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Abstract:

Juvenile rainbow trout were sampled to quantify production and recruitment processes in the Henrys
Fork, to identify factors limiting the trout population, and to propose management actions to improve
natural recruitment. The study area was a 25-km river reach that varied in width from 50 to 150 m. I
used distance sampling to identify spawning areas in the Henrys Fork and to quantify spawning activity
therein. I developed and evaluated mark-recapture and removal techniques to address the inherent
difficulties in the sampling and analysis of large abundances of age-0 salmonids over a large spatial
scale. Mark-recapture data were collected from 100-m long sample areas. I found the Chao Mt
estimator for mark-recapture data to have minimal bias and interval coverage close to the nominal level
in simulations with mean capture probabilities (0.02-0.106) and rates of emigration (0-10%) based on
actual Henrys Fork data sets. Three-pass removal data were collected along the banks in 15-m units. I
developed and rigorously evaluated simple linear regression and mean capture probability models to
predict abundance from the first-pass catch. These models worked particularly well for estimating
abundance over a large spatial scale, allowing effort to be reallocated from intensively sampling few
areas to sampling many areas with reduced effort, resulting in gains in estimate precision. These
techniques were used to provide a comprehensive analysis of age-0 rainbow trout recruitment in the
Henrys Fork. There was suitable habitat throughout the study area to support the yearly production of
150,000 to 250,000 age-0 trout through summer and autumn. Recruitment to the fishery was limited by
poor survival during their first winter. I identified a flow-survival relation for age-0 trout in a river
section with complex bank habitat. The number of age-0 trout that survived their first winter was
related to higher discharge during the latter half of winter. The higher discharge during the latter half of
winter created more available habitat in the section with complex bank habitat and coincided with the
loss of age-0 trout from non-bank areas. Movement of age-0 trout was detected from river sections with
simple bank habitat to sections with complex bank habitat. I recommended that winter discharge be
managed to increase the availability of complex bank habitat, thereby improving recruitment of age-0
rainbow trout.
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ABSTRACT

Juvenile rainbow trout were sampled to quantify production and recruitment
processes in the Henrys Fork, to identify factors limiting the trout population, and to
propose management actions to improve natural recruitment. The study area was a 25-
km river reach that varied in width from 50 to 150 m. 1used distance sampling to
identify spawning areas in the Henrys Fork and to quantify spawning activity therein. I
developed and evaluated mark-recapture and removal techniques to address the inherent
difficulties in the sampling and analysis of large abundances of age-0 salmonids over a

large spatial scale. Mark-recapture data were collected from 100-m long sample areas. I-

found the Chao Mt estimator for mark-recapture data to have minimal bias and interval
coverage close to the nominal level in simulations with mean capture probabilities (0.02-
0.106) and rates of emigration (0-10%) based on actual Henrys Fork data sets. Three-
pass removal data were collected along the banks in 15-m units. I developed and
rigorously evaluated simple linear regression and mean capture probability models to
predict abundance from the first-pass catch. These models worked particularly well for
estimating abundance over a large spatial scale, allowing effort to be reallocated from
intensively sampling few areas to sampling many areas with reduced effort, resulting in -
gains in estimate precision. These techniques were used to provide a comprehensive
analysis of age-0 rainbow trout recruitment in the Henrys Fork. There was suitable
habitat throughout the study area to support the yearly production of 150,000 to 250,000
age-0 trout through summer and autumn. Recruitment to the fishery was limited by poor
survival during their first winter. Iidentified a flow-survival relation for age-0 trout in a
river section with complex bank habitat. The number of age-0 trout that survived their
first winter was related to higher discharge during the latter half of winter. The higher
discharge during the latter half of winter created more available habitat in the section
with complex bank habitat and coincided with the loss of age-0 trout from non-bank
areas. Movement of age-0 trout was detected from river sections with simple bank
habitat to sections with complex bank habitat. I recommended that winter discharge be
managed to increase the availability of complex bank habitat, thereby improving
recruitment of age-0 rainbow trout.
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CHAPTER 1

INTRODUCTION

The Henrjrs Fork of the Snéke River has long been renowned as one of the world's
best rainbow frout Oncorhynchus mykiss fly fishing rivers. Since 1978, the river section
from Island P;ark Dam to Riverside Campground has been managéd under special
regulations to protect the fishery, including catch-and-release since 1988. However,
rainbow trout abundances there have generally declined since 1988, but with large,
unexplained annual fluctuations according to Idaim Department of Fish and Game
population eétimates and angler surveys. An increase in numbers of rainbow trout
occurred in 1993 following the 1992 drawdown of Island Park Reservoir, but the fishery
I;egén to decline again thereafter. - The causes of these fluctuations in the rainbow trout
' fishery are not well understood. Recruitment may have been limited By the loss of

concealment cover resulting from overgrazing of aquatic macrophytes by trumpeter

swans Cygnus buccinator and siltation and dewatering of interstitial spaces from
~ drawdowns of Island Park Reservoir. Prior to the screening of most of the discharge
from the dam beginning in 1993 to prevent fish migration downstream to the river, |
recruitment may have been augmented by rainbow trout escaping from Island Park
Reservoir. : o BN

Adult abundance estimates, such as those obtained for the Henrys Fork, tell»us
how many fish were recruited to the adult life stage, and a time series of such data may
identify whether or not a recruitment problem exists. Howe_ver, adult abundance .

estimates cannot tell us why a particular recruitment pattem exists or at what life stage
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recruitment is limited. Recruitrnent is defined as the cumulative outcome or survival
through a series of life stages (Trippel and Chambers 1997). The abundance of adult
rainbow trout will necessarily- depend on Athe survival of rainbow trout through early life
stages beginning with spawning and fertilization and eﬁtending through the juvenile life
gtage. Tﬁe stlidy of these early life history stages is criﬁcal to the understanding of year-
class formation and changes in fish populations (Elliott 1994; Trippel and Chambers
1997).

Smnpling methods used by the Idaho Department of Fish and Game and by
Angradi and Contor (1988) to obtain data for abundance estimation have precluded
making inferences on abundances of juvenile rainbow trout in the Henrys Fork. Rainbow
trout less than 150 mm were consistently underrepresented in samples collected in
successive years by Angradi and Contor (1988). The failure to capture small trout is
often a resul; of the sampling method:; electrofishing is widely recognized as a size-
selective sampling technique that favors capture of larger individuals (e.g., White et al.
1982; Bohlin et al. 1989; Jones aﬁd Stockwell 1995). Juvenile rainbow trout are also
ecologically distinct from adults in their habitat requirements. Juvenile salmonids tend to
occupy shallow, low velocity stream areas and may move fo deeper habitat as they grow
(Bohlin 1977; Gatz et al. 1987; Maki-Petays et al. 1997). Therefore, sampling must be
directed specifically at juvenile rainbow trout if inferences conceming juvenile
abundances are to be made.

Studies that have been directed at juvenile rainbow trout in the Henrys Fork have
been limited in scopé such that inferences on river-wide recruitment could not be made.

