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Executive Summary
River Transit Phase

· Kokanee are typically stocked from Roaring Judy State Fish Hatchery at dusk during the dark of the moon in April each year. In 2001 they traversed the distance from the hatchery to the reservoir in less than 12 hours, minimizing the opportunity for predation by riverine predators. Continued stocking of kokanee as early in the night as possible to maximize the number of hours of darkness during the migration is recommended
· Irrigation diversions along the river migration route to the reservoir pose a threat to the stocked kokanee.  A single irrigation diversion may have accounted for a loss of more than 50,000 fish per hour in 2001.  Closing irrigation diversions along the migration route during a portion of the night when stocking occurs or blocking fish away from irrigation diversions during this brief period if cooperation from water users is unattainable is recommended.  Dan Brauch of CDOW has already implemented a program to block the most troublesome diversion based results of this study.
In-Reservoir Dynamics During the First Growing Season
· Young-of-year kokanee minimized near surface foraging in May, perhaps to avoid predation by visual predators such as lake trout in the well lit surface waters.  
· In early summer the entire water column was less than 10ºC and there was a high degree of spatial overlap between lake trout preferred habitat and YOY kokanee.  Young-of-year kokanee displayed large diel vertical migrations at this time.  
· In August young-of-year were located in the shallower, warmer waters that were unavailable to lake trout during daylight  and descended to about 25 m during nighttime and crepuscular periods. 
· These results suggest a seasonal ontogenetic shift in diel vertical migration (DVM) as predation risk and foraging opportunities changed and that YOY kokanee are attempting to balance energetic demands with predation risk.
Lake Trout Predation

· On a per capita basis large lake trout in Blue Mesa Reservoir are much more potent predators on kokanee and rainbow trout than are smaller but still piscivorous size classes of lake trout.  
· Given the disproportionately great piscivorous impact of large lake trout, changes to harvest regulations that limit the number of large fish bagged (“one over X inches”) could be 1) contrary to management goals of protecting kokanee egg take, maintaining kokanee and rainbow trout fisheries, and providing a sustainable prey supply for lake trout, and 2) ineffective at protecting large fish if few anglers interested in harvesting lake trout have the opportunity to do so.  Further, such regulations promote a fallacious mindset among anglers that lake trout must be protected at Blue Mesa Reservoir to maintain quality angling.

· Despite the lower abundance estimates obtained by mark-recapture than previous estimates, lake trout predation appears to remain a significant mortality source for rainbow trout and kokanee in Blue Mesa Reservoir.  Continued close monitoring of predator and prey biomass is recommended.

Illicit Introductions
· Recently there have been discoveries of apparent illicit introductions of nonnative species, yellow perch and northern pike, into Blue Mesa Reservoir.  These species pose competitive and predatory threats to the kokanee fishery of the reservoir. 

· Yellow perch can disrupt the zooplankton community and jeopardize the energetic basis for Blue Mesa’s fantastic sport fishery, and yellow perch will not provide a very suitable forage base for lake trout.  

· Very little is known of the newly discovered invasion of northern pike.  At Blue Mesa Reservoir northern pike likely pose a significant threat to the stocked rainbow trout and kokanee fisheries, and the reservoir serves as yet another stepping stone for a nonnative fish’s expansion to new waters in the region.
· Studies to quantify the predatory impact of northern pike and competitive interactions with yellow perch are recommended.
· Illicit introductions confound the best efforts of fishery managers to provide cost-effective, ecologically sound and sustainable fisheries for park visitors.  Preventing illicit introductions is far more likely to be successful than efforts to eradicate invading species once they are established.  A harsh condemnation of this illegal “eco-vandalism” along with a public education campaign are recommended.  
Introduction

Blue Mesa Reservoir has a surface area of 9,000 acres and a capacity of almost a million acre-feet making it the largest reservoir in Colorado.  The trout and salmon fishery it supports is renowned and is the main attraction of the Curecanti National Recreation Area, which draws over one million visitors annually (National Park Service 1999).  The kokanee (Oncorhynchus nerka) fishery is particularly noteworthy, having been described as world class in its heyday (Johnson and Martinez 2000).  In 1993, the fishery supported approximately 500,000 angler-hours per year of fishing recreation. Using standard economic multipliers, this translated to more than $2,000,000 per year in economic activity for the Gunnison area.  The sport fishery of Blue Mesa Reservoir is the centerpiece of the National Park Service’s Curecanti National Recreation Area, a keystone to the economic wellbeing of the Gunnison area, and one of the finest recreational resources in the state of Colorado.
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Kokanee are the top sport fish at Blue Mesa but they are also a highly desirable sport fish throughout Colorado from fishery management and ecological standpoints.  Because of large water level fluctuations that preclude natural reproduction of most species, reservoir sport fisheries are sustained mainly by stocking in Colorado.   Kokanee are stocked at a very small size and their survival can be relatively high, so they are a highly cost-effective sport fish.  Ecologically, kokanee are quite innocuous to native fish species and they are very unlikely to emigrate and become established elsewhere.  As openwater plankton feeders, they are extremely efficient at exploiting the productive capacity of reservoirs.  Thus, fishery managers place a high priority of sustaining kokanee stocks wherever they can.  Because Blue Mesa Reservoir is the most important egg source for State’s entire kokanee propagation program, sustaining kokanee at Blue Mesa is critical.

When this study was proposed in 1999 the kokanee fishery, kokanee abundance and egg take in Blue Mesa Reservoir had all declined every year since 1993 (Johnson et al. 1998; Brauch, CDOW personal communication) and this was a source of tremendous concern to CDOW and NPS biologists.  This study sought to uncover explanations for the decline by investigating dispersal behavior of young-of-year kokanee from the time they are stocked from the Roaring Judy Hatchery through their first growing season in the reservoir, and predator-prey dynamics between kokanee and lake trout in Blue Mesa Reservoir using a whole-reservoir netting program and intensive hydroacoustics surveys.   During the course of the study new threats to the kokanee population were discovered when the invasion of nonnative yellow perch and northern pike became apparent.  A preliminary assessment of these new threats and recommended action are also included in this report.
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A. River Transit Phase


This portion of the study was accomplished through the cooperative assistance of  Dan Brauch, Andrea Hedean, Colt Rossman (CDOW)  and Harry Crockett and Josh Hobgood (CSU).   They cheerfully worked through the night in cold and wet conditions. Additional funding was provided by the U.S. Bureau of Reclamation.  Many thanks also to Terry Robinson and his crew at the Roaring Judy Hatchery for all their patience and cooperation.
Introduction

At its peak in the early 1990’s, the kokanee fishery in Blue Mesa Reservoir was described as one of the best in the world (Johnson and Martinez 2000).  Recent declines in the kokanee fishery has prompted investigations into causes for the declines and management remedies to return the fishery to its former glory, including the present assessment of the river transit phase as a potential bottleneck to kokanee recruitment.

The Blue Mesa kokanee fishery is nearly entirely sustained by stocking.  Each April, during the dark of the new moon, approximately 2-3 million 50-mm fingerlings are released into the East River from the Roaring Judy State Fish Hatchery.   These fish then make their way downstream to Blue Mesa Reservoir, about 40 river km from the hatchery.  Along their migration route the fish run a gauntlet of potential predation by resident trout populations and several irrigation diversions.  

If the river transit phase is a protracted event, lasting into daylight hours, then the likelihood of predation would be greater than if the fish complete their migration to Blue Mesa under the cover of darkness.  Further, a protracted migration might also increase the likelihood that the fish could become entrained in an irrigation diversion and be lost to the fishery.  A short duration migration minimizes the chances for predation or entrainment losses and could mean that other mechanisms or life stages are more important to kokanee year class strength.  

The timing of the river transit phase has never been thoroughly quantified at Blue Mesa.  The objectives of this study were to determine the timing of the migration of stocked kokanee fry from Roaring Judy Hatchery to Blue Mesa Reservoir, and to assess potential losses of these fish to irrigation diversions.

Methods 

Stocking in 2001 proceeded as it had in the past: fish were stocked at night on April 20, near the new moon (Table A1) to reduce predation losses by allowing them to migrate under the cover of darkness.  The kokanee release from Roaring Judy Hatchery (ROJ) started at 1900 h on 04/20/01 and finished at 1945 h on the same night.  Fish were flushed from the hatchery raceways into a drainage system of pipes and ditches that lead to the East River.  Fish entered the East River from the hatchery ditch outlets at approximately 2015 h that evening.  Sunset occurred at 1950 h that evening and sunrise occurred at 0625 h the next morning (Table A1).

To determine size structure of the stocked cohort, we took samples of 15 individuals from each of the hatchery’s 22 large holding tanks plus two smaller tanks, which housed thermally marked fish from January.  We measured lengths and weights and preserved them in 70% ethanol (Table A2) for later examination of otoliths.  Otoliths from a set of thermally marked fish were sent to Jeff Grimm, Washington Department of Fish and Wildlife for evaluation.

Five sites were selected for sampling along the riverine migration route to the reservoir (Figure A1, Table A3). The sites were selected based on ease of access and efficiency of sampling.  The Almont, Rockey River and Garlic Mike’s sites were about 6 km apart, and the McCabe’s site was another 12 km downstream, approximately 8 km upstream from the reservoir (assumed to begin at the Highway 149 bridge).  The first site was at Almont in the East River just above the confluence with the Taylor River (where it becomes the Gunnison River), about 6 km downstream from the hatchery and the Gunnison-Ohio Creek Canal (GOC canal, also known as Gunnison Highline Canal) site was about 2 km downstream from the Almont site.   Total distance from the hatchery to Blue Mesa was about 40 km.

We sampled with seines measuring 6’ x 12’, each with a 4’ x 4’ x 2’ bag; mesh size was 1/8” delta.  We used a passive seining technique, holding the seine at a fixed location, usually in the mainstream river channel, because river flows were too great for a more active seining method.  Seines were usually held in position for 2 min.  We employed longer sampling times (one 5 min or two, 2 ½ min periods) as the catch rate decreased.  Sites were sampled approximately every 3 hours to assess the timing of the migration.  


Occasionally, catches were too high to count all the fish in the catch.  In these cases we used the mean weight of fish measured in the hatchery (1.32 g; Table A2) to convert mass of fish caught to numbers of fish.  Number of fish caught in each sampling period was divided by the duration of sampling to yield catch per unit of effort (CPE).  To assess timing of fish passing a given river location, we computed the fraction of the total catch at a site that passed in a given sampling occasion.

Results and Discussion


Historically flow in the Taylor River has been augmented by additional releases from Taylor Park Reservoir to speed travel times to the reservoir; flow in the Taylor River at Almont averaged 234 CFS (Table A4) during the evening of April 20, 2001and it is not known how much higher it was than normal for that date.  Flows in the East and Taylor Rivers at Almont totaled about 550 CFS during the study (Table A4), when the kokanee were stocked.  Because all the fish were stocked simultaneously, we were not able to evaluate the importance of supplemental river flow (from releases from Taylor Park Reservoir) to migration rate.  The ability to mark and stock separate lots of fish (e.g., with thermal otolith marking) would allow more detailed studies of the influence of river flow on migration rate.  Jeff Grimm, Washington Department of Fish & Wildlife, reported that our thermal marking procedure was very successful with obvious marks on each otolith (Figure A2).  Thus, the thermal marking procedure we developed will provide an efficient method of uniquely marking lots of hatchery fish for future studies of kokanee stocking procedures and recruitment in Colorado reservoirs.

There appeared to be no trend in the size of kokanee passing each of the sampling sites (Table A5).  Mean total length ranged 54-65 mm across sites and did not appear to differ through time or across sites.  The average size of kokanee sampled at the most downstream site (Mc Cabe’s Lane) was 57.0 mm TL (Table A5) and the average size of all kokanee measured in the hatchery before the release was 55.2 mm (Table A2).  Because the latter mean could not be weighted by the number of fish in each lot the value is somewhat imprecise but we conclude that it is quite unlikely any substantial size-selective mortality operated during the transit of the fish from the hatchery to the reservoir. 

Catch per unit effort of kokanee captured in the seines declined rapidly after stocking (Figure A3).  Note that catch per unit effort should not be used as an absolute estimate of fish abundance, and cannot be compared across sites because the fraction of the river flow that was actually sampled was unknown and varied greatly among sites.  However, because the sampling method was relatively consistent through time at a given site, the variation in catch per unit effort at a site through time should be a good indication of the chronology of fish passage at that site.

It appears that the bulk of the fish may have passed the sampling location before sampling began at the Almont, GOC Canal, and Garlic Mike’s sites (Figure A3).  The time of peak CPE increased linearly with distance from the hatchery except for the GOC canal datapoint (Figure A4).  Because of this and the fact that CPE peaked on the first sample at this site, it appears that the bulk of the fish may have passed the GOC canal site at some time between 21:30 and 23:00 h; however, large numbers of fish were still present at 23:30 h.  Catch per effort at GOC canal site was more than 50 times lower during the sample taken at 01:25 h.  

The extremely high catch rate of stocked kokanee at the GOC canal site (833 fish per minute or about 50,000 fish per hour) is alarming.  This value is probably an underestimate of the entrainment losses at the site because of incomplete sampling of the flow leaving the river and entering the ditch.  Based on minimum hatchery production cost estimates (exclusive of administrative and support services or capital replacement costs), the cost to produce a 51 mm kokanee was about $0.19 per fish in 1996 (Martinez 1996, Johnson and Martinez 2000).  Of course, stocked kokanee have a much higher value if they survive to enter the fishery.  Using the minimum cost estimate above, it is possible that losses to this single irrigation diversion could exceed $10,000 per hour.  This loss  represents a significant but preventable mortality factor related to the stocking.  Closing irrigation diversions for just a few hours on the night of the stocking could eliminate this mortality source and result in significantly more kokanee successfully traversing the river to Blue Mesa and entering the fishery.  

Paragamian and Bowles (1995) observed kokanee fry to migrate at speeds of 5.0 km/h to 7.3 km/h (flows ranged from 20,106-65,088 CFS) and generally increased with increasing river flows.  In our study, peak CPE in the most downstream site occurred about 8.5 hours after stocked fish first entered the East River at ROJ, suggesting that the fish may have migrated at an average  rate of approximately 3.8 km/h.  Fish appear to have migrated more rapidly initially, at approximately 4.8 km/h to Garlic Mike’s site, probably due to higher current velocities and a narrower channel upstream.  Overall, trends in CPE vs sampling location suggest that the fish traversed the distance from the hatchery to the reservoir quite rapidly (likely in <12 hours).  However, we did not have any sampling sites in the last 8 km above the reservoir so we can’t be sure as to the actual time the stocked fish arrived in Iola basin.  Observations in past years by Dan Brauch (Colorado Division of Wildlife, pers. communication) also suggested that the majority of kokanee fry migrate to Blue Mesa Reservoir within 12 h of being stocked.   

Although the fish migrate from the hatchery to the reservoir relatively quickly, they still arrive at the reservoir during daylight hours (sunrise was 0625 h, Table A1).  The kokanee may also be somewhat disoriented and naïve about predators, making them vulnerable to attack from in-reservoir piscivores such as brown trout and lake trout.  This mortality component could not be evaluated in the present study.

Conclusions and Recommendations

This study has quantified movement rates of kokanee stocked from the Roaring Judy Hatchery and identified a significant but preventable mortality source, entrainment in irrigation diversions.  

•
The study suggests that kokanee traverse the distance from the hatchery to Blue Mesa in < 12 hours, and thus complete most of the riverine migration under the cover of darkness.  This may be important to minimizing predation from resident stream trout populations and it seems prudent to continue to stock the kokanee as early in the night as possible to maximize the number of hours of darkness during the migration.

•
Because the kokanee enter the reservoir after sunrise the following morning, and are probably disoriented from the river journey, predation by reservoir piscivores (e.g., brown and lake trout) may be important.  Studies to evaluate piscivore densities and diet composition in the lower reaches of the river and in Iola basin of the reservoir in April could provide the data necessary to evaluate the importance of this mortality source.

•
If in-reservoir piscivory is an important source of mortality it would be useful to learn more about whether enhancing the flow in the Gunnison with additional Taylor Park releases could reduce transit time from the hatchery to the reservoir sufficiently that the kokanee arrive in the reservoir before sunrise.

•
Because stocked kokanee traverse the distance from the hatchery to the reservoir in under 12 hours, and because a single irrigation diversion may have accounted for a loss of more than 50,000 fish per hour, it seems reasonable and practical to seek to close irrigation diversions along the migration route during a portion of the night when stocking occurs.  Because of rapid downstream migration, irrigation diversion closures may only be necessary for a few hours.  Alternatively, personnel may be able to block or divert fish away from irrigation diversions during this brief period if cooperation from water users is unattainable.
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Table  A1.  Sun and moon information for Gunnison, Gunnison County, Colorado (longitude W106.9, latitude N38.5) for Friday, 20 April 2001 (Mountain Daylight Time).  Data obtained from USNO (2001).

