU��WKLV�ZLOO�EH�WKH�H[FHSWLRQ���
:KHUH�SRVVLEOH��ZH�UHFRPPHQG�WKDW�76�PHDVXUHPHQWV�RI�VSHFLHV�WKDW�PD\�SRWHQWLDOO\�
FRQIRXQG�LGHQWLILFDWLRQ�RI�DFRXVWLF�WDUJHWV�EH�PDGH����
�
2WKHU�FRQIRXQGLQJ�IDFWRUV�LQ�D�K\GURDFRXVWLF�VXUYH\�ZLOO�EH�ZDWHU�WXUEXOHQFH�DQG�
WXUELGLW\��DQG�WKH�SUHVHQFH�RI�GULIWLQJ�GHEULV���,Q�WKH�FDVH�RI�WKLV�VWXG\��WKHVH�HIIHFWV�
ZHUH�PLQLPDO��EXW�LW�LV�JHQHUDOO\�DFFHSWHG�WKDW�SHDN�GRZQVWUHDP�PRYHPHQWV�RI�HHOV�
ZLOO�RFFXU�ZKHQ�WKHVH�FRQGLWLRQV�PD\�DW�WLPHV�EH�DW�WKHLU�ZRUVW�IRU�DFRXVWLF�PRQLWRULQJ�
�L�H���KLJK�IORZV���
�
$GGLWLRQDO�DFRXVWLF�PRGHOLQJ�VKRXOG�LPSURYH�GLVFULPLQDWLRQ�DPRQJ�HHO�DQG�RWKHU�
DFRXVWLF�WDUJHWV���(PSLULFDO�YHULILFDWLRQ�RI�PRGHO�WDUJHW�VWUHQJWK�HVWLPDWHV�ZLWK�IXUWKHU�
LQ�VLWX�PHDVXUHPHQWV�RI�HHOV�ZRXOG�KHOS�WR�UHILQH�WKH�FXUUHQW�PRGHO���&RPSDULVRQ�RI�
$PHULFDQ�HHO�SUHGLFWHG�DQG�REVHUYHG�WDUJHW�VWUHQJWKV�WR�WKRVH�RI�RWKHU�VSHFLHV�IRXQG�LQ�
WKH�VDPH�ZDWHU�LV�WKH�PRVW�SUXGHQW�QH[W�VWHS���,I�IUHTXHQF\�GHSHQGHQW�WDUJHW�VWUHQJWKV�
GLIIHU�DPRQJ�VSHFLHV�WKHQ�DFRXVWLF�WDUJHWV�PD\�EH�FODVVLILHG�EDVHG�RQ�HFKR�DPSOLWXGHV�
RU�FRPSDULVRQ�RI�IUHTXHQF\�GHSHQGHQW�HFKR�DPSOLWXGHV�DW�PRUH�WKDQ�RQH�IUHTXHQF\���,I�
WDUJHW�VWUHQJWKV�DUH�QRW�UDGLFDOO\�GLIIHUHQW�DPRQJ�VSHFLHV�WKHQ�TXDQWLWDWLYH�PHDVXUHV�
RI�WKH�HFKR�HQYHORSH��L�H��WKH�WLPH�GHSHQGHQW�DPSOLWXGH�RI�D�UHFHLYHG�SXOVH��PXVW�EH�
XVHG�WR�GLVFULPLQDWH�LQGLYLGXDO�RU�JURXSV�RI�WDUJHWV���)XUWKHU�DQDO\VLV�RI�WKH�FXUUHQW�
GDWDVHW�VKRXOG�EH�XQGHUWDNHQ�WR�GHWHUPLQH�ZKHWKHU�RWKHU�HFKR�FKDUDFWHULVWLFV��VXFK�
DV�SXOVH�OHQJWK��PXOWLSOH�HFKR�UHIOHFWLRQ�IURP�D�VLQJOH�HHO��RU�EHKDYLRU�RI�HHOV�SDVVLQJ�
WKURXJK�WKH�EHDP�FDQ�SURYLGH�FOXHV�WR�GLIIHUHQWLDWH�HHOV�IURP�RWKHU�ILVK�WDUJHWV���)XWXUH�
VWXGLHV�VKRXOG�LQFOXGH�VDPSOLQJ�ZLWK�VKRUW�SXOVH�OHQJWKV�WR�FUHDWH�PXOWLSOH�HFKRHV�
IURP�D�VLQJOH�HHO�WDUJHW���$GGLWLRQDOO\��TXDQWLWDWLYH�LQIRUPDWLRQ�PD\�EH�DYDLODEOH�DW�
VRPH�LQWDNHV�ZLWK�WUDVKUDFN�RSHQLQJV�WKDW�ZRXOG�H[FOXGH�ILVK�ZLWK�WDUJHW�VWUHQJWKV�
VLPLODU�WR�DGXOW�HHOV��\HW�DOORZ�HHOV�WR�SDVV�WKURXJK��
�
  