We know that cobble-boulder concealment cover along banks is used by juvenile rainbow
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trout during winter (Contor 1989; Griffith and Smith 1995). Movement of Juvenile

rainbow trout from macrophyte cover to coBble-boulder cover along banks has been

observed (Griffith and Smith 1995). Experimental .studies indicated that winter survival

of age-0 rainbow trout was highér in cages wiFh cobble-boulder substrate than in cages

without cover. (Smifh and Griffith 1994) and survival was higher with warmer water

: temperatures (3.1-4.3 °C versus 1.5-4.3 °C; Meyq and Griffith 1997). AMost mortality in |
cages has beeﬂ observed in early winter (95%; Smith and Griffith 1994). Size;dependent
mortality (age-0 rainbow trout < 90-100 mm total length) occurred in cages with no cover
or with colder water temperatures (Smith and Griffith 1994; Meyer and Griffith 1997).

“Angradi and Contor (1988) estimated age-0 rainbow trout density by sampling along one
bank in each of four river sections in summer. However, these estimates cbuid not be
extrapolated to both banks of the river because sampling was not representative of both
banks. Studies of juvenile rainbow trout in the Henrys Fork must include multiple time
periods and sampling areas representative of a large river reach such that rec;ruitment can
be quantified. |

Estimates of temporal and sﬁatial abundances of juvenile rainbow trout are -

essential to the evaluation of recruitment in the Henrys Fork. The estimation of survival
and movement rates complements abundance estimation by aiding in the interpretation of
temporal and spatial differences in abundances. Seasonal survival rates may be related to
environmental changes in t'emperature and discharge, and spatial changes may be related

- to the movement of juvenile rainbow trout as habitat availability and habitat requiremeﬁts

- change. The quantification of movement may also delineate the upper bound on the

portion of a loss rate attributable to actual mortality. Therefore, a comprehensive study
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of juvenile rainbow trout to evaluate recruitment limitations should include the estimation -
of abundance, survival, movement, and habitat use across time and space.

Inferences concerning fish abundance, survival, movement, and habitat use are .
inherently difficult to make because individuals are not readily observable and -
information is only available on fish that are captur.ed (Otis et al. 1978; Burnham et al.
1987; Gowan et al. 1994; Hilborn and Mangel 1997). Additional difficulties with -
juvenile fish are the typically larg¢ abundances and low capture probabilities that result in
large variances and wide interval estimates (Cormack 1992). The yearly production of
age-0 trout in the Henrys Fork may exceed 100,000. ‘The size of the management afea of
interest, which is 25 km long with an average width of 90 m, poseé additibnal sampling
problems concerning sampling efﬁcienéy (Kennedy and Strange 1981; Bohlin et al. -
1989). Obviously, orily a small percentage of such a population could ever be sampled
given typical personnel and equipment constraints.. However, sampling strategies and
methods of analysis can be tailored and impro;'ed to meet the demands of a recruitment
study in a river such as the Henrys Fork.

I developed and evaluated sﬁnpling methodologies to obfain data to quantify -
spawhing activity and seasonal abundance, survival, movement, and hal;itat use of age-0
fainbow trout in the Henrys Fork. -Existing methods of anaiysis for collected data were:

" evaluated and adapted, and.new methods of analysis were developed, to improve
inféren.cé on salmonid recruitment at the juvenilé life stage. The methods of analysis
‘were appligd to the collected data to produce. a comprehensivc‘ analysis of age-0 rainbow -

trout recruitment in the Henrys Fork.
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The results of my study are organized into five chapters. Each chapter is written
in a format suitable for journal publication and is self-contained. Chapters two to four
describe the development and evaluation of sampling methodologies and their application
to the Henrys Fork study. In Chapter two I describe the evaluation and adaptation of |
distance sampling techniques to identify spawning areas in river sections of the Henrys
Fork and to quantify spawning activity therein. In Chapter three I describe a sampling
methodology I developed to obtain mark-recapture data to estimate abundances of age-0
rainbow trout in the Henrys Fork. 1 evaluated the utility of closed and open population
models for such data and recommended an appropriate estimator. In Chapter four I
describe the development and evaluation of competing predictive models for obtaining
abundance estimates from smgle-pass removal data along bank areas in the Henrys Fork. .
The models were developed for use in the Henrys Fork, but can be calibrated for use in
other streams or rivers or anywhere removal samplmg is appropnate.

Chapters five and six describe the application of the sarnplmg methodologies

. developed and evaluated in Chapters two to four. Chapter five constitutes a

comprehensive analysis of the production and recruitment of age-O rainbow trout in the
Henrys Forlc. I identified spawning areas ~'and quantiﬁed spawning activity therein and I
quantlﬁed seasonal abundance, surv1val movement ‘and habitat use of age-O rainbow
trout. In Chapter six I describe a ﬂow-survrval relatlon identified for age- 0 rainbow trout
in the Box Canyon section of the Henrys Fork and a winter discharge experiment, based
on thls relatlon to 1mprove natural recruitment of age-O rambow trout in the Henrys Fork.

The results of this study 1mproved our understanding of the processes affectmg~

rainbow trout recruitment rates in the Henrys Fork downstream of Island Park Reservoir.
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- Whereas past studies in the Henrys Fork have been limited in scope such that inferences
on river-wide recfuitment could not be made.,- tﬁis study prdvided detailed information on
ﬁver-wide produétion,vs-urvival, moverﬁent, and ﬁabitat use of rainbow trout at the age-O
life stage. These resulfs were used to assist management policy for maintaining and
improving the Henrys Foric wild rainbow trout ﬁshery. Sambling and analysis téct;niques
developed and evaluaied in this study provided the tools neces's‘ary' to‘study thew -
récruit;nent process for age-0 tfout and can be used‘to4 éfﬁciently monitor age-0 troutv |

recruitment and evaluate the effects of management actions in the future.
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CHAPTER 2

USE OF DISTANCE SAMPLING TO ‘ESTIMATE |
RAINBOW TROUT REDD ABUNDANCES -
IN THE HENRYS FORK OF THE SNAKE RIVER, IDAHO

Introduction -

Redds are spawning nests of salmonlds constructed by digglng a depressron in
éravel substrate deposmng eggs, and covenng the eggs W1th loose gravel. Redd counts |
are typically conducted to identify spawmng areas, to confirm that spawmng has
occurred and to obtam a total number of redds present in an area. Redd counts are
obtained by censusmg an area or stream and it is generally assumed that all redds are
detected. Redd censusmg may be conducted on foot or by canoe in small streams (e.g,
Beland 1996) or by aerial observation in larger streams (e.g., Heggberget et al. 1986).

) However it may be unreasonable to assume that all redds can be detected espec1a11y
when searchmg large areas. Censusmg may yield biased results 1f some redds remain
undetected.