                         SUN

        Begin civil twilight       5:57 a.m.                 

        Sunrise                   
6:25 a.m.                 

        Sun transit                
1:06 p.m.                 

        Sunset                     
7:50 p.m.                 

        End civil twilight        
8:18 p.m.                 

                         MOON

        Moonset                   
4:02 p.m. on preceding day

        Moonrise                  
5:20 a.m.                 

        Moon transit             
11:07 a.m.                 

        Moonset                  
5:01 p.m.                 

        Moonrise                 
5:47 a.m. on following day

 Phase of the Moon on 20 April:  waning crescent with 9% of the Moon's visible disk illuminated. 

New Moon on 23 April 2001 at 9:27 a.m. Mountain Daylight Time.

Table A2.   Summary of mean lengths, weights and standard deviations (SD) of kokanee fry sampled from each tank at Roaring Judy Hatchery prior to the release.  Age classes refer to the spawn dates.

	Date
	Tank No.
	Age Classes
	Sample
Size
	Length
Mean (mm)
	SD
	Weight
Mean (g)
	SD

	4/20/01
	1A
	10/3pkn,11/17
	15
	51.9
	0.769
	1.08
	0.468

	4/20/01
	2A
	10/3,10/6,11/7
	16
	56.8
	0.737
	1.41
	0.589

	4/20/01
	3A
	10/6,11/7
	15
	54.9
	0.856
	1.28
	0.632

	4/20/01
	4A
	10/6,10/10,11/7
	15
	57
	0.668
	1.35
	0.533

	4/20/01
	5A
	10/10,11/14
	15
	48.8
	1.094
	1.01
	0.345

	4/20/01
	6A
	10/10,11/14
	15
	57.5
	0.612
	1.41
	0.489

	4/20/01
	7A
	10/3pkn,10/11,11/14
	15
	55.9
	0.873
	1.28
	0.572

	4/20/01
	8A
	10/11,11/15
	16
	57.6
	0.698
	1.49
	0.597

	4/20/01
	9A
	10/11,11/16
	15
	52.1
	0.881
	1.13
	0.561

	4/20/01
	10A
	10/11,10/12
	15
	57.7
	0.632
	1.45
	0.434

	4/20/01
	11A
	10/12,10/17
	15
	54.7
	0.936
	1.58
	0.981

	4/20/01
	12A
	17-Oct
	15
	51.4
	1.003
	1.15
	0.51

	4/20/01
	13A
	17-Oct
	14
	55.1
	0.539
	1.28
	0.356

	4/20/01
	14A
	17-Oct
	16
	53.1
	0.614
	1.15
	0.415

	4/20/01
	15A
	10/17,10/18
	15
	58.1
	0.56
	1.51
	0.434

	4/20/01
	16A
	18-Oct
	17
	56.1
	0.524
	1.41
	0.448

	4/20/01
	17A
	18-Oct
	15
	56.7
	0.88
	1.41
	0.599

	4/20/01
	18A
	18-Oct
	15
	57.8
	0.683
	1.41
	0.583

	4/20/01
	19A
	18-Oct
	15
	56.5
	0.577
	1.28
	0.386

	4/20/01
	20A
	18-Oct
	15
	56.2
	0.748
	1.31
	0.461

	4/20/01
	21A
	10/18,10/19,10/24
	15
	54.4
	0.602
	1.19
	0.421

	4/20/01
	22A
	24-Oct
	15
	62.2
	0.527
	1.85
	0.541

	4/20/01
	10B
	17-Nov
	15
	52.3
	0.381
	1.15
	0.261

	4/20/01
	11B
	17-Nov
	16
	50.8
	0.845
	1.11
	0.229

	Overall Mean
	
	
	55.23
	
	1.32
	

	Overall Standard Deviation
	
	2.97
	
	0.19
	


Table A3.  Locations (UTM, NAD27 CONUS map datum) of sampling sites (Almont-McCabe’s) and the location of the start of Blue Mesa Reservoir (Hwy 149 bridge), and the approximate distance to each of these locations from Roaring Judy Hatchery.

	Site name  
	UTM Coordinates
	Approximate Distance from Hatchery (km)

	Almont
	13 S  339312 4280892
	6.3

	GOC Canal*
	13 S  338146 4279609
	8.2

	Rockey River
	13 S  335711 4274911
	14.7

	Garlic Mike’s
	13 S  332625 4271790
	19.9

	McCabe’s
	13 S  326123 4264922
	31.9

	Hwy 149 bridge*
	13 S  320464 4261749
	39.9


*determined from Garmin topographic software, not recorded in field

Table A4.  Hourly averages of stream stage height and discharge of the East and Taylor Rivers at Almont, Colorado in April, 2001.  Times correlate with kokanee fry sampling in the inflow to Blue Mesa Reservoir, from 6:00pm on April 20 to 8:00am on April 21.  Data provided by the U.S. Geological Survey (http://water.usgs.gov/).

	East River at Almont, Co*
	Taylor River at Almont, Co**

	Date
	Hour
	Avg. 

Stagea
	Avg. Dischargeb
	Date
	Hour
	Avg. Stagea
	Avg. Dischargeb

	4/20/2001
	18:00
	3.57
	321
	4/20/2001
	18:00
	1.87
	221

	4/20/2001
	19:00
	3.57
	321
	4/20/2001
	19:00
	1.92
	239

	4/20/2001
	20:00
	3.57
	321
	4/20/2001
	20:00
	1.94
	245

	4/20/2001
	21:00
	3.57
	321
	4/20/2001
	21:00
	1.93
	243

	4/20/2001
	22:00
	3.57
	321
	4/20/2001
	22:00
	1.92
	241

	4/20/2001
	23:00
	3.57
	321
	4/20/2001
	23:00
	1.92
	241

	4/20/2001
	0:00
	3.57
	321
	4/20/2001
	0:00
	1.92
	241

	4/21/2001
	1:00
	3.56
	318
	4/21/2001
	1:00
	1.92
	238

	4/21/2001
	2:00
	3.55
	314
	4/21/2001
	2:00
	1.91
	236

	4/21/2001
	3:00
	3.54
	311
	4/21/2001
	3:00
	1.91
	234

	4/21/2001
	4:00
	3.53
	307
	4/21/2001
	4:00
	1.89
	230

	4/21/2001
	5:00
	3.52
	302
	4/21/2001
	5:00
	1.89
	230

	4/21/2001
	6:00
	3.5
	295
	4/21/2001
	6:00
	1.89
	229

	4/21/2001
	7:00
	3.49
	291
	4/21/2001
	7:00
	1.89
	228

	4/21/2001
	8:00
	3.47
	283
	4/21/2001
	8:00
	1.88
	227

	 Mean
	 
	3.54
	311
	 
	 
	1.91
	235


a Average stage (gage height) in feet above datum, from previous hour up to and including time shown            

b Discharge in cubic feet per second, from previous hour up to and including time shown                  

* Gage station:  USGS 09112500 East River at Almont, CO, 38°39'52"N, 106°50'51"W

** Gage station:  USGS 09110000 Taylor River at Almont, CO, 38°39'52"N, 106°50'41"W

Table A5. Catch of stocked kokanee in bag seines at five sampling sites along the Gunnison River on April 20-21, 2001.  Sampling was usually conducted at a mid-channel station for 2 –5 minute periods at approximately 3-hour intervals.  Catch per minute is the total number caught per sampling session divided by sampling duration, sample size is the number of kokanee measured for lengths, the mean length is given in mm with the standard deviation in parentheses, the total weight is for the total number caught per sampling session.

	Sampling

Site
	 
	Sampling Occasion

	
	Measurement
	1
	2
	3
	4
	5
	6
	7

	Almont
	Sample Time
	21:30
	0:00
	3:00
	6:00
	NA
	NA
	NA

	
	Sample Duration (min)
	2.0
	4.0
	5.0
	5.0
	NA
	NA
	NA

	
	Catch per minute
	95.5
	60.5
	7.8
	3.0
	NA
	NA
	NA

	
	Sample size
	25
	25
	25
	15
	NA
	NA
	NA

	
	Mean Length (mm)
	54(.88)
	58(.50)
	65(.87)
	58(.56)
	NA
	NA
	NA

	
	Total Weight (g)
	255
	371
	59
	22
	NA
	NA
	NA

	GOC 
	Sample Time
	11:30
	1:25
	3:55
	6:35
	NA
	NA
	NA

	Canal
	Sample Duration (min)
	2.0
	2.0
	5.0
	5.0
	NA
	NA
	NA

	
	Catch per minute
	833
	15.5
	4.8
	3.6
	NA
	NA
	NA

	
	Sample size
	0
	NA
	NA
	NA
	NA
	NA
	NA

	
	Mean Length (mm)
	NA
	NA
	NA
	NA
	NA
	NA
	NA

	
	Total Weight (g)
	2200
	NA
	NA
	NA
	NA
	NA
	NA

	Rockey 
	Sample Time
	21:54
	22:11
	22:30
	23:00
	1:35
	4:35
	7:30

	River
	Sample Duration (min)
	2.0
	2.0
	2.0
	2.0
	5.0
	5.0
	5.0

	
	Catch per minute
	0.0
	0.0
	0.0
	31.0
	24.4
	10.2
	2.2

	
	Sample size
	NA
	NA
	NA
	30
	25
	25
	11

	
	Mean Length (mm)
	NA
	NA
	NA
	56(.62)
	56(.53)
	56(.76)
	55(.54)

	
	Total Weight (g)
	NA
	NA
	NA
	140
	186
	NA
	13

	Garlic 
	Sample Time
	0:10
	3:10
	6:10
	NA
	NA
	NA
	NA

	Mikes
	Sample Duration (min)
	2.0
	2.0
	10.0
	NA
	NA
	NA
	NA

	
	Catch per minute
	31.0
	7.5
	0.5
	NA
	NA
	NA
	NA

	
	Sample size
	27
	15
	5
	NA
	NA
	NA
	NA

	
	Mean Length (mm)
	55(.61)
	56(.73)
	54(1.15)
	NA
	NA
	NA
	NA

	
	Total Weight (g)
	85
	25
	NA
	NA
	NA
	NA
	NA

	McCabe's
	Sample Time
	1:30
	1:45
	2:10
	4:44
	7:30
	NA
	NA

	Lane
	Sample Duration (min)
	2.0
	2.0
	2.0
	5.0
	10.0
	NA
	NA

	
	Catch per minute
	0.0
	0.0
	3.5
	19.6
	0.2
	NA
	NA

	
	Sample size
	NA
	NA
	7
	25
	2
	NA
	NA

	
	Mean Length (mm)
	NA
	NA
	55(.41)
	57(.42)
	62
	NA
	NA

	
	Total Weight (g)
	NA
	NA
	10
	205
	NA
	NA
	NA


[image: image12.emf]Lake Trout Annual Consumption (Per Capita)

Blue Mesa Reservoir

0

5000

10000

15000

20000

25000

20 inch 25 inch 30 inch 35 inch 40 inch

Lake Trout Size

Per Capita Consumption (g)

invertebrates

other fish

rainbows

kokanee


Figure A1.  Map of East, Taylor and Gunnison Rivers upstream of Blue Mesa Reservoir showing sites (arrows)  sampled after koknaee were stocked from the Roaring Judy Hatchery on April 20-21, 2001. 
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Figure A2.  Micrographs of kokanee otolith cross-sections showing presence of thermal marks.  Fish were marked by altering the thermal regime (details in text) in the Roaring Judy Hatchery during pre-hatch and early post-hatch stages.  Otoliths were prepared and evalatuated by Jeff Grimm, Washington Department of Fish and Wildlife. 
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Figure A3.  Fraction (%) of total kokanee sampled on several occasions at five sites along the East and Gunnison Rivers, April 20-21, 2001.  Kokanee were released from the Roaring Judy Hatchery into the East River at about 2015 h on April 20.  The first sampling site (Almont), was about 6 km downstream from the hatchery and the last site (McCabe’s) was about 31 km downstream from the hatchery and about 8 km upstream from Blue Mesa Reservoir (Hwy 149 bridge).
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Figure A4.  Time that peak catch per effort occurred and the distance from the stocking point (Roaring Judy Hatchery) for kokanee stocked into the East River on the night of April 20, 2001.  Kokanee entered the East River from the Hatchery facility at about 2015 h.
B.  In-Reservoir Dynamics During the First Growing Season

Little was known about age-0 kokanee ecology in Colorado reservoirs until NPS funded the current study. This work was the basis for Jill Hardiman’s Master of Science thesis project aimed at understanding dispersal and daily and seasonal behavior of stocked young-of-year kokanee from the time they reached the reservoir until near the end of the first growing season.  Assistance and cooperation of Pat Martinez of Colorado Division of Wildlife was essential to this aspect of the project; Pat loaned CDOW’s hydroacoustics system for two summers of intensive field work.  Jill was assisted in the field and with data processing by fellow M.S. student Harry Crockett. Additional funding was also provided by the U.S. Bureau of Reclamation.  
Introduction

Vertical spatial structure is an important feature of many lentic systems that can influence fish distribution through energetic constraints and predation risk.  Seasonal changes in vertical gradients of prey density, light and temperature create spatio-temporal variation in habitat that may segregate or aggregate predators and prey with implications for distribution, growth and survival of fishes (Magnuson et al. 1979; Goyke and Brandt 1993; Mason et al. 1995).  Thus, environmental conditions can mediate predator-prey interactions and thereby dramatically influence aquatic community structure (Carpenter et al. 1985; DeVries and Stein 1992).  

Diel migration is a behavior that evolved in response to, the challenges of a spatially stratified environment.  Sockeye salmon (Oncorhynchus nerka), and kokanee, the landlocked form, perform diel vertical migrations (DVM) in both the marine and freshwater environment (Narver 1970; Levy 1987, 1990a; Beauchamp et al. 1997; (Stockwell and Johnson 1997).  For vertical migrations to persist there must be some ecological or evolutionary benefits perpetuating the behavior (Levy 1990).  Research on optimal foraging theory in small fishes and predation risk suggested that minimizing predator contact and maximizing growth are two antagonistic selective forces that may perpetuate the migration behavior (Mittlebach 1981; Werner et al. 1983).  Such arguments have also been proposed for sockeye and kokanee. 


Hypotheses associated with DVM in fishes have generally focused on energetics (foraging maximization (Janssen and Brandt 1980; Wurtsbaugh and Neverman 1988), growth maximization (Brett 1971a)), or predator avoidance (Eggers 1978; Clark and Levy 1988).  Foraging is an essential activity for survival and growth but frequently there are trade-offs between foraging needs and predation risk, particularly for juvenile fishes.  Energetics appears to be at least a partial explanation for DVM in kokanee (Bevelhimer and Adams 1993; Stockwell and Johnson 1999) but there is also evidence for predator avoidance as a migration determinant (Levy 1987; Paragamian and Bowles 1995; Stockwell and Johnson 1999).  Others have proposed that DVM could be explained as a trade-off between predation risk and energetic efficiency (Werner et al. 1983; Clark and Levy 1988; Scheuerell and Schindler In press). Levy (1987) suggested that DVM in kokanee and sockeye might reflect an optimization of trade-offs among energy intake, physiological costs, and predation risk.  Others have suggested that the relative importance of various factors driving DVM changes seasonally, and also from system to system (Beauchamp et al. 1997; Stockwell and Johnson 1999).  

It is also reasonable to expect daily migration strategy to change with fish size since mass-specific consumption and respiration rates and predation risk change as a fish grows.  Stockwell and Johnson (1999) studied DVM in age-1 and older kokanee in Blue Mesa Reservoir, Colorado, but little was known about the distribution of young-of-year (YOY) kokanee in that relatively warm, mesotrophic system.  Because year class strength is determined in the first year of life in many fishes, it is important to understand the YOY distribution in relation to environmental conditions for growth and predation risk.

My objectives in this study were to describe daily and seasonal changes in vertical distribution of YOY kokanee from the time they are stocked through their first summer to evaluate critical time periods and areas for growth and predation risk.  The summer period encompasses a wide range of environmental conditions including thermal stratification, food density, water clarity, and distribution of predators.  The seasonal change in reservoir conditions allows for evaluation of the relative importance of foraging efficiency, growth maximization, and predator avoidance in DVM.  WEalso wanted to determine if kokanee exhibited an ontogenetic shift in migration strategy in response to changes in energy budgets and risk from predation associated with increasing body size.  