9,,,�$&.12:/('*(0(176�
�
:H�H[SUHVV�RXU�VLQFHUH�WKDQNV�WR�WKH�(OHFWULF�&RUSRUDWLRQ�RI�1HZ�=HDODQG�IRU�
VXSSRUWLQJ�WKLV�VWXG\��DQG�VSHFLILFDOO\�WR�'DYH�5RSHU�DQG�'RQ�6FDUOHW�RI�(&1=�IRU�
DVVLVWLQJ�ZLWK�WKH�GHYHORSPHQW�RI�VWXG\�REMHFWLYHV�DQG�WDUJHW�VWUHQJWK�PHDVXUHPHQWV���
6DQGUD�+RZLH�RI�$TXDFRXVWLFV��,QF��DVVLVWHG�ZLWK�76�HVWLPDWLRQ��HTXLSPHQW�VHWXS�DQG�
FDOLEUDWLRQ�DW�&DERW�6WDWLRQ��DQG�SURFHVVLQJ�RI�K\GURDFRXVWLF�GDWD���7HG�&DVWUR�6DQWRV�
DQG�&KULVWRSKHU�.RFK�RI�&$)5&�DOVR�DVVLVWHG�ZLWK�HHO�FROOHFWLRQ��76�PHDVXUHPHQW��
IRUHED\�PRQLWRULQJ��DQG�GDWD�DUFKLYLQJ��7KHUHVD�*XFNLDQ�SHUIRUPHG�GLJLWL]DWLRQ�RI�
$PHULFDQ��ORQJILQQHG��DQG�VKRUWILQQHG�HHO�WUDFLQJV���7RP�6KHSDUG�RI�WKH�86*6�(DVWHUQ�
5HJLRQDO�2IILFH�VXSSOLHG�ULYHU�IORZ�GDWD���2XU�WKDQNV�DOVR�WR�1RUWKHDVW�8WLOLWLHV�6HUYLFH�
&RPSDQ\�IRU�WKHLU�FRRSHUDWLRQ��VXSSRUW��DQG�XVH�RI�WKH�&DERW�6WDWLRQ�IDFLOLW\��
�
�
,;��5()(5(1&(6�
�
$60)&��$WODQWLF�6WDWHV�0DULQH�)LVKHULHV�&RPPLVVLRQ���,Q�SUHS��)LVKHU\�PDQDJHPHQW�SODQ�IRU�

WKH�$PHULFDQ�HHO�$QJXLOOD�URVWUDWD��$WODQWLF�6WDWHV�0DULQH�)LVKHULHV�&RPPLVVLRQ��
:DVKLQJWRQ��'�&�����S��
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�
%DUELQ��*��3���6��-��3DUNHU��DQG�-��'��0F&OHDYH�������2OIDFWRU\�FOXHV�SOD\�D�FULWLFDO�UROH�LQ�WKH�

HVWXDULQH�PLJUDWLRQ�RI�VLOYHU�SKDVH�$PHULFDQ�HHOV��(QYLU��%LRO��)LVKHV��������������
�
%XUURZV��7��(��DQG�+��+��&KHQRZHWK��������$�UHFWDQJXODU�FLUFXODWLQJ�UHDULQJ�SRQG��3URJ��)LVK�

&XOW�������������
�
&OD\��&��6��DQG�-��.��+RUQH��������$FRXVWLF�PRGHOV�RI�ILVK��WKH�$WODQWLF�FRG��*DGXV�PRUKXD���-��

$FRXVW��6RF��$P�����������������

+DUR��$��DQG�7��&DVWUR�6DQWRV��������'RZQVWUHDP�PLJUDQW�HHO�WHOHPHWU\�VWXGLHV��&DERW�6WDWLRQ��
&RQQHFWLFXW�5LYHU���������6�2��&RQWH�$QDGURPRXV�)LVK�5HVHDUFK�&HQWHU�,QWHUQDO�5HSRUW�
1R���������

+RUQH��-�.��DQG�-��0��-HFK��������0XOWL�IUHTXHQF\�HVWLPDWHV�RI�ILVK�DEXQGDQFH��FRQVWUDLQWV�RI�
UDWKHU�KLJK�IUHTXHQFLHV��,&(6�-��0DU��6FL���LQ�SUHVV���

-HFK��-��0���6FKDHO��'��0���DQG�&��6��&OD\��������$SSOLFDWLRQV�RI�WKUHH�VRXQG�VFDWWHULQJ�PRGHOV�
WR�WKUHDGILQ�VKDG��'RURVRPD�SHWHQHQVH���-��$FRXVW��6RF��$P�����������������

/RYH��5��+��������7DUJHW�VWUHQJWK�RI�DQ�LQGLYLGXDO�ILVK�DW�DQ\�DVSHFW��-��$FRXVW��6RF��$P������
�����������

1DNNHQ��2��DQG�.��2OVHQ��������7DUJHW�VWUHQJWK�PHDVXUHPHQWV�RI�ILVK��5DSS��3��Y��5qXQ��&RQV��
SHUP��LQW��([SORU��0HU�������������

�

6WHHQ��-��%��������7KH�SK\VLRORJ\�RI�WKH�VZLPEODGGHU�LQ�WKH�HHO��$QJXLOOD�YXOJDULV��,,,��7KH�
PHFKDQLVP�RI�JDV�VHFUHWLRQ��$FWD�3K\VLRO��6FDQG���������������

9ρOOHVWDG��/��$���%��-RQVVRQ��1��$��+YLGVWHQ��7��)��1ΦVMH���θ��+DUDOGVWDG��DQG�-��5XXG�+DQVHQ��
������(QYLURQPHQWDO�IDFWRUV�UHJXODWLQJ�WKH�VHDZDUG�PLJUDWLRQ�RI�(XURSHDQ�VLOYHU�HHOV�
�$QJXLOOD�DQJXLOOD���&DQ��-��)LVK��$TXDW��6FL�����������������

OLQH
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�
�
�
�
�
�
7DEOH����$PHULFDQ�HHO��$QJXLOOD�URVWUDWD��OHQJWKV��RULHQWDWLRQV��GRU� �GRUVDO��ODW� �ODWHUDO���

QXPEHU�RI�RULJLQDO�WDUJHW�VWUHQJWK�PHDVXUHPHQWV��QXPEHU�RI�ILOWHUHG�WDUJHW�VWUHQJWK�

PHDVXUHPHQWV��RULJLQDO�PHDQ�WDUJHW�VWUHQJWK� TS �±�VWDQGDUG�GHYLDWLRQ�VG��ILOWHUHG� TS ±�VG��
DQG�FRUUHVSRQGLQJ�.50�SUHGLFWHG� TS ±�VG�EDVHG�RQ�ILYH�$PHULFDQ�HHO�UDGLRJUDSKV� 

 
 
 
 

Fish Length 
(mm) 

No. Original 

Targets 

No. Filtered 

Targets 

Original 

TS sd±  

Filtered 

TS sd±  

Predicted 

TS sd±  

350      dor 562 149 -41.4 ± 3.15 -38.5 ± 1.98 -39.5 ± 4.85 

           lat 672 130 -40.0 ± 3.77 -38.0 ± 1.90 -42.7 ± 5.63 

355      dor 893 105 -37.1 ± 3.63 -36.0 ± 1.86 -39.1 ± 2.27 

           lat 758 162 -39.4 ± 3.46 -40.2 ± 2.80 -41.6 ± 4.10 

580      dor 915 682 -38.4 ± 4.39 -38.7 ± 4.18 -35.4 ± 5.63 

           lat 799 260 -35.5 ± 4.59 -35.9 ± 4.01 -34.7 ± 3.19 

610      dor 430 250 -36.2 ± 3.58 -34.6 ± 2.42  -33.1 ± 2.75 

           lat 488 165 -32.4 ± 4.94 -29.1 ± 2.95 -40.7 ± 11.56 

670      dor 908 127 -34.3 ± 4.69 -29.6 ± 1.93 -35.5 ± 12.38 

           lat 773 219 -30.7 ± 4.80 -28.5 ± 2.63 -38.5 ± 8.79 

685      dor 1231 444 -34.6 ± 4.73 -33.2 ± 3.57 -33.4 ± 11.59 

           lat 896 200 -34.2 ± 4.53 -33.8 ± 3.74 -31.5 ± 2.61 
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�
�
�
�
�
�
7DEOH�����3UHGLFWHG�OHQJWKV��FP��IRU�HHOV�XVLQJ�WKH�WKUHH�WDUJHW�VWUHQJWK�OHQJWK�UHJUHVVLRQ�

HTXDWLRQV�JHQHUDWHG�IURP�GDWD�FROOHFWHG�LQ�WKH�%XUURZV�SRQGV�LQ�$XJXVW������DQG�/RYH·V�
DQ\�DVSHFW�HTXDWLRQ��

�
 

Target size (dB) 
Combined 

Aspect 
Dorsal  
Aspect Lateral Aspect 

Love’s Any 
Aspect 

-36 47 46 47 46 
-35 53 52 53 51 
-34 58 58 60 58 
-33 65 65 67 65 
-32 72 73 75 73 
-31 79 83 85 82 
-30 88 93 95 92 
-29 97 104 107 103 
-28 108 117 120 115 
-27 120 131 135 129 
-26 133 148 151 145 
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7DEOH�����)LVK�DFWLYLW\�DV�PHDVXUHG�E\�K\GURDFRXVWLFV�LQ�WKH�&DERW�6WDWLRQ�IRUHED\�6HSWHPEHU�

���WKURXJK�2FWREHU�����������7KHVH�GDWD�UHSUHVHQW�WKH�QXPEHU�RI�ILVK�JUHDWHU�WKDQ����FP��
ZLWK�WKH�FRQYHUWHG�WRWDO�OHQJWKV�IURP�DQ�DFRXVWLF�WDUJHW�VWUHQJWK�UHODWLRQVKLS�IRU�HHOV��76� �
�����/2*�/�����������JHQHUDWHG�DW�WKH�&RQWH�/DE�SULRU�WR�ILHOG�VDPSOLQJ���1RWH�WKDW�FRXQWV�
GXULQJ�WKH�SHULRG�IURP�WKH�HYHQLQJ�RI����6HSWHPEHU�WKURXJK�WKH�PRUQLQJ�RI����6HSWHPEHU�
DUH�DEPRUPDOO\�KLJK��SUREDEO\�GXH�WR�DOWHUDWLRQ�RI�HFKRVRXQGHU�WKUHVKROG�VHWWLQJV�GXULQJ�
WKLV�SHULRG���DQG�ZHUH�RPLWWHG�IURP�WKH�GDWDVHW�LQ�IXUWKHU�DQDO\VHV��

 
 

H
o

u
r 

17
-S

ep
 

18
-S

ep
 

19
-S

ep
 

20
-S

ep
 

21
-S

ep
 

22
-S

ep
 

23
-S

ep
 

24
-S

ep
 

25
-S

ep
 

26
-S

ep
 

27
-S

ep
 

28
-S

ep
 

29
-S

ep
 

30
-S

ep
 

1-
O

ct
 

2-
O

ct
 

3-
O

ct
 

4-
O

ct
 

5-
O

ct
 

H
o

u
rl

y
M

ea
n

 
R

at
e 

0  1.0 0.0 1.0 6.0 0.0 2.0 18.0 0.0 1.0 3.0 0.0 9.0 2.0 4.0 8.0 4.0 0.0 2.0 3.4 
1  0.0 1.0 0.0 0.0 2.0 7.0 15.0 1.0 4.0 1.0 3.0 12.0 1.0 1.0 8.0 1.0 5.0 2.0 3.6 
2  0.0 4.0 2.0 1.0 1.0 4.0 26.0 1.0 0.0 3.0 2.0 1.0 6.0  3.0 3.0 2.0 0.0 3.5 
3  0.0 1.0 0.0 1.0 1.0 3.0 42.0 4.0 2.0 5.0 0.0 2.0 3.0 2.0 4.0 3.0 2.0 0.0 4.2 
4  0.0 2.0 1.0 3.0 5.0 0.0 48.0 0.0 0.0 4.0 1.0 2.0 5.0 5.0 2.0 2.0 4.0 0.0 4.7 
5   1.0 3.0 0.0 7.0 0.0 58.0 0.0 0.0 2.0 1.0 0.0 2.0 3.0 3.0 2.0 3.0 1.0 5.1 
6   1.0 1.0 0.0 0.0 2.0 36.0 2.0 0.0 0.0 0.0 0.0 4.0 2.0 2.0 0.0 4.0 0.0 2.9 
7    0.0   4.0        0.0 0.0    1.5 
8       2.0         2.0    2.0 
9       2.0             2.0 