Distance sampling (Buckland et al. 1993) can be used to systematically search a
large area of interest and to obtain an abundance estimate of obj ects within that area.
Dlstance samphng theory allovsis for the detectability of objects to decrease as the
distance of the Obj ect from a hne transect Increases (Buckland et al l993l Therefore
Obj ects can remain undetected wrthout undermming the vahdlty of the estimate

Perpendicular distances ﬁom a transect toa detected obJect are “sampled” and the

distances are modeled so that detectabllity and densrty can be estimated As distance
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from thé transect increases, detectability decreases, allowing esiimation of the effective
area sampled. The'use of distance sampling has received little attention in the study of
- fish populations (for exceptions see Bergstedt and Apderson 1990; Ensign et al. 1995).
Distance sampling has not been used in the estimation of redd abundance although it
aﬁpears to be well suited to this problem. Three assumptions necessary for reliable
estimation from line transect sampling are: 1. Objects on a transect are detecteci with
certainty; 2 Objects are detected at their initial location before any movement in responée
to the observer; and 3. Distances between objects and the transect are measured
Vaccurately (Buckland et al. 1993). It is reasonable to assume that redd;s on a transect will
be detected with certainty. Redds are immobile objects; therefore, redds detected off a
- transect will be detected in their initial location and the distance from a transect to a redd
can be measured accurately.

T'used distance sampling to identify spawning areas in study sections of the

Henrys Fork of the Snake River, Idaho, and to quantify spawning activity therein.
Study Area

The Henrys Fork is a medium-sized river that had a mean annual discharge of .
24.3 m%/s in 1995-1997 at Island Park Dam (range, 6.9 to 78.4 m3/s). The Henrys Fork at
Island Park Dam is at 1,897 m in elevation and drains a 1,246-km’ area. I divided the '
Henrys Fork from Island Park Dam to Osborne Bridge into the following five sections for
sampling rainbow trm:t redds: 1. Island Park Dam to the United States Geological Survey

(USGS) gauging station (length (L) = 250 m; mean width‘ W =56 m); 2. USGS gauging

station to the Buffalo River (L = 350 m; w =42 m); 3. Box Canyon (L =4 km; w =70
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m); 4. Last Chance (L =4 km; w =95 m); and 5. Harriman State Park (L=8km; w =
125 m) (Figure 2.1).

The Buffalo River joins the Henrys Fork about 0.6 km downstream of Island Park
Dam (Figure 2.1). The Buffalo River is spring-fed and has a relatively constant discharge
of 6 m%s. A dam at the mouth of the Buffalo River prevented upstream migration of

' rainBow trout, except during spring runoff, prior to the installation of a fish ladder in-
October 1996. ‘

The river section from Island Park Dam to the Buffalo River has an intermediate
gradient (0.3%) with boulder substrate in the thalweg and gravel substrate in the adjacent
shallow areas; fhere is a larger-gravel substrate area upstream of the USGS gaﬁging

_station. Box Canyon has a high gradient (0.45%) with cobble-boulder substrate and Last
~ Chance has an intermediate gradient (0.3%) with cobble substrate. Harriman State Park

~ has a low gradient (0.1%) with a highly embedded sand-gravel substrate.
Methods

Replicate transects perpendicular to flow were systematically travefsed by a
combination of wading and snorkeling, With a r;ndom ﬁrst.start within each river section.
Locations of redds on either side of a transect of known length were recorded to estimate
the effective area sampled and the density of redds. Locations were» identified by
perpendicular distance (rﬁ) from thé transect to the redd center. Redd densities were
estimated using the computer program DISTANCE (Laake et al. 1994). An estimate of
the total number of redds in a section was obtained by extrapolating the estimate of

density across the total area within the section. I also searched for redds along alternating
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sides of the river between transects in Box Canyon, Last Chance, and Harriman State
Park to'verify that transects were representative of sections (i.e., that there were not many
| more or less redds between transects versus on or near transects).

Distance‘ sampling was conducted once in 1995 from Island Park Dam to the
Buffalo River, in Box Canyon, and in Last Chaflce. The séction between Island Park
Dam and .the USGS gauging station was sampled on four dates in 1996 and on six dates
in 1997‘. Last Chance and Harriman State Pérk were each sampled once in 1'997. I
sample»d. 10-15 transects on each date in sections between the dam and the Buffalo River
and 20 transects on each date in the remaining sections.

The first spawning activity of each season in each river section was verified by
digging into suspected redds until eggs were found. Thereafter, depressions in the
substrate were identified as redds based on characteristics including a decreasing gravel
size-gradient from the rédd pit through the redd tail, gravel in a redd that were cleaned of -
periphyton compared to surrounding gravel, and gravel in a redd pit-area that were looée

to the touch. -
Results

Rainbow trout spawning activity was concentrateci in the section between Island
Park Dam and the USGS gauging statfon on sampling dates in 1995 and 1996 and was
limited in other sections. Spawning was limited in all sections of the Henrys Fork on
sampling détes in 1997. |

Twenty-two redds were observed on 27 April 1 995 between the dam and the -

USGS gauging station, yielding an estimate of 28 redds (95% confidence interval (CI),
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12-67; Table 2.1). (See Appendix Table A.1 for detection function model siaeciﬁcation,
encounter rate, and effective strip width.) The dischairge was 17.0 m*/s. Redds were
scaftered throughout the shallow areas adjacent to the thalweg. There was an insufficient
number of redd observations in the other sampled sections to estimate redd density using’
program DISTANCE (Table 2.2). One redd was observed near the west bank between
the USGS éauging station and the Buffalo River on 27 April and one redd was observed
* near the east bank in Last Chance on 18 April. No redds were observed in Box Canyon
on 17 April and ﬁo redds were observed along alternating sides of the river bétween
transects in Box Canyon and Last Chénce.

There was an increasing trend in the total number of redds between Island Park
Dam and the USGS gauging station between 30 March and 21 April 1996 (Table 2.1).
An estimate could not be obtained for 30 March because only two redds were observed.

The maximum number of redds observed was 11 on 14 April, yielding an estimate of 11

redds (95% CI, 4-30). Visibility was reduch by 21 April because of an increase in
discharge to 19.7 m*/s from 16.0 m%/s on 14 April; 9 redds were observed, yielding an
 estimate of 16 redds (95% CI, 6-42) (Appendix Tablc;, A.1). Thereafter, it was not
feasible to wade or snorkel to sample redds because of an additional increase in
discharge.

An increasing trend in the total number of redds between Island Park Dam and the
USGS gauging station was not observed between 11 March and 19 April 1997 (Table
2.1). Discharge was 26.2 m*/s on 11 March and about 21.3 m*/s from 31 March to 19
April. Oﬁe redd was first observed on 31 March and no additional redds were identified

thereafter. No redds were observed in Last Chance on 20-21 April or in Harriman State
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Park on 21 April (Table 2.2); no redds were observed along alternating sides of the river
between transects. Visibility was reduced because of an increase in discharge by the last

week of April 1997 and it was not feasibie to wade or snorkel to sample redds thereafter.
Discussion

A ground'-‘based method of searching for redds in the Henrys Fork was necessary
because trumpeter swans Cygnus buccinator left depressions in the substrate after feeding
on macrophytes and the depressions could be mistaken for redds when viewed from far
away (e.g., from an airplane). Distance .sampling provided an unbiased approach to
identifying spawning areas and to quantifying spawning ‘activity therein. Traditional redd
counts are not robust to changes in detectability and therein lies the advantage of distance
sampling—detectability can change without affecting the validity of the estimates.