Methods

Study Site
Blue Mesa Reservoir is a 3,700-ha, mesotrophic impoundment on the Gunnison River located near Gunnison, Colorado.  The reservoir is the largest in Colorado and has a maximum depth of 101 m, with penstocks located 50 m below the surface (at full pool; surface elevation 2292 m).  Blue Mesa Reservoir supports a fish assemblage of kokanee, rainbow trout (Oncorhynchus mykiss), lake trout (Salvelinus namaycush), brown trout (Salmo trutta), cutthroat trout (O. clarki), white sucker (Catostomus commersoni), longnose sucker (C. catostomus) and yellow perch (Perca flavescens).  Kokanee is the dominant pelagic fish species, composing about 93% of all fish caught in experimental gill nets from 2001 to 2002 (Johnson et al. 2001, 2002a).  Blue Mesa Reservoir supports a substantial kokanee fishery and has some of the highest kokanee growth rates in North America (Stockwell and Johnson 1997).  Lake trout is the primary piscivore, with salmonids (including kokanee) composing about 75% of the diet of lake trout > 425 mm total length (Johnson et al. 2002a).

Limnological conditions 

Field data on temperature, dissolved oxygen, Secchi depths, and zooplankton densities were collected monthly from Blue Mesa Reservoir to describe environmental conditions, to input into feeding rate models, and to determine lake trout habitat thresholds.  Temperature and dissolved oxygen profiles were obtained using a YSI Model 52 digital meter with a 60 m cable.  Measurements were taken at 1-m intervals from 0 to 20 m and at 5-m intervals from 20 to 55 m of depth.  The depth of the thermocline was identified each month as the point where the water temperature decreased by approximately 1ºC per 1 m (Horne and Goldman 1994).  Dissolved oxygen always exceeded 3.2 [image: image21.wmf] 
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mg/L to 60 m.  Secchi depth measurements were made with a standard 200 mm white and black limnological, Secchi disc (Wetzel and Likens 1991) by averaging two replicate readings taken on the shaded side of the [image: image22.wmf] 
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boat.  

We used an algorithm developed by Janiczeck and DeYoung (1987) to determine incident light intensity at Blue Mesa Reservoir throughout the day for each sampling date  and then calculated ambient light intensity by depth using an extinction coefficient (η) derived from Idso and Gilbert (1974) 

(1)
η = 1.7zsd –1   where zsd is Secchi depth in meters.  Light intensity (Iz) at 1-m intervals (z) was calculated using the following relationship (Horne and Goldman 1994):

(2)
Iz  = I0e- η z 
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Kokanee in Blue Mesa Reservoir are planktivorous, feeding mainly on Daphnia pulex (Stockwell et al. 1999).  Zooplankton prey density was measured by oblique tows using a Wildco model 37-315 Clarke-Bumpus plankton sampler (Lind 1979) with 130-mm diameter opening and 153-µm mesh size. A single tow was made in the 0-5, 5-10, 10-15, and 15-30 m depth strata at two mid-basin locations within 2 days of the new moon from early May to early August.  In Blue Mesa Reservoir, Daphnia are found primarily in the upper 10 m of the water column (Stockwell and Johnson 1997) and do not perform diel vertical migrations (Johnson et al. 1995).  Samples were taken between 0730 and 1030 hours, except in August when sampling contin
ued until 1500 hours; samples were preserved in 70% ethanol.  Each sample was diluted and three replicate 1-ml aliquot sub-samples were placed in a Sedgwick-Rafter counting cell where all taxa were identified and enumerated (Lind 1979) under a compound microscope. Zooplankton densities were computed as number per liter for each depth stratum.  Only D. pulex (the dominant prey item found in kokanee stomachs (Stockwell et al. 1999)) densities were used as inputs to feeding rate models.

Feeding rate and time to satiation

We used light dependent functional response models developed for juvenile kokanee by Koski and Johnson (2002) to estimate spatially-explicit feeding rates using measured light conditions and zooplankton density.  Pacific salmon require  0.001 lx to feed (Ali 1959); thus, if ambient light was < 0.001 lx we assumed no feeding occurred.  At light levels of 0.001 – 3.4 lx (corresponding to light availability at the surface on a clear night) we used Koski and Johnson’s (2002) low light model: 

(3)
N = 1.74 • P
where N is consumption rate (Daphnia/min), and P is prey density (Daphnia/L).    When ambient light exceeded 3.4 lx we applied their high light model:

(4)
N = (βo • P)/(β1 + P)   where βo is maximum consumption rate (163.6 Daphnia/min), and β1 is prey density at which consumption rate reaches half its maximum (42.2 Daphnia/min).  We were not able to measure zooplankton density below 30 m so we assumed that densities were the same as in the 15 – 30 m stratum.  We used depth-specific feeding rates and stomach capacity (Brett 1971b) to compute time to satiation (feeding duration) in the manner of Koski and Johnson (2002).  We assumed that time to satiation was a better indicator of habitat profitability than feeding rate because time to satiation accounts for changes in body size due to growth and because energetic costs and exposure to predators are likely proportional to feeding duration.

Predation risk


In order for predation to occur there must be a spatio-temporal overlap between predators (lake trout) and their prey (kokanee).  It is well documented that lake trout have a physiological optimum of about 10ºC, and will thermoregulate to this temperature when possible (Martin and Olver 1980; Stewart et al. 1983; Madenjian and O'Connor 1999).  Mazur and Beauchamp (In press) established that lake trout were able to increase their feeding rates from 0-2 fish/min to 8 fish/min at a light threshold of 0.5 lx.  We used these thresholds and observed monthly temperature and light profiles to determine depths and times where lake trout predation could occur.  Regions of the reservoir where both temperature and light conditions were favorable for lake trout feeding were assumed to represent the highest predation risk to kokanee.
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Fish distribution
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Kokanee vertical distribution was monitored over a 24-h diel period using an HTI Model 243 split beam 200-kHz echosounder with 15-degree transducer.  Hydroacoustic sampling was performed on a one km straight line transect from May to August during the new moon.  Hydroacoustic transects were sampled for at least an hour before and after the sunrise (0400 – 0730 hours) and sunset (1830 – 2100 hours), and during mid-day (1130 – 1400 hours), and at night (2200 – 0030 hours).  No surveys occurred during 0730 – 1100 hours when other sampling was being performed, or during 1400 – 1800 hours when afternoon winds made hydroacoustic surveys impossible.  The hydroacoustic gear was calibrated before data collection each month by using a tungsten calibration sphere.  Locations were recorded every five seconds, using a global positioning system, and were used to calculate transect lengths.  Volumes sampled were determined from effective beam width, bottom depth, and distance traveled at 5-s intervals summed over each transect.  Transect volumes were parsed into 1-m depth strata to investigate fish vertical distribution.  Fish densities were determined by echocounting the individual tracked fish in 1-m depth strata within transects.  

Fish echoes were discriminated from noise using a fish target-tracking algorithm in EchoscapeTM.  Target selection criteria (Appendix I, Table B.I) used were recommended by the manufacturer to suit Blue Mesa Reservoir depths and target sizes of interest and had been used in previous hydroacoustic surveys of the reservoir (Johnson and Martinez 2000).  We tested the sensitivity of the fish counts by varying the following target-tracking parameters: echo selection criteria, ping gap, velocity, change in range, and expansion area, and reprocessing the data.  We found that the number of fish counted varied by less than 6% (coefficient of variation) and the standard deviation on fish counts by less than 2% (Appendix II, Table B.II), increasing our confidence in the nominal parameter set.  
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Echoes from YOY kokanee were classified on the basis of target strength (TS) estimated from observed growth and Love’s (1971) equation (Table B1).  Young-of-year growth was determined from catches in horizontal gillnets (stretch mesh sizes 1.3, 1.9, and 2.5 cm) and measurements of fish just prior to hatchery release (n = 275).  Because behavioral changes in fish aspect can cause wide variations in TS (Gunderson 1993), a range of +/- 3 dB was applied to the estimated TS of YOY.  This range corresponds to the average standard deviation of TS of individual tracked fish in our data and is consistent with values reported in the literature (MacLennan and Simmonds 1992; Ehrenberg and Torkelson 1996; Ransom et al. 1999).  Targets were classified as adult kokanee (ages 2, 3) in a similar fashion (Table B1) and for age 1 kokanee.  When overlap occurred between the ranges (+/- 3 dB) for age 1 and adult kokanee the overlapping TS range was split equally and allocated to each age category.  Age and growth data were not available for adult kokanee in 2002.  However, length-frequency histograms of kokanee sampled in vertical gillnets in August 2002, closely matched those observed in 1997 when otolith-derived growth rates were available (Stockwell and Johnson 1999).    

To describe temporal patterns in vertical distribution of kokanee we computed median, 25th and 75th percentiles, and the range of depths occupied by kokanee during each sampling interval.  To investigate differences in distribution between YOY and adult kokanee we computed the difference (adult – YOY) for each of the aforementioned statistics.  We also tested whether median depths of YOY kokanee differed from adults using the NPAR1WAY procedure in SAS 8.2 (2001), with Bonferroni correction for multiple comparisons. 

Results

Limnological conditions

In May the reservoir was nearly isothermal (Figure B1) and zooplankton density was low.  The entire water column was less than 10ºC, slowly decreasing to temperatures near 5ºC at 55 m.  Zooplankton density was highest near the surface (3.4 Daphnia/L), and gradually decreased with depth.  Water clarity was lowest in May with a Secchi depth of 3.9 m.    In June a thermocline occurred at 9 m, zooplankton densities were the highest of any observed (13.3 Daphnia/L at the surface) throughout the summer, and Secchi depth increased to 5.1 m.  By July and August the reservoir was strongly stratified, with the thermocline at approximately 13 m in both months; a second thermocline formed in August at 20 m.  Zooplankton densities were also relatively high in July (11.2 Daphnia/L at surface) and decreased in August (7.2 Daphnia/L between 5 – 10 m).  Zooplankton density in the upper 10 m of the water column for July and August was substantially greater (> 85% of total) than below 10 m (Figure B1).  The reservoir was somewhat clearer in July and August (Secchi = 7.0 and 5.6 m, respectively).

Young-of-year distribution

Overall, there appeared to be a gradual seasonal trend from a single, large DVM and deeper median depth distribution in May to multiple, smaller amplitude migrations and shallower median depths in August (Figure B2).  Young-of-year kokanee occupied daytime median depths of 75.5 m in May and June, 13.5 m in July, and 18.5 m in August.  In each month fish were least dispersed vertically at night and the median nighttime depth occupied varied between 21 m in May, 14 m in June, and 22 m in July and August.  

Young-of-year kokanee median depths were deeper in May and YOY performed larger DVM than later in the summer (Figure B2).  The median depths of the cohort were always located in depths where light was much less than the 0.001 lx threshold for kokanee visual feeding (Appendix III. Table B.III and Figure B3a).  Fish descended at around 0500 hours, spent the day at great depths (~75 m), and ascended to about 25 m after nightfall, performing a single migration per day (Figure B2a).

In June the YOY median depths continued to be distributed in deeper water during the day (Figure B2b), with some bimodality observed near 15 m of a smaller group of fish (Figure B3b).  Young-of-year descended later in the morning (0600 hours) and ascended earlier in the evening (1900 hours) than in May (Figure B2).  The fish appeared to perform a single DVM, as in May.  By July the cohort was much less dispersed in the water column than in May and June (Figure B3), with the median depths occurring between 10 and 20 m during the crepuscular and night periods (Figure B2c).  Fish distribution in July was more dispersed throughout the day than other time periods, with some clumping at depths of 65 m (Figure B3c).  In July, there appeared to be two diel vertical migrations of lower amplitude.   Fish were observed ascending for an extended period in the morning, descending at midday, then ascending again near the surface until about 2100 hours, and lastly descending to a nighttime depth of 20 m (Figure B2c and B3c).  In August fish showed the shallowest median distribution, between 10 and 40 m (Figure B2d).  The distribution pattern suggested multiple diel migrations per day of smaller amplitude.  

Fish distribution relative to feeding duration and predation risk

In May zooplankton densities were low (Figure B1) and estimated feeding rates (Appendix IV. Table B.IV) were the lowest of the summer; however, time to satiation was similar to other months because fish were small with smaller stomach capacities.   Young-of-year were not often observed in areas of lower time to satiation in May (Figure B3a).  In fact, they were observed less in areas where it was possible for kokanee feeding based on light and zooplankton distribution.  In May, kokanee predation risk from lake trout was high near the surface since the entire water column was less than 10ºC and light intensity was highest near the surface (Figure B4a).  The majority of YOY kokanee were located in low light areas (Appendix III Table B.III), away from the high predation risk areas.

In June zooplankton density was the highest measured for the summer with the highest feeding rates (Appendix IV, Table B.IV) in the upper 15 m.  Water clarity allowed sufficient light at dawn for kokanee to feed to a depth of 55 m, with a similar pattern at dusk.  In June, YOY were located in areas with the lower time to satiation especially during crepuscular periods, typically above 10˚C (Figure B3b).  During daylight hours, there was a bimodal distribution (Figure B3b) with some YOY still located near areas of low time to satiation but observed median depths were greater than 70 m (Figure B2b).  In June the 10ºC isotherm occurred around 15 m, with adequate light from late dawn to early dusk where predation could occur to 35 m.  Some fish were observed in the high predation risk areas but their densities were lower than in other areas (Figure B4b).  

In July and August light levels were available for kokanee feeding from dawn to dusk and penetrated to about 60 m midday for feeding.  Feeding rates (Appendix IV, Table B.IV) were always highest in the upper 15 m allowing for time to satiation of less than 12 h (Figure B3c and d).   In July 10ºC occurred deeper (~ 20 m), and water was clearer (Secchi depth of 7 m), allowing for adequate light penetration for predation to 50 m (Figure B4c).  In August 10ºC occurred slightly deeper (~ 22 m) than July, but light did not penetrate as deep so predation could occur to about 40 m during midday (Figure B4d).  In July during hours when light intensity was adequate for kokanee feeding, fish were located where time to satiation was lower (Figure B3c).  Fish observed in these areas were typically in temperatures above 10˚C during daylight hours or were between 60 and 70 m, away from high predation risk areas (Figure B4c).  In August YOY were located in areas where time to satiation was greater than 12 h but were low predation risk areas (Figure B3d and B4d).  Relatively few YOY were located at the deep daytime depths observed during the previous months.  In July and August, YOY were located near the thermocline during hours of darkness (15 – 22 m). 
Adult kokanee distribution

Adult kokanee did not display the large vertical migrations that were observed in YOY kokanee.  In May adult median depths were approximately at 15 m during hours of darkness with a small ascent to shallower waters during the crepuscular time periods; daytime depths were closer to 30 m (Figure B5a).  Daytime medians from June to July were from 6 to 15 m (Figure B5b and c) and fish were more aggregated about the thermocline in August from 14 to 30 m (Figure B5d).  Adult kokanee were typically located between 10 and 22 m during hours of darkness in May.  In August they were located a little deeper at 20 - 25 m.  Adult kokanee appeared to orient themselves at or just below the thermocline during hours of darkness, typically in temperatures from 11 – 13˚C during June to August.  Vertical migrations appeared to be of very small amplitude (~10 – 20 m) throughout the summer.

Median depths occupied by YOY in May were considerably deeper than the adults (Figure B6a), but were similar to the distribution of the larger fish in August (Figure B6b).  Throughout the summer median depths were significantly different during the day (90% of May, June, and July day transects; p<0.001 unless otherwise indicated), except in August (no transects were significantly different), whereas nighttime median depths were similar (13% significantly different in all night transects; Appendix V. Table B.V).  In May and June median depths of YOY were significantly different than the adults (64% and 58% respectively) primarily during crepuscular and daylight periods.  In July only 22% of all transects were significantly different with 17% of these transects occurring during day and crepuscular periods.  In August significant differences occurred during the dawn crepuscular period with only 8% of the YOY median depths different than the adults. 