10                     
11                     
12                     
13                     
14                     
15                     
16                     
17                     
18 0.0   2.0 2.0  26.0 0.0 4.0 0.0 0.0 2.7    2.7 2.7 2.7  3.6 
19 0.0 1.0  3.0 9.0  45.0 6.0 0.0 5.0 0.0 13.0 1.3 4.0  15.0 5.0 4.0  7.8 
20 2.0 2.0 2.0 4.0 6.0  37.0 16.0 3.0 6.0 2.0 8.0 2.0 6.0 8.0 10.0 5.0 1.0  7.2 
21 4.0 0.0 0.0 3.0 5.0 3.0  15.0 0.0 7.0 5.0 9.0 2.0 8.0 4.0 3.0 2.0 2.0  4.2 
22 5.0 1.0 1.0 2.0 4.0 0.0  4.0 4.0 6.0 3.0 6.0 3.0 4.0 4.0 1.0 5.0 0.0  3.1 
23 1.0 0.0 1.0 4.0  3.0  5.0 0.0 2.0 0.0 4.0 3.0 5.0 4.0 3.0 1.0 2.0  2.8 

Daily 
Mean 
rate 

2.1 0.5 1.7 2.0 3.8 2.3 10.0 22.6 1.3 2.8 2.3 4.0 3.4 4.2 3.3 4.6 2.9 2.3 0.8 4.3 

 

�
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7DEOH�����)LVK�DFWLYLW\�DV�PHDVXUHG�E\�K\GURDFRXVWLFV�LQ�WKH�&DERW�6WDWLRQ�IRUHED\�6HSWHPEHU�
���WKURXJK�2FWREHU�����������7KHVH�GDWD�UHSUHVHQW�WKH�QXPEHU�RI�ILVK�JUHDWHU�WKDQ�����FP��
ZLWK�WKH�FRQYHUWHG�WRWDO�OHQJWKV�IURP�DQ�DFRXVWLF�WDUJHW�VWUHQJWK�UHODWLRQVKLS�IRU�HHOV��76� �
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7DEOH����3UHGLFWHG�PLQLPXP�DQG�PD[LPXP�UHGXFHG�VFDWWHULQJ�OHQJWKV�56/�DQG�FRUUHVSRQGLQJ�
WDUJHW�VWUHQJWKV�76��DVSHFW�DQJOHV�θ��GHJUHHV���DQG�DFRXVWLF�IUHTXHQFLHV�I��N+]��RI�ILYH�
GRUVDOO\�DQG�ODWHUDOO\�RULHQWHG�$PHULFDQ�HHOV��$QJXLOOD�URVWUDWD����$OO�EDFNVFDWWHU�DPSOLWXGHV�
ZHUH�HVWLPDWHG�XVLQJ�D�.LUFKKRII�UD\�PRGH�EDFNVFDWWHU�PRGHO��&OD\�DQG�+RUQH�������DQG�
GLJLWL]HG�UDGLRJUDSKV�RI�HDFK�ILVK���$OO�ILVK�ZHUH�PRGHOHG�DW�D�OHQJWK�/�RI������P���5HGXFHG�
VFDWWHULQJ�OHQJWKV�FDQ�EH�FRQYHUWHG�WR�WDUJHW�VWUHQJWKV�76��G%��XVLQJ���76� ����ORJ�56/����
���ORJ��/���

�

Fish 
Length 
(mm) 

Orientation RSLmin TSmin 

(dB) 

θmin 

(deg) 

fmin 

(kHz) 

RSLmax TSmax 

(dB) 

θmax 

(deg) 

fmax 

(kHz) 

366 dorsal 0.0000554 -90.48 110 104 0.0951 -25.79 87 308 

 lateral 0.0000761 -87.72 72 120 0.0758 -27.76 90 124 

372 dorsal 0.000211 -78.86 75 156 0.0760 -27.73 90 28 

 lateral 0.000330 -74.98 79 24 0.0654 -29.04 89 332 

608 dorsal 0.0000662 -88.93 110 156 0.107 -24.76 89 68 

 lateral 0.000190 -79.78 107 80 0.0763 -27.70 89 44 

660 dorsal 0.0000599 -89.80 110 40 0.116 -24.06 88 344 

 lateral 0.0000478 -91.76 110 128 0.0868 -26.58 90 168 

691 dorsal 0.000103 -85.1 110 12 0.110 -24.52 89 148 

 lateral 0.000285 -76.26 110 48 0.0793 -27.37 89 120 
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Figure 17.  Kirchhoff-ray mode predicted dorsal, reduced scattering lengths of a New Zealand shortfinned eel 

(Anguilla australis) as a function of fish aspect θ, length L, and acoustic wavelength λ.  The eel was modeled at 
a length of 765 mm, an aspect range of 70 o to 110o, and a frequency range of 12 kHz to 420 kHz. 
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