The robustness of distance sampling to changes in detectability was demonstrated
when sampling the river section between Island Park Dam and the USGS gauging station
on ﬁultiple dates in 1996. As discharge increased between sampling dates, the distance
at which redds could be detected from a transect decreased. Consequently, fewer redds
were detected for a given number of transects, However, the shorter distgnces of detected
redds from transects indicated an increase in redd density and hence an increase in
spawning activity. A traditional redd count would have required more effort to detect an
increase in spawning activity given the decrease in detectability, and the increase in
spawning activity may not have been observed if redds remained undetected.

There was an increasing trend in spawning activity in the river section between

Island Park Dam and the USGS gauging station from 30 March to 21 April 1996. This
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trend was nof observed in 1997. The installation of the Buffalo River fish ladder in
October 1996 provided access to spawning areas in the Buffalo River in spring 1997 that
Qv.ere previously inaccessible to rainbow trout in the Henrys Fork prior to spring runoff.
Spawning rainbow trout that may have formerly used the area near Island Park Dam
cogld have spaWned in the Buffalo River instead. The Henrys Fork Foundation reporfed
that 224 rainbow trout greater than 400 mm total length (TL) migrated upstream through
the ﬁ§h ladder during spring 1997 pﬁor to runoff (R. Van Kirk, Henrys Fork Foundation,
personal communication). This may explain the estimated differences in redds between
1996 and 1997.

The detectability of redds may depend on stream discharge and light conditions.
Increased discharge may decrease the distance at which redds can be detected from a
transect. Distance sampling is robust to this situation prov‘ided that redds on a transect
are still detected with certainty (Buckland et al. 1993). Light mﬁy affect visibility by
creating a glare on the water surface. If a glare occurs on one side of the transects,
observations will be asymmetric about the transects, but estimation will not be advérsely
affected (Buckland et al. 1993). If a glare occurs in the direction a transect is being
traversed, the observer can turn around and look back to make observations (Buckland et
al. 1993).

A random and independent distribution of redds is not required for distance -
sampling if the transects are randomly located in a river section or if a systematic grid of
transects in a river section begins with a random first start (Buckland et al. 1993). -
Therefore, it is important that transects extend from bank to bank perpendicular to the -

current such that transects are representative of river habitat across a channel. If redds
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are clustered along a bank, transects that follow the bank will overestimate redd
abundance wheﬁ used to make inference on the river as a whole. However, I do think it

- is useful to search for redds while moving along the bank from one transect to the next.
This additional information cannot be used to calculate redd density, but it can be used to
judge the effectiveness of é systematic safnpling grid at representing a ri\_/er section. For
example, no redds were observed betweeﬁ transects in Box Canyon, thereby supporting
the assumption that the transeéts were representative of B:ox Canyon (where no redds
were observed on or near the transects).

An estimation problem encountered in this study wa§ small sample size, which
led to large confidence intefvals on abundance estimates. Buckland et al. (1993) suggest
a minimurﬁ sample size of 60 to'80 detected objects; my largest sample was 22 redds.
Confidence intervals for abundance estimates also had lower bounds less than the actual

number of distinct redds observed. Program DISTANCE computes confidence intervals
based on the log. approach of Burnham et al. (1987), but unlike the log, approach used to
construct intervals for mark—recaptu.re and removal estimates of abundance, intervals
constructed in DISTANCE do not guarantee lower bounds equal to or greater than the
number of objects observed.

Distance sampling was particularly useful for sampling large-scale areas such as
Box Canyon, Last Chance, and Harriman State Park, where a traditional census was not
feasible. This method provided an objectivé ép].;roach to searching large-scale are-as for
;spa\.x‘ming activity and quéﬁtifying spéwﬂing activity therein. Distance sampling is not
useful for sampiing redds in small tributaries and streams because of their narrow width.

For example, a stream 5 m wide can usually be adequatély searched from the bank and a
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census taken while walklng along the stream length would be more efficient and likely -
more accurate compared to a distance samplmg approach However dlstance sampling
may be useful for quantifying spawning activity in ponds and lakes, such as for .

centrarchid nests.
Summary .

Drstance samplmg was used, as an altematrve to a census, to sample large-scale
areas of the Henrys Fork of the Snake River, Idaho, for rambow trout spawnrng redds
Replicate transects perpendrcular to flow were traversed by a combination of wading and
snorkelmg Perpendrcular dlstances from transects to detected redds were “sampled” and
these data were analyzed using the computer program DISTANCE to estlmate redd
detectabrhty and densrty As discharge increased between samphng dates detectabrlrty
of redds decreased and most observations were closer to the transects. The effective area
sampled was smaller, but an increase in redd density was observed, indicating increased
spawning. activity and demonstrating the robustness of distance sampling to changes in
detectability. Distance sampling provided an unbiased approach to sampling large-scale
areaa in a river for redds, and may be useful for quantifying nesting spawning activity in

similarly large-scale areas in lakes or ponds.
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Table 2.1.—Estimates of redd abundance (N ) and 95% confidence intervals (Ch)

in the Henrys Fork from Island Park Dam to the United States Geolo
station (13,750 mz) in 1995, 1996, and 1997. Estimates were obtain
computer program DISTAN

estimate.

gical Survey gauging
ed using the
CE; effort equaled the sum of transect lengths; ne = no

Effort Observed
Date Transects (m) redds N 95% CI
1995
27 Apr 13 716.7 2 28 [2, 67]‘
1996
30 Mar 10 537.5 2. ne ‘ne
9 Apr 10 520.6 6 12 [3, 44]
14 Apr 10 551.0 11 11 [4, 30]
21 Apr 10 575.0 9 16 [6, 42]



Table 2.1.—Continued.

19

Observed

Effort
Date Transects (m) | rgdds | N 95% CI
1997
11 Mar 10 565.0 0 ne ne
31 Mar 10 579.0 1 ne ne
6 Apr 10 608.5 1 | ne ne
13 Apr 15 839.0 0 ne ne .
18 Apr 1 660.5 1 ne - ne
19 Apr 11 606.0 1 ne ne
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Table 2.2.—Summary statistics for sampling of redds in the Henrys Fork from the
United States Geological Survey (USGS) gauging station to Harriman State Park. Effort
equaled the sum of transect lengths; additional effort included the section length for
observations made along banks between transects.