Discussion

Diel vertical migration by juvenile sockeye salmon is well documented in the literature (Narver 1970; Brett 1971a; Eggers 1978; Levy 1987; Clark and Levy 1988; Scheuerell and Schindler In press).  However, fewer studies have investigated juvenile kokanee distributions (Finnel and Reed 1969; Beauchamp et al. 1997; Stockwell and Johnson 1999), and very little is known about YOY kokanee migrations (Johnston 1990).  The typical pattern for O. nerka (sockeye and kokanee collectively) migrations is fish ascending close to the surface at dusk, spending the night in shallow water, and descending at dawn to deep daytime depths (Narver 1970).  We will refer to this as “normal DVM”.  There are variations in this pattern as to depths, timing, numbers and durations of surface ascents (Northcote et al. 1964; Levy 1987).  A “reverse DVM” has also been described, particularly in very turbid waters, in which juvenile O. nerka ascend close to the surface by day and descend into deep water at dusk (Finnel and Reed 1969; Levy 1987).  It has been suggested that DVM patterns change from system to system, and can change temporally within systems, due to fish response to changing environmental and ecological conditions such as light intensity, predator influence and zooplankton productivity (Beauchamp et al. 1997; Stockwell and Johnson 1999).  

For DVM to persist there must be an ecological benefit to compensate for costs of migrating tens of meters and foregoing foraging opportunities in more productive surface waters.  Three single factor hypotheses have been proposed to explain DVM: foraging maximization (Janssen and Brandt 1980; Wurtsbaugh and Neverman 1988), growth maximization, (Brett 1971a) and predator avoidance (Eggers 1978; Clark and Levy 1988).  The foraging hypothesis posits that vertical migrations arise from fish following concentrations of vertically migrating prey so as to minimize search time and maximize capture rates.  Brett (1971a) proposed that growth maximization could be achieved by feeding in the warmer surface waters then vertically migrating through markedly different temperature zones, thus reducing daytime metabolic costs by thermoregulating in the cold hypolimnion.  Lastly, DVM has been suggested as a strategy to avoid visual predators by minimizing time spent foraging near the surface where the possibility of being seen by visual feeding piscivores is high (Eggers 1978; Werner et al. 1983).  A multifactor hypothesis called the “antipredation window” suggests that fish behavior is explained by a trade-off between foraging opportunity and predation risk (Clark and Levy 1988; Scheuerell and Schindler In press).  The complexity of the processes involved makes these hypotheses extremely difficult to study in a laboratory setting.  Thus, field observations in ecosystems like Blue Mesa Reservoir are particularly useful for evaluating these hypotheses since they span a variety of limnological conditions in which to compare and contrast the importance of each ecological strategy within a single system where predation pressure is intense (Johnson et al. 2002b).

Blue Mesa Reservoir is an unusual system, compared to other O. nerka lakes because it is located at relatively low latitude, with warm water temperatures, and high secondary productivity, supporting very high kokanee growth rates.  Young-of-year kokanee in Blue Mesa Reservoir are typically much larger (125 mm in August) than in many of the studies investigating YOY O. nerka in more northern lakes of British Columbia (53 mm in August; Narver 1970) and Idaho (30 – 80 mm in September; Beauchamp et al. 1997), where food may be more limited.  It also has a somewhat novel, deep-water predator (lake trout), unlike some of the more co-evolved systems with northern pikeminnow (Ptychocheilus oregonensis) and cutthroat trout (Oncorhynchus clarki) as predators (Beauchamp et al. 1995).  

The influence of Blue Mesa Reservoir’s deep-water predator and the reservoir’s unusual changing limnological conditions create seasonal variations in YOY kokanee distribution.  In May, YOY kokanee were shallow at night and deep during the day, displaying large vertical migrations, with a high amount of variation throughout the water column.  At this time the reservoir was nearly isothermal, with low zooplankton productivity and high predation risk.  This behavior provides evidence for refuting the foraging hypothesis, since fish are not orienting to higher Daphnia densities in the upper water column.  Furthermore, the lack of thermal stratification in May provides no bioenergetic advantage for performing vertical migrations to maximize growth.  Other studies have also documented O. nerka vertical migrations occurring during isothermal conditions, such as in Lake Washington, WA in autumn (Woodey 1972) and in Stanley Lake, ID in winter (Steinhart and Wurtsbaugh 1999).  This indicates that other selective forces, such as predation pressure, must be influencing the migration behavior.  

The greater opportunity for predation by lake trout in Blue Mesa Reservoir’s well-lit surface waters in May, may have limited near surface foraging opportunity for YOY kokanee to very small windows of low light intensity around dusk and dawn, as suggested by Clark and Levy (1988).  Similar limnological conditions occurred in Alturas Lake, ID in September (Beauchamp et al. 1997), where zooplankton densities were low and piscivore densities were high.  There, juvenile O. nerka ( 180 mm) were nearly absent from the limnetic zone in daylight hours and concentrated at colder intermediate depths (15- 30 m) during crepuscular and nocturnal periods.  Beauchamp et al. (1997) suggested that O. nerka consumed less and minimized metabolic costs in colder waters, optimizing growth efficiency and minimizing predation risk.  Young-of-year kokanee distribution in Blue Mesa Reservoir in May also best matched the antipredation window hypothesis.   Young-of-year spent time near the surface only during periods of low light intensity and primarily occupied areas of sufficient light for feeding but insufficient for predation by lake trout.   

Deep migrations at Blue Mesa Reservoir continued in June as the reservoir began to thermally stratify and produce greater surface zooplankton densities.  June had the highest zooplankton densities found throughout the summer.  Fish distribution had less variation throughout the water column than May, with fish concentrated at depths of higher zooplankton densities at crepuscular time periods, at the thermocline during nocturnal periods, and displaying a bimodal distribution during daylight hours.  During daylight fish were either oriented near high zooplankton densities (15 – 20 m) or very deep (70 m).  Daily bimodal distribution patterns of juvenile O. nerka have also been observed periodically in Babine Lake (Narver 1970), Lake Washington (Beauchamp et al. 1999), and Great Central Lake (Barraclough and Robinson 1972), and in previous research at Blue Mesa Reservoir (Stockwell and Johnson 1999).  It has been suggested that this depth segregation was the result of feeding by part of the juvenile sockeye population (Narver 1970; Woodey 1972).  We speculate that the bimodal distribution observed at Blue Mesa Reservoir was also likely due to feeding by part of the cohort since the upper modal depth was associated with the higher zooplankton densities and shorter time to satiation.  This distribution may represent two manifestations of the trade-off between profitable foraging opportunities (where light is available and zooplankton abundance is high) and predation risk, where the feeding opportunity may outweigh the predation risk for some fish.  Since we were unable to track lake trout distribution we can only assess spatial overlap and degree of predation risk by inferring favorable lake trout habitat from their thermal and light preferences.  However, the onset of thermal stratification in June provides some refuges for kokanee in which temperatures appear to be too warm for lake trout.  

By July and August the reservoir was strongly stratified while maintaining relatively high zooplankton abundance.  Young-of-year kokanee were less dispersed throughout the water column.  They were oriented near the upper 10 m at crepuscular periods (presumably feeding), at the thermocline during nocturnal periods, and still displayed some bimodality during daylight hours in July.  Evidence of large DVM was less apparent with most fish orienting near the surface throughout the diel cycle.  This behavior was similar to reverse migrations observed in another Colorado reservoir (Lake Granby) with kokanee and lake trout, where YOY oriented near the surface during the day and were deeper at night (Finnel and Reed 1969).  

In August, YOY distribution in Blue Mesa Reservoir was markedly different than May suggesting a seasonal ontogeny in DVM similar to that observed for older age classes in 1997 (Stockwell and Johnson 1999).  Strong thermal stratification in late summer created a large surface volume that served as a refuge from lake trout predation.  This thermal refuge relieved the predation pressure in the surface waters allowing YOY kokanee to exploit high epilimnetic prey densities.  Beauchamp et al. (1997) documented similar behavior in Stanley Lake, ID where smaller fish (≤ 180 mm) were oriented towards the surface when zooplankton densities were high in the epilimnion (temperatures 14 -18ºC) and piscivore densities were low.  They observed that under favorable predator conditions (low predator numbers) O. nerka occupy shallower depths with warmer temperatures and high zooplankton densities, and grow faster but less efficiently.  The conditions at Blue Mesa Reservoir in August allowed for increased YOY foraging opportunities throughout the day with a minimal predation risk in the warmer, surface waters.  The YOY distribution in August is likely explained at least partially by the antipredation window hypothesis but that the “window” is of much longer duration than in other lakes due to the onset of a thermal refuge from lake trout.

Further evidence that predation risk may be an important driver of migration strategies at Blue Mesa Reservoir is provided by the difference between YOY and adult kokanee distributions.  Mortality of juvenile sockeye can surpass 90% in some lakes (Brett and McConnell 1951; Foerster 1968) primarily from predation by piscivores (Ricker 1941).  In May YOY were typically located at depths 20 – 40 m deeper than adult kokanee, where light levels were too low for predation to occur.  In August distribution of YOY matched that of adults during periods of low light intensity, and YOY were located in the shallower, warmer waters that were unavailable to lake trout during the daylight hours.  These results suggest a seasonal ontogenetic shift in DVM (Bevelhimer and Adams 1993) as predation risk and foraging opportunities change.

Bevelhimer and Adams (1993) concluded, based on bioenergetic modeling, that DVM can be advantageous when kokanee and their prey are thermally segregated.  My investigation did not adequately assess the energetic benefits associated with observed migrations.  With the data at hand it was not possible to adequately refute or entirely support the ecological advantage of increased bioenergetic efficiency through migrations, but it is likely to be only one of several factors influencing DVM at Blue Mesa Reservoir.  However, our results did show that DVM still occurred even when there was minimal thermal stratification in May, suggesting that high predation risk and limited food availability may have driven migration at this time.  Furthermore, the reverse migration behavior in August suggests that fish are not taking advantage of energetic benefits associated with thermoregulation through migrations and are instead feeding more, but growing less efficiently.  This behavior diverges from other O. nerka systems with more co-evolved predators and may be attributed to the thermal refuge occurring in Blue Mesa Reservoir that reduces seasonal overlap with predators.  In Lake Ozette, WA (Beauchamp et al. 1995) and Lake Washington, WA (Beauchamp et al. 1997) O. nerka were limited to feeding primarily during crepuscular periods by more spatial overlap with their primary predators, cutthroat trout and northern pikeminnow.  This behavior was also observed in Lake Kulik and Lake Nerka in Alaska, particularly in September when density of predators, arctic char (Salvelinus alpinus) and dolly varden (S. malma), increased (Scheuerell and Schindler In press).

In any system, including Blue Mesa Reservoir, DVM is likely to be the product of the combined effects of predator avoidance, foraging efficiency, and growth maximization.  However, the relative importance of these drivers changes seasonally and from system to system (Bevelhimer and Adams 1993; Beauchamp et al. 1997; Stockwell and Johnson 1999; Scheuerell and Schindler In press).  The changes in YOY distribution in Blue Mesa Reservoir from deep DVM in May to shallow DVM in August suggest that YOY kokanee were not using DVM to maximize energetic efficiency, but rather to avoid predators.  Further, the change in behavior indicates 1) that kokanee were responding to seasonal changes in their predator environment and 2) that DVM in O. nerka is a plastic behavior.  Thus, observations at BMR provide support for the generality of the antipredation window hypothesis, making this a robust explanation for kokanee and sockeye migration behavior over a wide range of systems exhibiting different thermal, food, and predator conditions.

Literature Cited

Ali, M. A. 1959. The ocular structure, retinomotor and photobehavioral responses of juvenile pacific salmon. Canadian Journal of Zoology 37:965-996.

Barraclough, W. E., and D. Robinson. 1972. The fertilization of Great Central Lake III.  Efffect on juvenile sockeye salmon. Fishery Bulletin 70:37-48.

Beauchamp, D. A., C. M. Baldwin, J. L. Vogel, and C. P. Gubala. 1999. Estimating diel, depth-specific foraging opportunities with a visual encounter rate model for pelagic piscivores. Canadian Journal of Fisheries and Aquatic Sciences 56:128-139.

Beauchamp, D. A., M. G. La Riviere, and G. L. Thomas. 1995. Evaluation of competition and predation as limits to juvenile kokanee and sockeye salmon production in Lake Ozette, Washington. North American Journal of Fisheries Management 15:193-207.

Beauchamp, D. A., and coauthors. 1997. Hydroacoustic assessment of abundance and diel distribution of sockeye salmon and kokanee in the Sawtooth Valley lakes, Idaho. North American Journal of Fisheries Management 17:253-267.

Bevelhimer, M. S., and S. M. Adams. 1993. A bioenergetics analysis of diel vertical migration by kokanee salmon, Oncorhynchus nerka. Canadian Journal of Fisheries and Aquatic Sciences 50:2336-2349.

Brett, J. R. 1971a. Energetic responses of salmon to temperature: a study of some thermal relations in the physiology and freshwater ecology of sockeye salmon (Oncorhynchus nerka). American Zoology 11:99-113.

Brett, J. R. 1971b. Satiation time, appetite, and maximum food intake of sockeye salmon (Oncorhynchus nerka). Journal of Fisheries Research Board of Canada 28:409-415.

Brett, J. R., and J. A. McConnell. 1951. Lakelse Lake sockeye survival. Journal of Fisheries Research Board of Canada 8:103-110.

Carpenter, S. R., J. F. Kitchell, and J. R. Hodson. 1985. Cascading interactions and lake productivity. Bioscience 35:634-639.

Clark, C. W., and D. A. Levy. 1988. Diel vertical migrations by juvenile sockeye salmon and the antipredation window. American Naturalist 131:271-290.

DeVries, D. R., and R. A. Stein. 1992. Complex interactions between fish and zooplankton:  quantifying the role of an open-water planktivore. Canadian Journal of Fisheries and Aquatic Sciences 49:1216-1227.

Eggers, D. M. 1978. Limnetic feeding behavior of juvenile sockeye salmon in Lake Washington and predator avoidance. Limnology and Oceanography 23(6):1114-1125.

Ehrenberg, J. E., and T. C. Torkelson. 1996. Application of dual-beam and split-beam target tracking in fisheries acoustics. ICES Journal of Marine Science 53:329-334.

Finnel, L. M., and E. B. Reed. 1969. The diel vertical movements of kokanee salmon, Oncorhynchus nerka, in Granby Reservoir, Colorado. Transactions of American Fisheries Society 98:245-252.

Foerster, R. E. 1968. The sockeye salmon, Oncorhynchus nerka. Bulletin of Fisheries Research Board of Canada 162:422.

Goyke, A. P., and S. B. Brandt. 1993. Spatial models of salmonine growth rates in Lake Ontario. Transactions of the American Fisheries Society 122:870-883.

Gunderson, D. R. 1993. Survey of fisheries resources. Wiley, New York.

Horne, A. J., and C. R. Goldman. 1994. Limnology, 3rd edition. McGraw-Hill Inc., New York.

Idso, S. B., and R. G. Gilbert. 1974. Universality of Poole and Atkins secchi disk-light extinction equation. Journal of Applied Ecology 11:399-401.

Janiczeck, P. M. J., and A. J. DeYoung. 1987. Computer programs for sun and moon illuminance with contingent tables and daigrams. U. S. Naval Observatory Circular 171:1-32.

Janssen, J., and S. B. Brandt. 1980. Feeding ecology and vertical migration of adult alewives (Alosa pseudoharengus) in Lake Michigan. Canadian Journal Fisheries and Aquatic Sciences 37:177-184.

Johnson, B. M., and coauthors. 2002a. Ecological effects of reservoir operations on Blue Mesa Reservoir. U. S. Bureau of Reclamation, Fort Collins, CO.

Johnson, B. M., J. M. Hardiman, and H. Crockett. 2001. Ecological effects of reservoir operations on Blue Mesa Reservoir. U. S. Bureau of Reclamation, Fort Collins, CO.

Johnson, B. M., and P. J. Martinez. 2000. Trophic Economics of Lake Trout Mangement in Reservoirs of Differing Productivity. North American Journal of Fisheries Management 20:127-143.

Johnson, B. M., P. J. Martinez, and J. D. Stockwell. 2002b. Tracking trophic interactions in coldwater reservoirs using naturally occurring stable isotopes. Transactions of American Fisheries Society 131:1-13.

Johnson, B. M., M. J. Wise, C. J. Cournard, and G. Szerlong. 1995. Ecological effects of resrvoir operations on Blue Mesa Reservoir. Colorado State University, Fort Collins, CO.

Johnston, N. T. 1990. A comparison of the growth of vertically-migrating and nonmigrating kokanee (Oncorhynchus nerka) fry. Canadian Journal of Fisheries and Aquatic Science 47:486-491.

Koski, M. L., and B. M. Johnson. 2002. Functional response of kokanee salmon (Oncorhynchus nerka) to Daphnia at different light levels. Canadian Journal of Fisheries and Aquatic Sciences 59:707-716.

Levy, D. A. 1987. Review of the ecological significance of diel vertical migrations by juvenile sockeye salmon (Oncorhynchus nerka). Pages 44-52 in H. D. Smith, L. Margolis, and C. C. Wood, editors. Sockeye salmon (Oncorhynchus nerka) population biology and future management. Canadian Special Publication of Fisheries and Aquatic Sciences.

Levy, D. A. 1990. Sensory mechanism and selective advantage for diel vertical migration in juvenile sockeye salmon Oncorhynchus nerka. Canadian Journal of Fisheries and Aquatic Sciences 47:1796-1802.

Lind, O. T. 1979. Handbook of common methods in limnology. C. V. Mosby, Co., Saint Louis, MO.

MacLennan, D. N., and J. E. Simmonds. 1992. Fisheries acoustics. Chapman & Hall, New York.

Madenjian, C. P., and D. V. O'Connor. 1999. Laboratory evaluation of a lake trout bioenergetics model. Transactions of the American Fisheries Society 128:802-814.

Magnuson, J. J., L. B. Crowder, and P. A. Medvick. 1979. Temperature as an ecological resource. American Zoologist 19:331-343.

Martin, N. V., and C. H. Olver. 1980. The lake charr, Salvelinus namaycush. E. K. Balon, editor. Charrs: Salmonid fished of the genus Salvelinus. D. W. Junk Publishers, The Hague, The Netherlands.

Mason, D. M., A. P. Goyke, and S. B. Brandt. 1995. A spatially explicit bioenergetics measure of habitat quality for adult salmonines:  Comparison between Lakes Michigan and Ontario. Canadian Journal of Fisheries and Aquatic Sciences 52:1572-1583.

Mazur, M. M., and D. A. Beauchamp. In press. A comparison of visual prey detection among species of piscivorous salmonids: effects of light and low turbidities. Environmental Biology of Fishes.

Mittlebach, G. G. 1981. Foraging efficiency and body size: a study of optimal diet and habitat use by bluegills. Ecology 62:1370-1386.

Narver, D. W. 1970. Diel vertical movements and feeding of underyearling sockeye salmon and limnetic zooplankton in Babine Lake, British Columbia. Journal of Fisheries Research Board of Canada 27:281-316.

Northcote, T. G., H. W. Lorz, and J. C. MacLeod. 1964. Studies on diel vertical movements of fishes in a British Columbia lake. Internationale Vereinigung fuer Theoretische und Angewandte Limnologie Verhandlungen 15:940-946.

Paragamian, V. L., and E. C. Bowles. 1995. Factors affecting survival of kokanees stocked in Lake Pend Oreille, Idaho. North American Journal of Fisheries Management 15:208-219.

Ransom, B. H., and coauthors. 1999. Using hydroacoustics for fisheries Assessment. Hydroacoustics Technology Inc, Seattle, WA.

Ricker, W. E. 1941. The consumption of young sockeye salmon by predaceous fish. Journal of Fisheries Research Board of Canada 5:293-313.

SAS. 2001. SAS Institute Inc., Cary, NC.

Scheuerell, M. D., and D. E. Schindler. In press. Diel vertical migration by juvenile sockeye salmon: empircial evidence for the antipredation window. Ecology.

Steinhart, G. B., and W. A. Wurtsbaugh. 1999. Under-ice diel vertical migrations of Oncorhynchus nerka and their zooplankton prey. Canadian Journal Fisheries and Aquatic Sciences 56:152-161.

Stewart, D. J., D. W. Weininger, D. V. Rottiers, and T. A. Edsall. 1983. An energetics model for lake trout: application to the Lake Michigan population. Canadian Journal of Fisheries and Aquatic Sciences 40:681-698.

Stockwell, J. D., K. L. Bonfantine, and B. M. Johnson. 1999. Kokanee Foraging:  A Daphnia in the Stomach is Worth Two in the Lake. Transactions of the American Fisheries Society 128:169-174.

Stockwell, J. D., and B. M. Johnson. 1997. Refinement and calibration of a bioenergetics-based foraging model for kokanee (Oncorhynchus nerka). Canadian Journal of Fisheries and Aquatic Sciences 54:2659-2676.

Stockwell, J. D., and B. M. Johnson. 1999. Field evaluation of a bioenergetics-based foraging model for kokanee (Oncorhynchus nerka). Canadian Journal of Fisheries and Aquatic Sciences 56(Suppl. 1):140-151.

Werner, E. E., J. F. Gilliam, D. J. Hall, and G. G. Mittlebach. 1983. An experimental test of the effects of predation risk on habitat use in fish. Ecology 64:1540-1548.

Wetzel, R. G., and G. E. Likens. 1991. Limnological Analyses, Springer-Verlag, New York.

Woodey, J. C. 1972. Distribution, feeding, and growth of juvenile sockeye salmon in Lake Washington. Ph.D. University of Washington, Seattle, WA.

Wurtsbaugh, W. A., and D. Neverman. 1988. Post-feeding thermotaxis and daily vertical migration in a larval fish. Nature 333:846-848.

Table B1.  Mean total lengths (TL) of young-of-year (YOY) and age 2 and 3 (adult) kokanee in Blue Mesa Reservoir in 2002 estimated from growth curves and their target strength (TS) equivalents computed from Love’s (1971) equation. Bounds for classifying age groups are approximately +/- 3 dB.

	
	
	
	
	Bounds for classifying age groups

	
	
	Mean TL
	TS
	TS (dB)
	TL (mm)

	Date
	Age group
	(mm)
	(dB)
	lower
	upper
	lower
	upper

	May 7-11
	YOY
	  68
	-48.2
	-51.2
	-45.2
	  48
	  98

	
	Adult
	321
	-35.3
	-37.7
	-32.3
	239
	461

	June 1-5
	YOY
	  86
	-46.2
	-49.2
	-43.2
	  60
	123

	
	Adult
	329
	-35.1
	-37.3
	-32.1
	251
	472

	July 9-10
	YOY
	107
	-44.4
	-47.4
	-41.4
	  74
	153

	
	Adult
	351
	-34.6
	-36.7
	-31.6
	272
	504

	August 5-6
	YOY
	122
	-43.3
	-46.3
	-40.3
	  85
	176

	 
	Adult
	362
	-34.3
	-36.3
	-31.3
	284
	520
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Figure B1
Daphnia densities, temperature profiles, and Secchi depths during diel hydroacoustic surveys, May to August, 2002 in Blue Mesa Reservoir, CO.

Figure B2
Diel vertical distribution of young-of-year kokanee targets in Blue Mesa Reservoir in early A) May, B) June, C) July, and D) August, 2002, shown as median (dashes), 25th and 75th percentiles (boxes), and range (vertical lines) of depths.  Arrows indicate time of sunrise and sunset.

Figure B3
Diel vertical distribution of young-of-year kokanee targets from hydroacoustic transects showing time to satiation estimated from kokanee size, Daphnia densities, water clarity, and a light dependent functional response from early A) May, B) June, C) July, and D) August, 2002, at Blue Mesa Reservoir, CO.  Scales are kokanee/m3 densities and are different for each month.  Time scales represent a series of transects from about an hour before and after the sunrise (0400 – 0730 hours) and sunset (1830 – 2100 hours), and during mid-day (1130 – 1400 hours), and at night (2200 – 0030 hours) for each month.

Figure B4
Diel vertical distribution of young-of-year kokanee targets from hydroacoustic transects showing regions where light ≥ 0.5 lx (hatched lines) and areas where temperature < 10˚C and light ≥ 0.5 lx (cross-hatched lines) from early A) May, B) June, C) July, and D) August.  Cross-hatched areas indicate regions of highest predation risk from lake trout.  Scales are kokanee/m3 densities and are different for each month.  Time scales represent a series of transects from about an hour before and after the sunrise (0400 – 0730 hours) and sunset (1830 – 2100 hours), and during mid-day (1130 – 1400 hours), and at night (2200 – 0030 hours) for each month.

Figure B5 
Diel vertical distribution of adult kokanee targets in Blue Mesa Reservoir, CO in early A) May, B) June, C) July, and D) August 2002 shown as median (dashes), 25th and 75th percentiles (boxes), and range (vertical lines) of depths.  Arrows indicate time of sunrise and sunset.

Figure B6
Differences in the diel vertical distribution of adult kokanee minus young-of-year (YOY) for the median (dashes), 25th and 75th percentiles (boxes), and range (vertical lines) of depths in Blue Mesa Reservoir, CO in early A) May and B) August, 2002.  Arrows indicate time of sunrise and sunset.
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Appendices
Appendix I

Table B.I. Configuration file for Echoscape™ for hydroacoustic data collection with HTI model 243 echosounder at Blue Mesa Reservoir, May through August, 2002.
	[Output File Settings]                                                

Enable_Automatic_FileNaming=1
	
	
	
	
	
	

	Verbose_Auto_FileNaming=0
	
	
	
	
	
	

	Enable_Hourly_Datafiles=1
	
	
	
	
	
	

	OutputFile_Name=RECONNECT TEST
	
	
	
	
	
	

	OutputFile_Directory=C:\HTI\Dep\data\
	
	
	
	
	

	Save_Bottom_GPS_Info=1
	
	
	
	
	
	

	BottomFile_Interval_InSecs=5
	
	
	
	
	
	

	[Reference Angles]
	
	
	
	
	
	
	
	

	Rotator_1=0.00,0.00
	
	
	
	
	
	
	

	Rotator_2=0.00,0.00
	
	
	
	
	
	

	[Mux Channels]
	
	
	
	
	
	
	
	

	Channel_1=C:\HTI\DEP\93-024 15-2002.cal
	
	
	
	
	
	
	

	[Sampling Definition]
	
	
	
	
	
	
	
	

	Auto_Randomize_Mode=0
	
	
	
	
	
	

	Auto_Randomize_Hour=6
	
	
	
	
	
	

	SampleWithinAnHour=0
	
	
	
	
	
	

	Starting_Sequence=1
	
	
	
	
	
	

	Total_Sequences=1
	
	
	
	
	
	

	Sequence_1=1,60.00,0.00,0.00,5.0,0,K
	
	
	
	
	
	
	

	[Sequence_1 SamplePeriod_1 Settings]
	
	
	
	
	
	
	
	

	Mux_Channel=1
	
	
	
	
	
	

	Transmitter_State=On
	
	
	
	
	
	
	

	Transmit_Power=25
	
	
	
	
	
	

	Pulse_Width=0.2
	
	
	
	
	
	


	Table B. I. Continued.


	
	
	
	
	
	

	Pulse_Spacing=10.0
	
	
	
	
	
	
	

	Period_Interval=200.0
	
	
	
	
	
	

	Ping_Rate=5.0000
	
	
	
	
	
	

	Receiver_Gain=-6
	
	
	
	
	
	
	

	Detected_40Log_Tvg=40.0
	
	
	
	
	
	
	

	Detected_20Log_Tvg=20.0
	
	
	
	
	
	

	Tvg_Start1.0
	
	
	
	
	
	

	Tvg_End=100.0
	
	
	
	
	
	
	

	Tvg_Crossover=11.2
	
	
	
	
	
	
	

	Tvg_Gain=0.0
	
	
	
	
	
	

	Tvg_Alpha=0.0
	
	
	
	
	
	
	

	Tvg_Blanking=Both Start/End
	
	
	
	
	
	
	

	Speed_Sound=1500.0
	
	
	
	
	
	

	Chirp_BandWidth=10.0
	
	
	
	
	
	

	Chirp_Pulse_Width=1.25
	
	
	
	
	
	

	Use_PW_Criteria_6_12_18=1,0,0
	
	
	
	
	
	

	Min_Vert_OffAxis_Angle=-7.5
	
	
	
	
	

	Max_Vert_OffAxis_Angle=7.5
	
	
	
	
	

	Min_Horz_OffAxis_Angle=-7.5
	
	
	
	
	

	Max_Horz_OffAxis_Angle=7.5
	
	
	
	
	

	Minimum_Beam_Pattern_Factor=-12.0
	
	
	
	
	

	Min_-6dB_Samples=4
	
	
	
	
	
	

	Max_-6dB_Samples=12
	
	
	
	
	
	

	Min_-12dB_Samples=2
	
	
	
	
	
	

	Max_-12dB_Samples=14
	
	
	
	
	
	

	Min_-18dB_Samples=1
	
	
	
	
	
	

	Max_-18dB_Samples=16
	
	
	
	
	
	

	Enable_Fish_Tracking=1
	
	
	
	
	
	

	Ping_Count=5
	
	
	
	
	
	

	Ping_Gap=5
	
	
	
	
	
	

	Change_Range=0.2
	
	
	
	
	
	

	Velocity=5.0
	
	
	
	
	
	

	Initial_Slope=0.0
	
	
	
	
	
	

	Enable_3D_Tracking=1
	
	
	
	
	
	

	Expansion_Exponent=0.2
	
	
	
	
	
	

	Distance_Filter_On=0
	
	
	
	
	
	

	Table B.I. Continued.


	
	
	
	
	
	

	Distance_PlaneX=0.2
	
	
	
	
	
	

	Distance_PlaneY=0.2
	
	
	
	
	
	

	Distance_PlaneZ=0.2
	
	
	
	
	
	

	Water_Flow_Direction=UpToDown
	
	
	
	
	
	

	Average_TS_Filter_On=0
	
	
	
	
	
	

	Average_Min_TS=-70.0
	
	
	
	
	
	

	Average_Max_TS=-10.0
	
	
	
	
	
	

	Bottom_Tracking_Mode=Auto_Acquire_Chn2
	
	
	
	
	
	

	Fixed_Bottom_Depth=31.0
	
	
	
	
	
	

	Bottom_Window=3.0
	
	
	
	
	
	

	Bottom_Threshold=2.0
	
	
	
	
	
	

	Bottom_MaxMissed_Pings=5
	
	
	
	
	
	

	Rotator_Number=0
	
	
	
	
	
	

	Pan_Degree=0.0
	
	
	
	
	
	
	

	Tilt_Degree=0.0
	
	
	
	
	
	
	

	Print_Echogram=1
	
	
	
	
	
	
	

	Print_Integration_Data=0
	
	
	
	
	
	
	

	Print_Start_Range=1.0
	
	
	
	
	
	

	Print_End_Range=60.0
	
	
	
	
	
	

	Grid_Mark_Spacing=5.0
	
	
	
	
	
	

	Printing_Width=8.0
	
	
	
	
	
	

	Printing_Threshold=156.0
	
	
	
	
	
	
	

	Paper_Speed=3
	
	
	
	
	
	

	Print_Tvg_Channel=40
	
	
	
	
	
	
	

	Save_Raw_Echoes=1
	
	
	
	
	
	

	Save_TrackedFish_Echoes=1
	
	
	
	
	
	

	Save_TrackedFish=1
	
	
	
	
	
	

	Save_Summary_Info=0
	
	
	
	
	
	

	Save_Integration_Info=1

[Sequence_1 SamplePeriod_1 Strata]

Integration_On=1

Total_Stratum=20

Stratum_1=2.00,5.00,0.172,0.025,0.00500

Stratum_2=5.00,10.00,0.172,0.025,0.00500

Stratum_3=10.00,15.00,0.172,0.025,0.00500

Stratum_4=15.00,20.00,0.172,0.025,0.00500

Stratum_5=20.00,25.00,0.172,0.025,0.00500

Table B. I. Continued.

Stratum_6=25.00,30.00,0.172,0.025,0.00500

Stratum_7=30.00,35.00,0.172,0.025,0.00500

Stratum_8=35.00,40.00,0.172,0.025,0.00500

Stratum_9=40.00,45.00,0.172,0.025,0.00500

Stratum_10=45.00,50.00,0.172,0.025,0.00500

Stratum_11=50.00,55.00,0.172,0.025,0.00500

Stratum_12=55.00,60.00,0.172,0.025,0.00500

Stratum_13=60.00,65.00,0.172,0.025,0.00500

Stratum_14=65.00,70.00,0.172,0.025,0.00500      

Stratum_15=70.00,75.00,0.172,0.025,0.00500

Stratum_16=75.00,80.00,0.172,0.025,0.00500

Stratum_17=80.00,85.00,0.172,0.025,0.00500

Stratum_18=85.00,90.00,0.172,0.025,0.00500

Stratum_19=90.00,95.00,0.172,0.025,0.00500

Stratum_20=95.00,100.00,0.172,0.025,0.00500
	
	
	
	
	
	


Appendix II

Table B.II.  Sensitivity analysis of echo selection criteria for fish tracking.  Responses tested were: number of tracked fish, standard deviation (SD), coefficient of variation (CV), and number of fish with a target strength (TS) range greater than 12 dB.  An individual tracked fish file from Echoscape™ was selected and changes were made to one of the real-time tracking parameters, then it was reprocessed to test for differences in the mean number of tracked fish and their TS and variability.  The most conservative approach changed all the listed parameters and then reprocessed the data and compared means.