Area - Effort (m) Observed

Section . Date (m?) Tranéects fadditional) redds
USGS gauging 27 Apr1995 14,700 10 4215 1
station to Buffalo o - (350) ()]
River
Box Canyon 17 Apr1995 270,000 20 1,394 0

40000  (0)

* Last Chance 18 Apr1995 336,800 20 1946 1
- (4000 ©

20-21 Apr 1997 20 1820 0

(4,000) 0)

Harriman State Park . 21 Apr1997 1,013,000 20 2,532 0

(8,000) (0)




Buffalo River

Last Chance

Harriman
State Park

Figure 2.1 —Study sections of the Henrys Fork: 1. Island Park Dam to the United
States Geological Survey (USGS) gauging station, 2. USGS gauging station to the
Buffalo River, 3. Box Canyon, 4. Last Chance, and 5. Harriman State Park. Lines with
end-caps = dams, dashed lines = river section boundaries, and parallel lines = bridge.
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CHAPTER 3

A SAMPLING METHODOLOGY TO OBTAIN MARK-RECAPTURE DATA
AND AN EVALUATION OF ANALYSIS TECHNIQUES
FOR ESTIMATING ABUNDANCES OF AGE-0 RAINBOW TROUT
' IN A MEDIUM-SIZED RIVER |

Introduction

The juvenile component of a fish population is inherently difficult to sample and
quantify in large river systems and over large spatial scales. Estimates of juvenile fish
abundance in such rivers are often required to quantify the production of juvenile fish, to
quantify the recruitment of juvenile fish to successive life stages, and to deterrninevthe
effects of management actions on juvenile fish survival. I was interested in estimating
juvenile rainbow trout Onc.orhynchus mykiss abundance in an area of the Henrys Fork of

the Snake River, Idaho, about 25 km in length and varying from about 50 to 150 m in
width. |

Many studies of riven'né sal;nonid abundance have been limited to streams less
than 10 m wide and have used the removal method to estimate abundance (e.g., Kennedy
and Strange 1981; Riley and Fausch 1992; Kruse et al. 1998). Quantitative sampling in
rivers of greater width is more difficult. Smailer capture efficiencies necessitate the use
Qf mark-recapture instead of the removal method to estimate abundance. However,
abundances of juvenile (i.e., age 0) salmonids can be large in such rivers, rendering
capturé probabilities too small to get precise abundance estimates when sampling long

(e.g., 2 1 km) river sections by electrofishing. A 1-km section of the Henrys Fork may

contain 20,000 juvenile trout or about 20 trout per 100 m?. Sampling such an abundance
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of juvenile trout in a river area of this size would result in a very small capture efﬁc1ency
and possibly no trout recaptured

A sampling methodology was needed to improve capture efficiency and recapture
rate and hence improve estlmates of juvenile rainbow trout abundance in the Henrys
F ork, to»ald the management of the river’s trout fishery. I developed and evaluated a
sampling methodology to obtain mark-recapture data to estimate abundances of age-0
rainbow trout in the Henrys Fork. Sampling was concentrated in river sample areas that
were 100 m long and extended from bank to bank. A greater proportion of juvenile
rainbow trout could be marked, and thus recapﬁred, in sample ar.e.as as compared to
longer river sections.

Sample areas were physically open becaﬁse the use of blocking nets in a river
such as the Henrys Fork was impractical. However, contingent on a short study period,
physically open populations can sometimes be treated as closed (Pollock 1982). If
juvenile rainbow trout restrict their activities to a defined area, sample areas may be
considered biologically closed (Bohlin et al. ‘l 989).

The assumptions of population closure and equal catchabilit.y of individual fish
are important to consider when developing and evaluating a sampling methodoiogy. If
the assumption of population closure is satisfied, a set of closed-population abundance
estimators can be considered for estimating abundance from the sample data. This set of
estimators included the Lix_lcoln-Peterson estimator for two capture occasions aﬁd the -

" Schumacher-Eschmeyer and Schnabel estimators for multiple capture occasions (Ricker
1975). 1f the closure assumption is not satisfied, the Jolly-Seber estimator for open

populations can be used (Ricker 1975). There is also a set of closed-population
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abﬁndance estimators for multiple capture occa;ions included in program CAPTURE
(Otis et al. 1978; Rexstad and Burnham 1991). This set includes estimators for models
that are pérameterized for véripus violations of the equal cétchability assumption.

I address in the methods section the mark-recapture sampling methodology, the
separation of age classes for analysis, the key assumptions associated with abundancé
estimation, abundance estifnators and estimator selection, extrapolation of abundance
estimates to areas not sampled, and variables éffecting capture probability. In the results
section, I first addréss the simulation results for estimator selection and I then address the

analysis of the Henrys Fork data sets.
Study Area

The Hénrys Fork is a medium-sized river that had a mean annual discharge of
24.3 m*/s during 1995-1997 at Island Park Dam (range, 6.9 to 78.4 m3/s). The Henrys
Fork at Island Park Dam is at 1,897 m elevation and drains a 1 246-km2 area. The
Buffalo River joins the Henrys Fork about 0 6 km downstream of Island Park Dam
(Figure 3'1)'. The Buffalo River is spring-fed and has a relatively constant discharge of 6
m’/s. Idivided the Henrys Fork from the confluence with the Buffalo Ri\vzer'to Osbéme
Bridge into the following. three sections fof sampling juvenile rainbow trout: 1. Box
Canyon (length L =4 km, mean width w =70 m), 2. Last Chance (L =‘4 krh, w = 95
. m), and 3. Harriman State Park (L =8 km, w = 125 m) (Figure 3.1). Box Canyon was
fhrther divided into upper Box Canyon (L = 1.5 km) and lower Box Canyon V(L =2.5 km).

Box Canyon has a high gradient (0.45%) with cobble-boulder substrate and is

characterized by an abundance of rocks and woody debris along the banks and sparse.
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macrophytes across tﬁe channel. It was only possible to safely wade across the channel

in lower Box Canyon. Upper Box Canyon has areas of rapids, deep holes (i.e.,> 1 m |
deei)), and large, uneven substrate. Last Chance has an intermediate gradient (0.3%) with
cobble substrate and is characterized by dense macrophyte beds across the channel and a .
lack of cover along the banks. Harriman State Park has a low gradient (0.1%) with a
highly embedded sand-gravel substrate and is characterized by a patchy distribution of
dense macrophyte b¢ds, but a general lack of cover in the .g:hannel and along the banks.
The chanﬁel depth is usually less tﬁan 1 m in lower Box Canydn, Last. Chance, and

Harriman State Park.

Methods |
Sampling Methodology

’fwerﬁy nine mé.rk-recapture data‘ sets wefe obtéined by intensively resamﬁlirfg
multiplé sample areas in each river section on 3 to 5 capture occasions within 3 to 17-d
periods in summer (August) and autumn (October) 1995-1998. A unique ﬁn clip
indicated capture histories for each capture occasion. Fin clips were minimal in size to

| allow rr;ark recognition within tﬁe éummér or éutumﬁ sanipling periods and regenerati>on

thereafter. Sample areas were deﬁned as bank-to-bank érea§ about 100 m long. Limiting
fhe length of tﬁe sainpiing peribd inéy havc; ﬁinimized additi;)ns or los§es to the sahiple
area and allowedi for the collecfio;l of multiple samples to inéfeasé the pfoportion of

juvenile trout captured. I generally sampled every other day to reduce behévioral

response to eleétroﬁshing (Mesa and Schreck 1989).
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A stratified random procedure was used t;) select the sample areas; sample areas
were separated by at least 1 km to reduce the likelihood of trout marked in one sample
area moving to another sample area within a season. I sampled two sample areas in Box
Canyon, two in Last Chance, and one in Harriman State Park. The same sample areas.
were used in each season and year.