	 
	 
	Tracked Fish File Means
	 

	
	
	
	
	
	Fish with

	Nominal real-time tracked parameters
	Tracked Fish
	  SD
	CV
	Echoes/fish
	TS_Range > 12

	Echo selection criteria = - 6 db
	152
	4.03
	9.0%
	10
	63

	
	
	
	
	
	

	Echo selection = all checked
	153
	4.03
	9.0%
	10
	63

	
	
	
	
	
	

	Ping_gap = 4
	146
	3.93
	9.0%
	10
	58

	
	
	
	
	
	

	Ping_gap = 3
	140
	3.96
	9.0%
	10
	58

	
	
	
	
	
	

	Velocity = 4
	153
	4.06
	9.0%
	9
	61

	
	
	
	
	
	

	Velocity = 3
	146
	4.11
	9.0%
	9
	63

	
	
	
	
	
	

	Change_Range = 0.1
	137
	4.02
	9.0%
	9
	55

	
	
	
	
	
	

	Expansion_Exp = 0.1
	153
	3.91
	9.0%
	10
	59

	
	
	
	
	
	

	
	
	
	
	
	

	
	
	
	
	
	

	Table B.II. Continued.
	
	
	
	
	

	
	
	Tracked fish file means
	

	
	
	
	
	
	Fish with

	Nominal real-time tracked parameters
	Tracked Fish
	  SD
	CV
	Echoes/fish
	TS_Range > 12

	Most conservative combination:

Echo selection= all checked, 

Ping_gap=3, Velocity= 3, 

Change_Range = 0.1, Expansion_Exp =0.1
	122
	4.11
	9.5%
	10
	54

	Mean
	145
	4.02
	
	9.6
	59

	
	
	
	
	
	

	Standard deviation
	10.37
	0.07
	
	0.15
	3.43

	
	
	
	
	
	

	Coefficient of variation
	7.2%
	1.7%
	
	1.6%
	5.8%


Appendix III

Table B.III.  Summary of thermal and light conditions for median depths of young-of-year kokanee observed from hydroacoustic transects at Blue Mesa Reservoir, 2002.  

	Date
	Time
	Median
	       Light (lx)
	Temperature at

	
	(24 h)
	depth (m)
	       at median
	Median

	May 7-11
	4:44
	25.5
	0.00000
	<10

	
	5:06
	27.5
	0.00000
	<10

	
	5:29
	40.5
	0.00000
	<10

	
	5:57
	43.5
	0.00001
	<10

	
	6:21
	38.5
	0.00018
	<10

	
	6:54
	63.5
	0.00000
	<10

	
	7:08
	65.5
	0.00000
	<10

	
	7:32
	70.5
	0.00000
	<10

	
	11:21
	72.5
	0.00000
	<10

	
	11:55
	75.5
	0.00000
	<10

	
	12:33
	69.5
	0.00000
	<10

	
	13:04
	62.5
	0.00000
	<10

	
	13:37
	48.5
	0.00007
	<10

	
	14:01
	72.5
	0.00000
	<10

	
	18:21
	70.5
	0.00000
	<10

	
	18:51
	69.5
	0.00000
	<10

	
	19:14
	67.5
	0.00000
	<10

	
	19:45
	65.5
	0.00000
	<10

	
	20:18
	44.5
	0.00000
	<10

	
	20:49
	29.5
	0.00000
	<10

	
	21:54
	22.5
	0.00000
	<10

	
	22:19
	22.5
	0.00000
	<10

	
	22:44
	18.5
	0.00000
	<10

	
	23:11
	19.5
	0.00000
	<10

	
	23:33
	21.5
	0.00000
	<10

	
	23:52
	20.5
	0.00000
	<10

	June 1-5
	 4:09
	8.5
	0.00015
	12.4

	
	 4:38
	14.5
	0.00040
	9.9

	
	 5:09
	23.5
	0.00290
	<10

	
	 5:39
	18.5
	0.00290
	<10

	
	 6:08
	18.5
	9.92700
	<10

	
	 6:37
	50.5
	0.00060
	<10


	Table B. III. Continued.
	

	Date
	Time
	Median
	Light (lx) at
	Temperature at

	
	(24 h)
	depth (m)
	median
	Median

	
	12:35
	75.5
	0.00000
	<10

	
	13:05
	72.5
	0.00000
	<10

	
	18:53
	43.5
	0.01130
	<10

	
	19:20
	27.5
	1.26800
	<10

	
	19:47
	27.5
	0.43100
	<10

	
	20:21
	18.5
	1.67100
	<10

	
	  20:49
	11.5
	0.10700
	     10.4

	
	  21:35
	13.5
	0.00040
	     10.1

	
	  22:28
	11.5
	0.00000
	     10.4

	
	  22:52
	15.5
	0.00000
	<10

	
	  23:44
	14.5
	0.00000
	<10

	
	0:04
	16.5
	0.00000
	<10

	
	0:31
	12.5
	0.00000
	    10.2

	July 9-10
	3:49
	18.5
	0.00000
	    11.6

	
	4:20
	18.5
	0.00000
	    11.6

	
	4:50
	15.5
	0.00140
	    13.5

	
	5:26
	13.5
	2.05500
	    14.8

	
	5:56
	14.5
	60.94500
	 14

	
	6:28
	14.5
	225.96000
	 14

	
	12:04
	13.5
	4841.00000
	    14.8

	
	12:34
	33.5
	38.26000
	<10

	
	13:04
	49.5
	0.79400
	<10

	
	13:33
	17.5
	1873.00000
	     12.3

	
	18:48
	12.5
	1264.00000
	     15.9

	
	19:19
	14.5
	422.00000
	  14

	
	19:49
	14.5
	155.00000
	  14

	
	20:19
	12.5
	56.00000
	     15.9

	
	20:50
	13.5
	0.40200
	     14.8

	
	21:20
	17.5
	0.00090
	     12.3

	
	21:51
	18.5
	0.00000
	     11.6

	
	22:43
	18.5
	0.00000
	     11.6

	
	23:03
	20.5
	0.00000
	     10.3

	
	23:26
	22.5
	0.00000
	~10

	
	23:52
	19.5
	0.00000
	    10.8

	
	 0:13
	20.5
	0.00000
	    10.3

	
	 0:39
	21.5
	0.00000
	~10

	August 5-6
	 4:30
	22.5
	0.00000
	~10

	
	 4:56
	22.5
	0.00000
	~10

	
	 5:52
	14.5
	0.44900
	    17.6


	Table B. III. Continued.
	
	

	Date
	Time
	Median
	Light (lx) at
	Temperature at

	
	(24 h)
	depth (m)
	median
	Median

	
	 6:23
	13.5
	34.00000
	 18

	
	 6:49
	22.5
	8.80000
	~10

	
	 7:18
	18.5
	70.00000
	 15

	
	11:43
	18.5
	442.00000
	 15

	
	12:05
	29.5
	16.00000
	<10

	
	12:27
	15.5
	1166.00000
	17

	
	12:50
	15.5
	1177.00000
	17

	
	13:15
	14.5
	1596.00000
	   17.6

	
	18:33
	21.5
	41.80000
	~10

	
	18:56
	39.5
	0.09700
	               <10

	
	19:17
	18.5
	30.80000
	   15

	
	19:39
	24.5
	2.10000
	~10

	
	20:01
	20.5
	2.30000
	     12.7

	
	20:24
	21.5
	0.06000
	~11

	
	20:50
	22.5
	0.00018
	~10

	
	22:23
	23.5
	0.00000
	~10

	
	22:44
	23.5
	0.00000
	~10

	
	23:05
	23.5
	0.00000
	~10

	
	23:26
	22.5
	0.00000
	~10

	
	23:45
	22.5
	0.00000
	~10

	
	0:08
	22.5
	0.00000
	~10


Appendix IV

Table B. IV.  Summary of feeding rates and time to satiation calculated using a light-dependent functional response model for young-of-year kokanee at Blue Mesa Reservoir, May through August 2002. ZP refers to zooplankton.  Fish weights used in functional response models were 2.39g, 4.73 g, 9.16 g, and 14.04 g for May, June, July and August and stomach capacities were 0.293 g, 0.509 g, 0.855 g, and 1.18 g for May, June, July, and August.  

	
	
	
	30 min before sunrise
	30 min after sunrise
	Midday (1200 hours)

	
	Depth
	ZP Density
	
	Feeding rate
	Time to
	
	Feeding rate
	Time to
	
	Feeding rate
	Time to

	Month
	(m)
	Daphnia/L
	Light (lx)
	Daphnia/min
	Satiation (h)
	Light (lx)
	Daphnia/min
	Satiation (h)
	Light (lx)
	Daphnia/min
	Satiation (h)

	May
	0
	 3.4
	1.722
	 6.0
	  5.0
	  3480.393
	12.2
	2.4
	 110080.200
	12.2
	  2.4

	
	5
	 3.4
	0.189
	 6.0
	  5.0
	  382.645
	12.2
	2.4
	 12102.560
	12.2
	  2.4

	
	10
	 3.4
	0.021
	 5.9
	  5.1
	   42.069
	12.1
	2.5
	  1330.593
	12.1
	  2.5

	
	15
	 1.3
	0.000
	 2.3
	 13.2
	    4.625
	 4.9
	6.1
	   146.290
	 4.9
	  6.1

	
	20
	 0.3
	0.000
	 0.0
	infinite
	    0.509
	 0.5
	63.5
	    16.084
	 1.0
	 28.8

	
	25
	 0.3
	0.000
	 0.0
	infinite
	    0.056
	 0.5
	63.5
	     1.768
	 0.5
	 63.5

	
	30
	 0.3
	0.000
	 0.0
	infinite
	    0.006
	 0.5
	63.5
	      0.194
	 0.5
	 63.5

	
	35
	 0.3
	0.000
	 0.0
	infinite
	    0.001
	 0.0
	infinite
	     0.021
	 0.5
	 63.5

	
	40
	 0.3
	0.000
	 0.0
	infinite
	    0.000
	 0.0
	infinite
	     0.002
	 0.5
	 63.5

	
	45
	 0.3
	0.000
	 0.0
	infinite
	    0.000
	 0.0
	infinite
	     0.000
	 0.0
	infinite

	
	50
	 0.3
	0.000
	 0.0
	infinite
	    0.000
	 0.0
	infinite
	     0.000
	 0.0
	infinite

	
	55
	 0.3
	0.000
	 0.0
	infinite
	    0.000
	 0.0
	infinite
	     0.000
	 0.0
	infinite


	Table B. IV. Continued.
	
	
	
	
	
	
	
	
	

	
	
	
	30 min before sunrise
	30 min after sunrise
	Midday (1200 hours)

	
	Depth
	ZP Density
	
	Feeding rate
	Time to
	
	Feeding rate
	Time to
	
	Feeding rate
	Time to

	Month
	(m)
	Daphnia/L
	Light (lx)
	Daphnia/min
	Satiation (h)
	Light (lx)
	Daphnia/min
	Satiation (h)
	Light (lx)
	Daphnia/min
	Satiation (h)

	
	60
	 0.3
	0.000
	 0.0
	infinite
	    0.000
	 0.0
	infinite
	     0.000
	 0.0
	infinite

	June
	0
	13.3
	    35.800
	39.1
	  1.3
	  4199.518
	39.1
	1.3
	113706.800
	39.1
	  1.3

	
	5
	13.3
	6.674
	39.1
	  2.2
	  782.805
	39.1
	1.3
	  21195.339
	39.1
	  1.3

	
	10
	 6.2
	1.244
	10.8
	  4.8
	 145.917
	20.9
	2.5
	    3950.884
	20.9
	  2.5

	
	15
	11.1
	0.232
	19.3
	  2.7
	  27.200
	34.0
	1.5
	 736.458
	34.0
	  1.5

	
	20
	 2.4
	0.043
	 4.2
	 12.4
	  5.070
	 8.8
	5.9
	 137.278
	 8.8
	  5.9

	
	25
	 2.4
	0.008
	 4.2
	 12.4
	  0.945
	 4.2
	12.4
	  25.589
	 8.8
	  5.9

	
	30
	 2.4
	0.002
	 0.0
	infinite
	 0.176
	 4.2
	12.4
	   4.770
	 8.8
	  5.9

	
	35
	 2.4
	0.000
	 0.0
	infinite
	 0.033
	 4.2
	12.4
	   0.889
	 4.2
	 12.4

	
	40
	 2.4
	0.000
	 0.0
	infinite
	 0.006
	 4.2
	12.4
	   0.166
	 4.2
	 12.4

	
	45
	 2.4
	0.000
	 0.0
	infinite
	 0.001
	 4.2
	12.4
	   0.031
	 4.2
	 12.4

	
	50
	 2.4
	0.000
	 0.0
	infinite
	 0.000
	 0.0
	infinite
	   0.006
	 4.2
	 12.4

	
	55
	 2.4
	0.000
	 0.0
	infinite
	 0.000
	 0.0
	infinite
	   0.001
	 0.0
	Infinite

	
	60
	 2.4
	0.000
	 0.0
	infinite
	 0.000
	 0.0
	infinite
	   0.002
	 0.0
	infinite

	July
	0
	11.2
	1.600
	19.4
	  4.5
	 4571.520
	34.1
	2.6
	112539.000
	34.1
	  2.6

	
	5
	11.2
	0.475
	19.4
	  4.5
	 1357.385
	34.1
	2.6
	 33415.308
	34.1
	  2.6

	
	10
	 8.4
	0.141
	14.6
	  6.0
	  403.038
	27.1
	3.2
	   9921.741
	27.1
	  3.2

	
	15
	 2.7
	0.042
	 4.7
	 18.6
	119.671
	 9.8
	8.9
	   2945.983
	 9.8
	  8.9

	
	20
	 0.7
	0.012
	 1.1
	 77.2
	 35.533
	 2.5
	35.3
	874.727
	 2.5
	 35.3

	
	25
	 0.7
	0.004
	 1.1
	 77.2
	 10.550
	 2.5
	35.3
	259.726
	 2.5
	 35.3


	Table B. IV. Continued.
	
	
	
	
	
	
	
	
	

	
	
	
	30 min before sunrise
	30 min after sunrise
	Midday (1200 hours)

	
	Depth
	ZP Density
	
	Feeding rate
	Time to
	
	Feeding rate
	Time to
	
	Feeding rate
	Time to

	Month
	(m)
	Daphnia/L
	Light (lx)
	Daphnia/min
	Satiation (h)
	Light (lx)
	Daphnia/min
	Satiation (h)
	Light (lx)
	Daphnia/min
	Satiation (h)

	
	30
	 0.7
	0.001
	 0.0
	infinite
	   3.133
	 1.1
	77.2
	 77.118
	 2.5
	 35.3

	
	35
	 0.7
	0.000
	 0.0
	infinite
	   0.930
	 1.1
	77.2
	 22.898
	 2.5
	 35.3

	
	40
	 0.7
	0.000
	 0.0
	infinite
	  0.276
	 1.1
	77.2
	  6.799
	 2.5
	 35.3

	
	45
	 0.7
	0.000
	 0.0
	infinite
	  0.082
	 1.1
	77.2
	  2.019
	 1.1
	 77.2

	
	50
	 0.7
	0.000
	 0.0
	infinite
	  0.024
	 1.1
	77.2
	  0.599
	 1.1
	 77.2

	
	55
	 0.7
	0.000
	 0.0
	infinite
	  0.007
	 1.1
	77.2
	  0.178
	 1.1
	 77.2

	
	60
	 0.7
	0.000
	 0.0
	Infinite
	  0.002
	 1.1
	77.2
	  0.053
	 1.1
	 77.2

	August
	0
	 6.7
	0.773
	11.6
	 10.4
	 2930.755
	22.3
	5.4
	106759.900
	22.3
	  5.4

	
	5
	 6.7
	0.170
	11.6
	 10.4
	   642.366
	22.3
	5.4
	 23399.748
	22.3
	  5.4

	
	10
	 7.4
	0.037
	12.8
	  9.4
	140.794
	24.3
	5.0
	   5128.781
	24.3
	  5.0

	
	15
	 1.8
	0.008
	 3.1
	 39.2
	 30.860
	 6.6
	18.4
	   1124.132
	 6.6
	 18.4

	
	20
	 0.2
	0.002
	 0.4
	330.7
	  6.764
	 0.8
	149.4
	246.388
	 0.8
	149.4

	
	25
	 0.2
	0.000
	 0.0
	Infinite
	  1.483
	 0.4
	330.7
	 54.004
	 0.8
	149.4

	
	30
	 0.2
	0.000
	 0.0
	Infinite
	  0.325
	 0.4
	330.7
	 11.837
	 0.8
	149.4

	
	35
	 0.2
	0.000
	 0.0
	Infinite
	  0.071
	 0.4
	330.7
	  2.594
	 0.4
	330.7

	
	40
	 0.2
	0.000
	 0.0
	Infinite
	  0.016
	 0.4
	330.7
	  0.569
	 0.4
	330.7

	
	45
	 0.2
	0.000
	 0.0
	Infinite
	  0.003
	 0.4
	330.7
	  0.125
	 0.4
	330.7

	
	50
	 0.2
	0.000
	 0.0
	Infinite
	  0.001
	 0.0
	infinite
	  0.027
	 0.4
	330.7

	
	55
	 0.2
	0.000
	 0.0
	Infinite
	  0.000
	 0.0
	infinite
	  0.006
	 0.4
	330.7

	
	60
	 0.2
	0.000
	 0.0
	Infinite
	  0.000
	 0.0
	infinite
	  0.001
	 0.4
	330.7


Appendix V

Table  B. V.  Results of NPAR1WAY procedure in SAS 8.2, comparison between median hydroacoustic transect depths of young-of-year and adult kokanee at Blue Mesa Reservoir, 2002.  S is significant (0.001 α-level) and NS is not significant.  The significance level was chosen by Bonferroni adjustment for the 91 comparisons.

	Date
	Time 
	Time
	Number of 
	2-tailed
	Results

	 
	(24 h)
	category
	transects
	p-value
	S/NS

	May 7-11
	4:44
	Dawn
	1
	  0.0051
	NS

	
	5:06
	Dawn
	1
	  0.0032
	NS

	
	5:29-7:32
	Dawn
	6
	<0.0009
	S

	
	11:21
	Day
	1
	<0.0001
	S

	
	12:33
	Day
	1
	  0.0395
	NS

	
	13:04-14:01
	Day
	3
	<0.0004
	S

	
	18:21
	Dusk
	1
	  0.0185
	NS

	
	18:51-20:18
	Dusk
	4
	<0.0009
	S

	
	20:49
	Dusk
	1
	0.035
	NS

	
	21:54
	Night
	1
	  0.2942
	NS

	
	22:19
	Night
	1
	  0.0067
	NS

	
	22:44-23:11
	Night
	2
	<0.0004
	S

	
	23:33
	      Night
	1
	  0.0153
	NS

	
	23:52
	Night
	1
	  0.0912
	NS

	June 1-5
	0:04
	Night
	1
	  0.0213
	NS

	
	0:31
	Night
	1
	  0.1254
	NS

	
	4:09-6:37
	Dawn
	6
	<0.0002
	S

	
	12:35-13:05
	Day
	2
	<0.0001
	S

	
	18:53
	Dusk
	1
	<0.0001
	S

	
	19:20
	Dusk
	1
	  0.0025
	NS

	
	19:47
	Dusk
	1
	  0.0934
	NS

	
	20:21-20:49
	Dusk
	2
	<0.0004
	S

	
	21:35
	Night
	1
	  0.0625
	NS

	
	22:28
	Night
	1
	  0.6275
	NS

	
	22:52
	Night
	1
	  0.4557
	NS

	
	23:44
	Night
	1
	  0.0123
	NS

	July 9-10
	3:49
	Dawn
	1
	  0.4714
	NS



	Table  B. V. Continued.
	
	
	

	Date
	Time 
	Time
	Number of 
	2-tailed
	Results

	 
	(24 h)
	category
	transects
	p-value
	S/NS

	
	4:20
	Dawn
	1
	  0.1187
	NS

	
	4:50
	Dawn
	1
	  0.7066
	NS

	
	5:26
	Dawn
	1
	  0.1358
	NS

	
	5:56
	Dawn
	1
	  0.3739
	NS

	
	6:28
	Dawn
	1
	  0.7971
	NS

	
	12:04
	Dawn
	1
	0.182
	NS

	
	12:34-13:33
	Day
	3
	<0.0001
	S

	
	18:48
	Dusk
	1
	  0.1458
	NS

	
	19:19
	Dusk
	1
	  0.0032
	NS

	
	19:49
	Dusk
	1
	  0.0866
	NS

	
	20:19
	Dusk
	1
	  0.0416
	NS

	
	20:50
	Dusk
	1
	<0.0001
	S

	
	21:20
	Dusk
	1
	  0.0108
	NS

	
	21:51
	Dusk
	1
	  0.1764
	NS

	
	22:43
	Night
	1
	<0.0001
	S

	
	23:05
	Night
	1
	  0.3695
	NS

	
	23:26
	Night
	1
	  0.0438
	NS

	
	23:52
	Night
	1
	  0.0093
	NS

	
	0:13
	Night
	1
	  0.0177
	NS

	
	0:39
	Night
	1
	  0.6526
	NS

	August 5-6
	 4:30
	Dawn
	1
	  0.6042
	NS

	
	4:56
	Dawn
	1
	  0.8419
	NS

	
	5:52
	Dawn
	1
	 0.001
	S

	
	6:23
	Dawn
	1
	  0.0122
	NS

	
	6:49
	Dawn
	1
	<0.0001
	S

	
	7:18
	Dawn
	1
	  0.4579
	NS

	
	11:43
	Day
	1
	  0.2554
	NS

	
	12:05
	Day
	1
	  0.3525
	NS

	
	12:27
	Day
	1
	    0.219
	NS

	
	12:50
	Day
	1
	    0.422
	NS

	
	13:15
	Day
	1
	 0.0194
	NS

	
	18:33
	Dusk
	1
	 0.0184
	NS

	
	18:56
	Dusk
	1
	 0.0145
	NS

	
	19:17
	Dusk
	1
	 0.2159
	NS

	
	19:39
	Dusk
	1
	    0.002
	NS

	
	20:01
	Dusk
	1
	 0.1278
	NS

	
	20:24
	Dusk
	1
	 0.8782
	NS

	
	20:50
	Dusk
	1
	 0.0391
	NS

	
	22:23
	Night
	1
	 0.4938
	NS

	
	22:44
	Night
	1
	 0.3362
	NS

	
	23:05
	Night
	1
	 0.0165
	NS


	Table  B. V. Continued.
	
	
	
	

	Date
	Time 
	Time
	Number of 
	2-tailed
	Results

	 
	(24 h)
	category
	transects
	p-value
	S/NS

	
	23:26
	Night
	1
	 0.0151
	NS

	
	23:45
	Night
	1
	    0.688
	NS

	 
	0:08
	Night
	1
	 0.0099
	NS


C. Lake Trout Predation

This work was a cooperative effort between CSU, Colorado Division of Wildlife (CDOW), NPS, and U.S. Bureau of Reclamation (BOR). It was funded primarily by CDOW and BOR but is included here because of its high relevance to the kokanee fishery at Blue Mesa Reservoir.
Introduction
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A considerable amount of new information on lake trout demographics in Blue Mesa Reservoir (BMR) has been gathered since the Trophic Economics paper (Johnson and Martinez 2000) that provided the first estimates of lake trout consumption demand in Colorado reservoirs, including BMR.  We wanted to see if assumptions and data used in that paper still held or if revised inputs for bioenergetics models were needed.  Ultimately, the new analysis should help managers decide about appropriate lake trout management strategies at BMR.
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We have new field data on lake trout body condition, growth rate, diet and abundance from the Blue Mesa lake trout population.  Pat Martinez provided new length-weight data he had compiled from a variety of time periods.  He also provided new BMR lake trout growth data from his otolith work.  CSU analyzed lake trout stomach samples collected by Dan Brauch during his mark-recapture sampling in 2001.  Harry Crockett has been working on revised abundance estimates utilizing Dan’s mark-recapture dataset and comparing that to hydroacoustics estimates.

Analyses performed

Body condition.  Pat Martinez’s length-weight data were categorized into four groups: 1990s, 2000, 2001, and state record fish caught since 1998. On closer inspection it was apparent that the 2001 data had many outliers and in fact all the weights looked suspect (Figure C1).  I contacted Pat and he said Dan Brauch acknowledged some problems with his 2001 data.  I eliminated all 2001 length-weight data from further analysis.   The other three categories provided what appeared to be very consistent length-weight relationships (Figure C1) so I pooled the data and computed the following length-weight relationship:

Length = 0.0000002*weight3.6262  , n = 101, r2 = 0.962

This length-weight relationship appears to be very close to that presented in Johnson and Martinez (2000) (Figure C1).  However, the original relationship in Johnson and Martinez (2000):

Length = (7.8906E-08)*weight3.7651, n = 8, r2 = 0.987
actually appeared to predict weights of the largest fish (and most potent predators) best so it was used in subsequent analyses.  Overall, it appears that the length-weight relationship of lake trout in BMR has changed little since the mid 1990s.  A more explicit analysis using ANCOVA to test for the effect of time on the relationship would be a reliable evaluation of this finding.  The length-weight relationship reported in Johnson and Martinez (2000) is preferred because it predicts weight of the largest fish best.  

Growth rate.  I tried two approaches to fit new von Bertalanffy growth curves to the otolith data:
First, I used the length-weight regression reported above (excluding 2001 data) to compute predicted weights from the otolith-derived lengths (except for the 1998 state record fish, whose weight was greatly underestimated by the regression- I used actual weight of that fish).   These computed weights were then entered into FISHPARM (Saila et al. 1988) software’s von Bertalanffy estimation routine for model fitting.  The resulting von Bertalannfy model was:
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 n = 134, r2adj = 0.806
where Wt is weight at age t.   I rejected this approach as too contrived and because the von Bertalanffy model for weight fit poorly at low ages (negative weights are predicted).

Second, I entered the actual lengths from the otolith age dataset  into FISHPARM for model fitting.  The resulting von Bertalannfy model was:
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where Lt is length at age t.   Although the coefficient of determination was slightly lower than the weight-based fit, this model fit younger ages much better than the weight-based model (Figure C2) and it gave what appeared to be a good overall fit to the dataset.  The resulting growth model is slightly different than the one used in Johnson and Martinez (2000), with the new model predicting slightly slower growth rates.  Given the paucity of solid age data in the original analysis the agreement between models is surprisingly good.

Weight at age.  I used the von Bertalanffy model fit to the otolith-derived lengths-at-age and the length-weight regression of Johnson and Martinez (2000) to predict weight at age (Figure C3) and compared that to previous estimates. The new prediction of growth in weight is lower than the growth rate estimated by Johnson and Martinez (2000).  More data on size at age for fish > 800 mm TL (older than about age 10) is needed to increase our confidence in growth rates.

Diet.  Lake trout stomach samples were gathered by gastric lavage in living fish or by stomach dissection from fish inadvertently killed in gill nets during mark-recapture work in spring and fall 2001.  Total mass in each stomach was measured and then the contents were identified to the lowest taxonomic level practical, based on external and internal morphological characters.  Prey taxa observed included: kokanee, rainbow trout, unidentified salmonid, yellow perch, longnose sucker, white sucker, unidentified fish, chironomids, and crayfish.  Backbone lengths of fish prey were measured when possible.  The mass of each prey item was measured for computation of the proportion that prey item comprised of the total stomach contents.  Chironomids were only counted; we converted to mass using an average chironomid dry mass (0.584 mg) from Gigliotti’s (unpublished) data on small lake trout diet.  That dry mass was converted to a wet mass assuming dry:wet mass (%) of 8.5 (Hanson et al. 1997).  Note that average diet composition will be biased since only chironomids were converted to live weight, other taxa were simply observed weight regardless of state of digestion- this results in overrepresentation of chironomids in the diet.

Diet samples consisted only of lake trout 442-827 mm TL.  Diet of lake trout in the 425-600 mm size class used in previous simulations was dominated by macroinvertebrates (63%; however, this dataset included several Mysis lakes) with the rest consisting of fish, mostly salmonids.  In 2001, the reverse was true: diet was about 64% fish and the rest consisting of crayfish and chironomids (Figure C4).  The fish fraction of the diet was nearly all salmonids, approximately half kokanee and half rainbow trout.  Thus, 425-600 mm lake trout were more piscivorous than found previously.  Diet of lake trout in the 601-900 mm size class did not change much from what was reported in Johnson and Martinez (2000), with a similar rate of overall piscivory but a slightly higher proportion of salmonids in the diet (Figure C5).   Because we had no data for fish >900 mm TL I assumed the diet of the largest lake trout was composed entirely of salmonids (Johnson and Martinez 2000) and apportioned it into species according to proportions seen in the 601-900 mm size class (final diet: 49% kokanee, 51% rainbow trout).

For bioenergetics modeling, unidentified salmonids were apportioned to species by the fraction of each species of identifiable prey (Table C1).  I computed the average composition of the diet separately for spring and fall samples and then took the simple average of these to derive annual average diet.  Energy density of each prey taxon was obtained from the literature.

Lake trout abundance.  Simple mark-recapture estimators using time-varying capture probabilities (e.g., Lincoln-Petersen, Schnabel estimators) assume 1) the population is closed (no births, deaths, immigration, or emigration), 2) marked fish suffer no different mortality than unmarked fish (exception to #1), 3) no marks are lost, 4) no marked fish are overlooked, 5) all fish (marked fish and unmarked) are caught at the same rate (have the same capture probability) on  a particular occasion, and 6) marked fish redistribute randomly back into the population before the recapture sample is drawn, or sampling effort is randomly distributed (Ricker 1975).   These estimators have been shown to be highly biased when the underlying assumptions are not met.  Anecdotal reports of “abundance estimates” conducted by anglers without CDOW sanction appear to have employed some variation on the simplest estimators but undoubtedly violated several critical assumptions. Thus, abundance estimates provided by amateurs should be viewed with considerable caution and skepticism. 

Previous work (Johnson and Martinez 2000) relied on hydroacoustics surveys to estimate lake trout biomass and abundance based on target strength criteria and assumptions about depth distributions of lake trout vs. large kokanee.  These were the best abundance estimates available at the time.  The recent mark-recapture experiments conducted by Dan Brauch provided the opportunity to evaluate the adequacy of hydroacoustics-based estimates of lake trout abundance in Blue Mesa.  Work by Harry Crockett of CSU is utilizing state-of-the-art abundance estimators (MARK; White and Burnham 1999) to compute the most reliable and defensible estimates of lake trout abundance and the uncertainty associated with the point estimates.  

Abundance of lake trout large enough to be captured in Dan Brauch’s gill nets (fish > 425 mm TL) was estimated to be 5,622 (95% CL: +/- 4,302).  The number of fish > 585 mm TL (for comparison with hydroacoustics estimates) was 2,700 (95% CL: +/- 1,025).  Abundance was apportioned into size classes based on the length frequency histogram of all lake trout sampled in gill nets (Figure C6) in fall 2001.  The fall 2001 length distribution is preferred over sizes sampled at other times because the fall 2001 sample was randomized with respect to net location and should therefore be the least biased sample of population size structure.  This analysis assumes that all sizes of lake trout above the minimum size were equally vulnerable to gill nets.  Capture probabilities estimated in MARK suggest that large fish were somewhat more likely to be caught than small fish.  For this reason I used only fish age-5 (mean length 520 mm) and older for mortality and consumption estimates.  

These data were then parsed into age classes based on mean lengths at age (Figure C7).  Fish that fell on the midpoint of size between two successive ages were divided equally between the two ages.  Note that consumption estimates are sensitive to assumptions about lake trout population size structure; if size structure of lake trout sampled during spring were used to apportion the population estimate into age classes, population consumption would likely be higher than the estimate reported here.

Mortality rate.  Previous work (Johnson and Martinez 2000) used two estimates of total mortality rate (25% and 50% per year) to compute consumption demand.  New age and abundance data allowed me to perform a catch curve analysis and evaluate these earlier mortality assumptions.  Abundance by age was computed as above and was log-transformed to produce a catch curve (Figure C8).  The catch curve estimate of total instantaneous mortality rate was Z = 0.2771 (A = 24% per year).  This value compares favorably with the low-mortality scenario modeled in Johnson and Martinez (2000) and is slightly lower than their catch curve estimate (A = 43%) for Blue Mesa Reservoir.  

Crockett used a Cormack-Jolly-Seber (CJS) estimator to derive a much higher survival rate estimate for Blue Mesa lake trout in 2002 of S = 94.5 (95% CL: 50.7% to 99.6%).  The mortality rate estimated by catch curve is an average mortality rate over about a 15 year period, whereas the CJS estimate is a short term measure of mortality rate during 2002 only.  Consumption estimates presented here used the value of A=24%/year.  If true survival is higher than this then our consumption estimates will be biased low.  