Juvenile rainbow trout were collected along eight transects perpendicular to the
- current in each ll 00-m sample area by wading with boat-mounted electroﬁshing gear
(continuous DC, 175-250 V). One person operated the electrical on-off switch, held the
bow of the drift boat_, and waded across the river with fhe boat parallel to the current. An
electrode ring was suspended port or starboard in the direction that the boat was moving.
Another person, positioned downstreém of the electrode ring, netfed fish. The amount of
effort in each sample area was equal among sampling dates. This sampling method could

only be used in areas and seasons in which discharge allowed wading across the width of

the river.

Scales were collected from up to 10 juvenile réinbow trout in each 10-mm size
class, ranging from 60 to 260 mm total length, in each river section in summer and
autumn from 1995 to 1997. Three scales from eac;h trout were pressed onto cellulose
acetate slides. Iread each set of scales counting the m;mber of annual rings and retained
sets for further analysis if age readings were obtained for all three scales. Each fish was

assigned the maximum age read from the set of three scales. =
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Logistic regressioﬁ was used to partition trout into age classes based on length'r
when the range of lengths for age;O trout overlapped the range for ége-l trou.t. The
length at which a logistic regression function (fitted to length and age data for a particular
river section, season, and year) equaled 0.5 was used as the classification length. Any
rainbow trout in the mark-recapture data (for that river section, season, and year) With :
total length iess than the classification length was classified age 0. Logistic regression
analyses were performed using the categorical data modeling procedure in SAS (PROC

CATMOD; SAS Institute 1994).
undan imat

An appropriate abundance estimator was selected for eachv Henrys Fork mark-
recapture data set to estifnate the abundance of age-0 rainbow trout in a sample area.
- Estimators were selected from a candidate list of closed-population and open-population
abundance estimators. Closed-populatién estimators includéd the following estimators in
the computer program CAPTURE: Nall M,, Darroch M,,-Chao M,, Chao M, and Chao
M (Otis et al. 1978; Chao 1989; Rexstad and Burnham 1991; Chao et al. 1992). The
Null estimator for model M, assumes a constant capture probability for egch fish on all
captmé occasions. The Darroch and Chao estimators for model M, assume capture
probabilities vary with .time (i.e., capture occasion). The Chao estimator for model Mn .
assumes capture probabilities vary for each ﬁsh The éhao estimator for modgl' M
assumes capture probabilities vary for each fish and with time. Closed-population |
estimators also included the Schumacher-Eschmeyer and Schnabel estimators for

multiple censuses and the Lincoln-Petersen estimator for two capture occasions (Ricker‘
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1975). Mark-recapture data were pooled into early (i.e., sampling dates 1, 2, and 3) and '
late (i.e., sampling dates 4 and 5) samples to use the Lincoln-Petersen estimator. These
estimators assume a constant capture probability for each fish. No assumption is made
about a constant capture probability with time. The Lincoln-Petersen estimator is
actually a special case of the Darroch and Chao M, esfimators for two capture occasions
(Otis et al. 1978; Chao 1989). The open-population estimator was the Jolly-Seber
estimator (Ricker 1975), which estimates abundance for capfure occasions 2, 3, and 4 for

a data set including 5 capture occasions.

I evaluated the utility of the model selection procedure in CAPTURE for
analyzing juvenile rainbéw trout mark-recapture datavfrom the Henrys Fork.‘ I performed
simulations using the model selection procedure to determine whether or not the _ -
procedure can detect known violations of the equal caichability assumption when capture

probabilities were small (i.e., < 0.10) and varied with time. Four capture probability

scenarios that included temporal variation were examined: 1. p=0.02 (p,=0.01, p,=0.04,
p5=0.02, p,=0.02, ps=0.01), 2. p=0.046 (p,=0.03, p,=0.03, p;=0.05, p,=0.05, ps=0.07), 3.

p=0.078 (p,=0.08, p;=0.07, ps=0.10, p,~0.06, ps=0.08), and 4. p =0.106 (p,=0.10,.
p=0.13, ps=0.08, p,=0.10, ps=0.12). Simulations were performed for each sceﬁario for5
population sizes (N=1,000; 1,500; 2,000; 2,500; and 3,000) and 1,000 replications.
Capture probabilities and population sizes used in all simulations were based on actual

Henrys Fork data sets for age-0 rainbow trout.



29

The model selection procedure in CAPTURE does not select between competing
estimators for a particular model (e.g., the Darroch and Chao estimators for model M)
and does not consider the Lincoln-Petersen, Schumacher-Eschmeyer, Schnabel, or Jolly-
Seber estimators. I performed simulations to evaluate the pérformance of each closed-
population and open-population estimator listed earlier. These results were used to
identify b1as and coverage problems for estimators when capture probabilities were small,
and therefore aid in the selection of an estimator.

Simulations were programmed in MATLAB® version 5 (MathWorks, Inc. 1998).
Five population sizes (1,000; 1,500; 2,000; 2,500; and 3,000) were ‘sampled under each of
the four capture prbbability scenarios listed earlier (1,000 replications). A capture
probability p,,y was randomly selected from ’unifonn(O, 1) for each individual ina
population on each capture occasion. If p,.;< p, for t =1 to 5, then the individual was
. considered captured and marked. Aﬁex; five capture occasions, each individual had a
capture history indicating on which occas‘ions it-was captured. Each ‘sample comprised
the capture histories of individuals that were captured at least once. These data were
analyzed with each closed-population and open-population estimator to provide an
abundance estimate and 95% confidence interval. Confidence intervals for Null M,,
Darroch M, Chéo M,, Chao M;, and Chao My, were constructed assuming the log,
transformation of the estimated number of animals not captured has an<approximate
normal distribution (Chao 1989; Rexstad and Burnham 1991). Confidence intervals for
the Lincoln-Petersen and Schnab.el éstimators were constructed assuming the number of
recaptures has a Poisson distribution (Ricker 1975). Confidence intervals for the

Schumacher-Eschmeyer and Jolly-Seber estimators were constructed assuming
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normality. The following statistics were computed: average abundance estimate and
standard error, average interval length and standard error, percent intervai coverage, and
average bias and mterval length each expressed asa percentage of the true abundance.

I also examined diagnostic StatlSthS for Henrys Fork data to 1dent1fy patterns
consistent w1th models Mo, M, and M, Diagnostic statistics mcluded the total number of
1nd1v1duals captured in each sample the number of first captures in each sample and
recapture frequencies. Data consrstent w1th models M, and Mh have on average the same

~number of i 1nd1v1dua1s captured on each occasion and a steady dechne from the ‘average
sample siae in the number of first captures. VF requenciesof multiple recaptures are
considerably hi gher for model Mh versus model M.,. Data consistent with model M, show
erratic changes in the total number of individuals captured and the number of ﬁrst

captures.