Per capita consumption demand.  Revised estimates of size at age and diet were input to the Fish Bioenergetics model (Hanson et al. 1997) to estimate per capita consumption of prey by lake trout.  This bioenergetics model for lake trout was recently corroborated by Madenjian et al. (1999).  Simulations were for a single fish of a given size, over a one-year duration. Three diet compositions were used that corresponded to the following age/size groups: 1) age-5 and age-6 (425-600 mm TL size class), 2) ages 7-13 (601-900 mm TL) and 3) ages 14+ (> 900 mm TL).  I used the same thermal experience as in Johnson and Martinez (2000), which assumed that lake trout behaviorally thermoregulated to 10°C when that temperature was available.  These simulations also accounted for energy lost during spawning (6.8% males and females, occurring on day 300).  

Per capita annual consumption increased rapidly across the range of fish sizes modeled, with 20-in fish consuming approximately 4.4 kg of prey per year and 40-in fish consuming about 23 kg per year (Figure C9).  Biomass of kokanee and rainbow trout consumed per lake trout per year increased almost tenfold from about 1.6 kg and 1.0 kg, to 10.2 kg and 10.4, respectively, as size increased from 20 in to 40 in.  On a per capita basis, large lake trout in Blue Mesa Reservoir are much more potent predators on kokanee and rainbow trout than are smaller but still piscivorous size classes of lake trout.  

Population-level consumption estimates.  Revised diet, size at age, abundance and mortality data (Table C2) were input to the Fish Bioenergetics model to estimate consumption of prey by each lake trout cohort, age-5 and older (Figure C10).  Although small size classes of piscivorous lake trout consume much less prey than larger fish on a per capita basis, the cohort-level impact of smaller fish on all prey types combined is greater than that of large fish  because of the higher abundance of small fish.  Still, because of ontogenetic changes in lake trout diet leading to an increasing reliance on salmonid prey with lake trout size and age, predation pressure on salmonids is actually higher by age classes 6-10 than by the smallest fish (age-5).  

Total consumption by all piscivorous cohorts (age-5 and older) was highest for kokanee prey (about 15,000 kg per year); slightly less consumption on rainbow trout (about 14,000 kg per year) was predicted (Figure C11).  Much smaller amounts of other fish and invertebrates were estimated to have been consumed.  Because there is considerable uncertainty around our estimate of lake trout abundance it is prudent to consider what consumption demand would be if the true number of lake trout was closer to the upper end of the 95% confidence interval on abundance.  Under this assumption, consumption demand  would be about 76% higher than the nominal estimate (Figure C11).

Lake trout predation appears to remain a significant mortality source for rainbow trout and kokanee in Blue Mesa Reservoir.  Biomass of rainbow trout consumed is greater than the annual biomass of subcatchables stocked (assuming average size of stocked rainbows was 125 mm, D. Brauch, CDOW, personal communication) and many times higher than the biomass harvested by anglers (Figure C12).  The costs of feeding piscivores hatchery fish are well established and they are high (Johnson and Martinez 2000) but stocking rainbow trout may buffer kokanee from predation.  Managers should evaluate whether or not continued stocking of rainbow trout is justified without reductions in piscivore consumption demand.

Consumption of kokanee by lake trout is a significant fraction of the estimated annual production of kokanee and approximately half of the biomass harvested by anglers (Figure C12).  It is possible that predicted consumption of kokanee is an underestimate since our new diet data came from spring and fall only. One might expect kokanee to be more important in lake trout diet in summer.  Blue Mesa Reservoir is the state’s last reliable kokanee egg source and kokanee are the cornerstone to Colorado’s quality reservoir fisheries for piscivores and non-piscivores alike.  Given the tragic consequences in store for reservoir sport fisheries statewide in the event of a kokanee crash at Blue Mesa Reservoir it seems prudent to prioritize maintaining a strong kokanee population there.  Threats to kokanee from competition with introduced yellow perch and the additional predation posed by invading northern pike should make managers especially cautious about management actions that could increase consumption demand of piscivores and jeopardize sustainable populations of kokanee.  
Conclusions

· There remains some uncertainty in our estimates of length at age and hence growth rates. This could be improved by getting more length at age data, especially  from otoliths of fish > 800 mm TL. New simulations of consumption demand should incorporate the new growth information, but management conclusions are unlikely to change.

· New diet data suggest that lake trout in Blue Mesa are more piscivorous than previously assumed, with a greater fraction of salmonids in the diet.  Future simulations of consumption demand should incorporate the new diet information to more accurately reflect predation pressure by lake trout on kokanee and rainbow trout.

· Mortality rate of lake trout appears to be lower than previously assumed.  Mortality may be even lower than estimated by catch curve if there has been an increasing trend in lake trout year class strength.  Overestimates of mortality rate will result in underestimates of lake trout predation pressure on their prey.
· On a per capita basis large lake trout in Blue Mesa Reservoir are much more potent predators on kokanee and rainbow trout than are smaller lake but still piscivorous size classes of lake trout.  
· Given the disproportionately great piscivorous impact of large lake trout, changes to harvest regulations that limit the number of large fish bagged (“one over X inches”) could be 1) contrary to management goals of protecting kokanee egg take, maintaining kokanee and rainbow trout fisheries, and providing a sustainable prey supply for lake trout, and 2) ineffective at protecting large fish if few anglers interested in harvesting lake trout have the opportunity to do so.  Further, such regulations promote a fallacious mindset among anglers that lake trout must be protected at Blue Mesa Reservoir to maintain quality angling.

· Consumption estimates are sensitive to assumptions about lake trout population size structure.  Population consumption could be higher than predicted here if the size structure from fall netting was biased towards smaller fish.

· Lake trout predation appears to remain a significant mortality source for rainbow trout and kokanee in Blue Mesa Reservoir.  Continued close monitoring of predator and prey biomass is recommended as well as studies to quantify the predatory impact of northern pike and competitive interactions with yellow perch.
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Table C1.  Diet (proportional composition by weight) of two size classes of lake trout sampled from Blue Mesa Reservoir in 2001.  Lake trout were sampled from gill nets set for mark-recapture work in spring and fall.  Diets are simple averages of mean spring and mean fall compositions; energy densities (J/g) and reference for each taxon are shown in parentheses.  “Other fish” consisted of yellow perch and catostomids (energy density assumed to be equivalent); n is the number of nonempty stomachs examined.

	
	
	Prey Taxa

	Lake trout size class (mm) 
	n
	Kokanee

(8,987)a
	Rainbow trout (6,069)b
	Other fish

(5,201)c
	Chirono-mids (2,745)d
	Crayfish

(6,153)e

	425-600 
	43
	0.35
	0.23
	0.06
	0.10
	0.26

	601-900 
	19
	0.44
	0.45
	0.07
	0.04
	0


aBeauchamp et al. (1989).

bYule and Luecke (1993).

cHanson et al. (1997).

dCummins and Wuycheck (1971).

eStein and Murphy (1976).

Table C2.  Revised demographic and diet inputs for bioenergetics modeling of consumption demand by Blue Mesa lake trout in 2001-2002.

	Age

class
	Size

class (mm)
	Diet

file
	Abundance
	Length

at age (mm)
	Weight

at age (g)

	5
	425-600
	1
	1394
	517
	1297

	6
	425-600
	1
	1157
	579
	1989

	7
	601-900
	2
	803
	635
	2817

	8
	601-900
	2
	543
	686
	3760

	9
	601-900
	2
	402
	731
	4794

	10
	601-900
	2
	354
	773
	5893

	11
	601-900
	2
	213
	810
	7035

	12
	601-900
	2
	94
	843
	8197

	13
	601-900
	2
	94
	874
	9363

	14
	>900
	3
	47
	901
	10515

	15
	>900
	3
	47
	926
	11641

	16
	>900
	3
	94
	948
	12731

	17
	>900
	3
	47
	968
	13778

	18
	>900
	3
	0
	986
	14775

	19
	>900
	3
	47
	1002
	15720
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Figure C1.  Body condition of lake trout sampled from Blue Mesa Reservoir in  three time periods, and reported lengths and weights of state record fish from Blue Mesa Reservoir since 1998 (top panel), and regressions fit  to earlier data (Johnson and Martinez (2000); dashed line), and to newly compiled data (excluding 2001; solid line).
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Figure C2. Length at age of Blue Mesa Reservoir lake trout estimated from otoliths (circles), a von Bertalanffy fit to those ages (solid line) and the von Bertalanffy fit reported previously (Johnson and Martinez 2000; dashed line).
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Figure C3.  Length at age (circles) and weight at age (squares) of Blue Mesa Reservoir lake trout predicted by a von Bertalanffy growth function fit to otolith-derived lengths at age and a length-weight regression (Johnson and Martinez 2000).



Figure C4.  Diet composition of lake trout sampled from Blue Mesa Reservoir  in spring and fall 2001.  Number of non-empty stomachs examined (n) is shown in parentheses.  CHI=chironomid, CRA=crayfish, KOK=kokanee, LGS= longnose sucker, RBT=rainbow trout, SAL=unidentified salmonid, UFI= unidentified fish, WHS=white sucker, YEP=yellow perch.


Figure C5.  Diet composition of two size classes of lake trout sampled from Blue Mesa Reservoir (BMR) in spring and fall 2001, and reported in Johnson and Martinez (2000).  Number of non-empty stomachs examined (n) is shown in parentheses.
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Figure C6.  Length-frequency histogram of lake trout sampled in randomized gill nets in fall 2001 used to derive mark-recapture estimates of lake trout abundance at Blue Mesa Reservoir.
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Figure  C7.  Number of lake trout by age class in Blue Mesa Reservoir in 2001; estimated by a mark-recapture population estimate, length-frequency distribution of netted fish and otolith-derived lengths-at-age. 


Figure C8.  Catch curve estimate of annual mortality rate of lake trout in Blue Mesa Reservoir. Annual mortality rate (A) was 24% per year and annual survival (S) was 76% per year.


Figure C9.  Per capita annual consumption by five sizes of lake trout at Blue Mesa Reservoir derived from a bioenergetics model using revised estimates of growth, body condition, and diet.  Size classes correspond approximately  to ages 5, 7, 10, 14, and 20 years.  

Figure C10.  Annual consumption of four prey types by 15 cohorts of lake trout in Blue Mesa Reservoir using revised inputs of abundance, growth, diet and mortality.


Figure C11. Revised estimates of total annual consumption of four prey types by 15 age classes of lake trout in Blue Mesa Reservoir.  Error bars denote consumption using upper 95% confidence limit on lake trout abundance.  Other fish includes yellow perch and catostomids and invertebrates includes chironomids and crayfish.


Figure C12.  Biomass (kg/ha) of rainbow trout (left)  and kokanee (right) consumed by lake trout in one year at Blue Mesa Reservoir (white bars) compared with biomass of rainbow trout stocked, harvest by fishery in 2002, and the standing stock and production (Johnson and Martinez 2000), and harvest of kokanee in 2002.

D.  Illicit Introductions

Recently, there have been discoveries of illicit introductions of nonnative species, yellow perch and northern pike, into Blue Mesa Reservoir.  These species pose competitive and predatory threats to the kokanee fishery of the reservoir. 
Yellow perch

Yellow perch (Perca flavescens) first showed up in Blue Mesa Reservoir in creel surveys in 2000.  No yellow perch had been detected in CSU gill net sampling in 1997 or prior (no net sampling was conducted by CSU during 1998-2000).  Apparently, yellow perch were illegally introduced into the reservoir sometime after 1997 and they became established.  We detected yearling yellow perch in guts of lake trout sampled from Blue Mesa during spring 2001 indicating that the perch population were reproducing in the reservoir and were expanding.  Yellow perch expansion in Blue Mesa is a concern for several reasons.  

Yellow perch will compete for food with kokanee and rainbow trout.  Yellow perch are very capable planktivores, preferring the very same large Daphnia species (D. pulicaria) (Galbraith 1967) that form 99% of the kokanee diet and about 50% of the rainbow trout diet at Blue Mesa Reservoir (Johnson et al.  2002).  While rainbow trout have the ability to exploit alternative prey (e.g., terrestrial insects), both perch and kokanee are more planktivorous in Blue Mesa and thus have the greatest diet overlap and potential for negative competitive interactions.

Yellow perch can disrupt the zooplankton community and jeopardize the energetic basis for Blue Mesa’s fantastic sport fishery.  In other systems, yellow perch are capable of stripping lakes of large zooplankton, shifting the species composition and size structure to smaller forms (Shrader 2000, Johnson and Kitchell 1996).  This results in reduced food resources for other planktivorous fishes and can conceivably reduce zooplankton grazing on algae, and increase nutrient recycling rates, thereby increasing algal blooms and degrading water quality (Kitchell 1992).
Yellow perch may prey heavily on young-of-year kokanee.  My own personal experience elsewhere confirms that yellow perch can be highly piscivorous on stocked fingerlings when the opportunity arises (Johnson et al. 1992).

Yellow perch will not provide a very suitable forage base for lake trout.  Because of radically different thermal preferences of the two species (10°C for lake trout, 24°C for perch) and lower energy density compared to kokanee (Hanson et al. 1997), it is unlikely that lake trout will benefit from or control an expanding perch population.  Thus, an increasing yellow perch population will not result in reduced predation rates on kokanee during the summer months when lake trout consumption demand is maximal.

Yellow perch will probably not supplement the sport fishery at Blue Mesa.  Perch have a propensity to reproduce very rapidly, resulting in overexploitation of their food resources and reduced perch growth and body condition (“stunting”; Scott and Crossman 1973), especially in the absence of predators.

Sociologically, the perch introduction is a concern because an expanding perch population and lack of resident predator to effectively control them may set the stage for additional illegal introductions of exotic predators that will be new threats to the Blue Mesa fishery and to native and sport fishes downstream.  

Northern pike
Northern pike are coolwater piscivores native to the Great Lakes states and most of Canada.  They have been introduced into several waters across the west slope of Colorado and have just recently been found in Blue Mesa Reservoir.  Very little is known of this newly discovered invasion.  Critical information needs include: abundance, reproduction rate, distribution, and diet. Northern pike are a growing menace on the west slope with a rapidly developing angler clientele that may make management of the threat difficult.  Northern pike grow large quickly on stocked a salmonid prey base thereby providing trophy gamefishing opportunity that previously was scarce in the region.  However, this opportunity likely comes at considerable economic and ecological cost that should be quantified.  At Blue Mesa Reservoir northern pike likely pose a significant threat to the stocked rainbow trout and kokanee fisheries, and the reservoir serves as yet another stepping stone for a nonnative fish’s expansion to new waters in the region.

The Need for Public Education

Illicit introductions threaten native and innocuous nonnative fishes in the basin. They also confound the best efforts of fishery managers to provide cost-effective, ecologically sound and sustainable fisheries for park visitors.  But perpetrators that willfully introduce nonnative species are probably ignorant of 

the far-reaching and  long-term ecological damage that they wrought.  It is also probably true that law enforcement personnel cannot directly prevent “midnight managers” from doing their dirty work, it’s just not feasible.  However, preventing illicit introductions is far more likely to be successful than efforts to eradicate invading species once they are established.    

A harsh condemnation of this illegal “eco-vandalism”, along with a public education campaign are needed as soon as possible.  Further, a reward fund might be used to encourage the public to provide information leading to the conviction of individuals responsible for illegal introductions.  This reward fund could be a partnership among State and Federal resource agencies, the private sector, and the public.  Even if rewards are never collected, their existence may help to send a signal that introducing fishes is wrong and thereby discourage some well-meaning but naïve anglers from repeating this tragedy.  Some definitive action must be taken to discourage further illegal introductions at Blue Mesa and elsewhere.
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Image 1.  A happy angler with a nice catch of Blue Mesa kokanee.





Pre-hatch





Post-hatch





400x magnification





200x  magnification





Image 2.  Limnological measurements were taken across the reservoir  at monthly intervals.





Image 3.  Undergraduate assistant Randy Oplinger operates the Clarke-Bumpus plankton sampler.





Image 4.  Hydroacoustics system in use during a daytime transect on Sapinero basin.





Image 5.  Alissa Gigliotti holds an age-0 kokanee sampled with a small mesh gill net.





Image 6.  Large lake trout sampled for stable isotope, growth and diet analysis during vertical gill net operations at Blue Mesa Reservoir.





Image 7.  The yellow perch (Perca flavescens) is a coolwater species native to the northern United States east of the Dakotas and Canada (Colorado Division of Wildlife photo).





Image 8. The northern pike (Esox lucius) is a voracious predator native to the Great Lakes states and Canada (Colorado Division of Wildlife photo).
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