Henrys Fork Study

'i‘he closure assumption was tested for‘sample areas for within-season samphng |
periods. That is, 1 wanted to determine how much movement upstream or downstream
out of a lOO-m sample area occurred within a seasonal samphng penod Juvemle
rainbow trout were marked and recaptured in 50-m areas upstream and downstream
adjacent to sample area 1 in Last Chance in summer 1996 and 1997 and in autunn 1996.
A umque fin chp was ass1gned to each adj acent area to identify movement into and out of

“the sample area. Adjacent 50-m areas were sampled on the last capture occasion for all

100-m sample areas in Box Canyon and Last Chance in both summer and autumn 1997 to
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nd ima ndi n rapol

Seasonal estimates of age-0 rainbow trout abundance were obtamed for sample
areas using an estimator selected as described earlier. I calculated capture efﬁC1ency and
recapture rate for each sample area abundance estimate. Capture efficiency was equal to
the total number of captures as a percentage of the estimated abundance. Seventeen
mark-recapture data sets that included five capture occasions were analyzed using the
first three occasions, the first four occasions, and all five occasions to determine how
increasing the number of capture occasions improved capture efficiency and estimate
precision.

I calculated average abundance estimates for sampie areas in Box Canyon and -
Last Chance in each season and year to use as indices of abundance for river sections.
Average abundance estimates included within- and among-sample area errcr terms.

Average abundance estimates obtained for 100-m sample areas in lower Box
Canyon and Last Chance were extrapolated for each river section to estimate total
abundance; extrapolated alaundance estimates for Harriman State Park were only obtained
for the 1-km area downstream of the Railroad Bridge (Figure 3.1-). Confidence intervals
- for total abundance estimates included within-sample area, among-sample area, and

extrapolation error terms.

* Variables Affecting Capture Probabl

I investigated how the following variables were related to capfure probability in

the Henrys Fork data sets: discharge, season, river section, and relative sampling date.
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Relative sampling date was a standardized measure of the sequence of sampling dates in
which the first sampling date for a sample area in each season is assigned 1. (For
example, five capture occasions that occurred every other day would be assigned dates 1,
3,5,7,and 9.) I computed Pearson correlation coefficients (r) and coefficients of

determination (%) using PROC CORR in SAS (SAS Institute, 1994).

Results

tion i m

The model selection procedure in program CAPTURE did not provide results for
simulations under the capture probability scenario of model M, with 5=0.02. The data-
generating model M, was correctly selected with greater frequency as population size
increased from 1,000 to 3,000 and as 7 increased from 0.046 to 0.106 (Table 3.3).
Model My was selected most frequently at 5 =0.046 (52.0% to 78.3%). (There is no
estimator in CAPTURE for model My,,.) Model M, was selected most frequently at
P =0.078 (49.5% to 86.5%) and ﬁ=0'.106 (66.5% to 89.3%). The model selection
procedure did not select between the Darroch and Chao estimators for model M..

The Chao Ml estlmator perfornred best overall in terms of bias and 1nterrral

coverage for the srmulated capture scenarios and population sizes (Appendlx Tables A.2-

A4). Average bias, expressed asa percentage of the true abundance was general]y
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smaller than +1% for closed populations (Figure 3.2). There was increasing positive bias
as the emigration rate increased; average bias was about 4 to 5% at a 5% emigration rﬁte
and about 9 to 10% at a 10% emigration rate. Average bias graduélly decreased at all
levels of emigration as p increased from 0.02 to 0.106. Percent interval coveragé was
about 93% at p =0.02 and increased to the nbminal level of 95% for an emigration rate of
10% (Figure 3.3). Percent interval coverage was about 94% at P =0.046 for 0%, 5%, and
10% crﬁigration. The nominal coverage level was achieved at p=0.078 and 0.106 for a
closed population, but coverage decreased to as low as 67.9% as N increased to 3,000 and
' the emigration rate increased to 10%. Average interval length, expressed as a percmtaée
of the true abundance, decreased as N and P increased and increased as the gmigration
rate increased (Figuie 3.4). The greatest decreases in average interval length occurred
with increases in P ; average interval length decreased by 6‘2%, 79%, and 85% as p
increased from 0.02 to 0.046, 0.078, and 0.106. -

The Darroch M, estimator performed about as well as the Chao M, estimator at
P =0.046 to 0.106, but performed poorly at p=0.02. The Darroch M, estimator had a
large negative bias that was greater than 10% at P =0.02 and decreased to about 8% as N
and the émigration rate increased (Figure 3.2). Percent interval coveragé exceeded the
nominal level of 95% at p=0.02; coverage was greater at larger N and emigration rates
(Figure 3.3). Average interval length was shorter than thai of the Chao M, estimator at
p =0.02 (Figure 3.4).

The Null M, estim;itor performed about as well as the Chao M, estimator at -

P =0.078 and 0.106, but performed poorly at p=0.02 and 0.046. The Null M, estimator
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had a large negative bias that was greater than 8% at p=0.02 and decreased to about 6%
as N and the emigration rate increased (Figure 3.2). Average bias was positive at

P =O‘046.; bias Qas about 5% for a closed population, about 10% for an emigration rate
_qf 5%, and about 15% fer an emigration rate of 10%. Percent. interval coverage exceeded
the nominal level of 95% at p =0.02, similar to the Darroch M; estimator (Figure 3.3).
Coverage was about at the nominal level at higher Values of p for closed populations,
but decreased to a greater extent compared to the Chao M, estimator for emigration rates
of 5% and 10%. Average interval length was shorter than that of the Chao M( estimator
and about the same as that of the Null M, eetimator (Figure 3.4).

The Chao M, estimator perfo@ed poorly, haying large posi?ive bias and poor
interval coverage. Abundance estimates were not obtained for N=1,000, 1,500, and
2,000 at 13 =0.02. Positive bias decreased from about 50% at 5 =0.02 tokabo’ut 15% at
p=0.106 for ciosed populations: and increesed as emigration rate increased_. Percent
interval coverage was 88% at P =0.02 for closed populations and decreased to as low as
2.1% as N, p, and emigration rate increased.

The Chao My, estimator performed poorly at 5 =0.02 but improved as p
inerease(i to 0.106. Abundance estimates were not obtained for N = 1,060, 1,506, and
2,000 at p =0.02.. Positive bias decreased from about 33% at P =0.02 to about 3% at

- p=0.106 for closed populations and increased as emigration rate increased. Pereent |

interval coverage and average interval length changed in a pattern similar to the Chao M;

estimator with smaller coverage and larger interval length.
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The Lincoln-Petersen estimator performed satisfactorily at small values of p and
an emigration rate of 10% (Figures 3.2-3.4), but performed poorly at smaller values of p
fer clos.ed populations and at larger values of ‘f) . Unlike the estimators in program
'CAPTURE, negative bias increased as p increased, bias decreased and percent interval
eoverage increased as emigration rate increased, and average interval length increased as
N increased at f=0.02 (Figure 3.4). |

The Schumacher-Eschmeyer estimator performed poorly at p=0.078 and 0.106
and no abundance estimates were obtained at 5=0.02 and 0.046. Average bias was
negative and exceeded 30% for closed populations. Like the Lincoln-Petersen estimator,
bias increased as p increased and bias decreased and percent interval ceverage increased
as emigration rate increased. Percent inter\;al coverage exceeded the nominal level of
* 95% and average interval length was about four times greater than for other estimators.

The Schnabel estimator performed poorly, having negative bias that exceeded
40% for closed poﬁulations and having poor interval coverage. Abundance estimates
were not obtained for N = 1,000, 1,500, 2,000, and 2,500 at D f0.02._ Like the Lincoln-
Petersen an_d Schumacher-Eschmeyer estimators, bias decreesed as emigration rate
increased. Percent interval coverage decreased as N, P, and emi gr?ition rate increased._
Coverage was less thé.n 20% at p=0.078 and less than 10% at 5 =0.106. Average
interval length was about two times greater ihan for other estimators. - -‘

Abundance estimates were not obtained for the Jolly-Seber estimato‘r at all values

of N, p, and emigration rates. -
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There was no overlap in length ranges of age-0 and age-1 rainbow trout, as
identified by reading scales, in Box Canyon and Last Chance in summer 1995 and 1996,
in Last Chance tn autumn 1996, and in Harriman State Park in all sampling seasons and
years (Table 3.1). There were zero or one age-1 rainbow trout identified in seven of nine
sections, seasons, and years for which there was no overlap in length ranges identified :
(Table 3.1). A classification 1ength separating age-0 and age-1 rainbow trout was
estimated using logistic regression for Box Canyon and Last Chance in autumn 1995 and -
summer and autumn 1997, and for Box Canyon in autumn 1996 (Table 3.2). The -
probability of correctly classifying a rainbow trout as age 0 ranged from 0.93 to 1 and the
probability of correctly classifying a rainbow trout as age 1 ranged from 0.60 to 0.97

(Table 3.2).

Population Closure

| Most age-0 rainbow trout that were recaptured in sample areas in Box Canyon'
and Last Chance, or in areas upstream or downstream adjacent to sample area 1 in Last
Chance, were in the area they were marked (Table 3.4). About 85% (44 of 52) of trout
recaptured on the last sampling occasion (when adjacent areas were only sampled on the
last occasron) were in the area they were marked; about 15% were recaptured 0utsrde of -a .
sample area (5 upstream and 3 downstream) There was no consrstent pattern of
emlgratlon direction (1 €. upstream versus downstream) when considering all samples

however, more trout were recaptured downstream (23) than upstream (14). .There was a
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decreasing trend in the number of recaptured trout as the distance from the marking area
(i.e., areas adjacent to sample area 1 in Last Chance) increased, both upstream and

downstream.

re Di ti
There were erratic changes by sampling occasion in the total number of
individuals captured and the number of first captures for all mark-recapture data sets
from sample areas in the Henrys Fork (Appendix Table A.5). These pattefns of captures
. were consistent with model M. Most age-0 rainbow trout were captured one time
(93.8%; sample size = 9,247); 5.8% were captured two times, 0.4% wére recaptured three
times, and none were recaptured four or five times (Appendix Table A.5). These small

frequencies of multiple recaptures were not consistent with model M,,.

Representative Sample Areas

There was no significant difference between the number of age-0 rainbow trout
captured per transect within and outsidé of safnple areas for Box Canyon in summer 1997
and for Last Chance in summer and autumn 1997 (Téble 3.5). There were more trout
captured per transect within versus outside of sample areas for Box Canyon in autumn

1997 (Table 3.5).

Abundance Estimates
Abundance estimates for sample areas were obtained using the Chao M, estimator
because the Chao M, estimator performed best in simulations based on Henrys Fork data

sets, with minimal bias and interval coverage near or at the nominal level. Abundance
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estimates ranged from 778 to 8,175 with a median of 2,383 (Appendix Table A.5). The

mean capture probability fanged from 0.01 to 0.126 with a median of 0.036 (Appendix
Table A.5). Tﬁe capture efficiency ranged from 4.2 to 62.4% with a median of 16.7%
vand the recapture rate ranged from 0.7 to 22.4% with a median of 5.4% (Appendix Table
AlS). |

The average capture efficiency increased from 14.2% to 17.4% and 20.0% as the
number of capture occasions increased from 3 to 4 and 5; the average standard error for
abundance estimates decreased from 817.4 to 551.8 and 468.4. | | | |

Box Canyon and Lasf Chance indices of abundance (i.c., the avérage of tv;'o
sample areas) and extrapolated abundance estimates for 199\5-199";indicatéd that fhe
highest abundances of age-0 rainbow tréut dccurrcd in 1996 and the lowest abunciances
occurred in 1995 for each season (Tables 3.6 and 3.7). Indices of abﬁndancé and
extrapolated abund.ance estimates showed either no changekor decreases betwéen surﬁmer
and autumn of each year. Age-0 rainbow trout density (i.e., number per IOO-m- samplé:
area) was higher in Last Chance versus Box Canyon in all seasons ‘and years (Table 3.6);

density was lowest in Harriman State Park (Appendix Table A.S).

riabl ffecti re Probabili
Season, dischafge, river se(;tion, and relative sampling date did not explain much
of the variation in capture probability. Capture probability was weakly correlated with
season (1’ = 0.30) and- discharge (1> = 0.18); capture probability was not correlated with
river section (r* = 0.03) and relative sampling date (* = 0.03). The correlation between

capture probability and season was positive (r = 0.55), indicating a trend towards
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increased capture probability in autumn versus summer. The correlation between capture
probability and discharge was negative (r =-0.42), indicating a trend towards decreased

capture probability at higher levels of discharge.

Discussion

Sampling Methodology .

Abundances of age-O trout can be large 1n. nvers the size of the Henrys F ork. A
small pl'OpOI'thIl of marked trout is recaptured in studres of large populatlons resultmg in
w1de conﬁdence intervals (Cormack 1992) The precxsron of abundance estimates
depends on the number of trout captured (1 e., capture efﬁcrency) and the number
recaptured I showed that mark-recapture samplmg of age-0 rarnbow trout .m the Henrys
' l*“ork can be concentrated in 100-m sample areas, thereby 1mprov1ng capture efﬁcrency
and recapture rate. Capture efﬁc1ency and estlmate precision 1mproved as the number of
capture occasions increased from three to ﬁve The resultant mark-recapture data could
-then be analyzed us1ng a closed-populatlon abundance estrmator that has minimal blas

and interval coverage near or at the nomrnal level.

Sample areas were phys1cally open because the use of blockmg nets in a river as
wide as the Henrys Fork was lmpractlcal However contrngent ona short study penod
physrcally open populatlons can sometimes be treated as closed (Pollock 1982) I could

not conduct a statlstlcally vahd test for populatlon closure based only on the mark-
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recapture data for a sample area because such a test cannot be éonstructed (White et al.
1982). A test for closure is included in program CAPTURE and assumes model M, as
the null model. However, the test has low power, true failure of the closure assumption
cannot be differentiated from behavioral variation in capture probgbilities or from certain
patterns of temporal variation, and temporary emigration cannot be detected. -

Mafk—recapture data for sample areas and adjacent areas upstream and |
downstream indicated that most marked trout remained in the area they were marked
through a series of capture occasions. If juvenile rainbow trout restrict their activities to a
defined area, sample areas may be considered biologically closed (Bohlin et al. 1989).
Koenig and Coleman (1998) observed low rates of juvenile gag Mycteroperca microlepis
| movement in sea grass in 150-m square sampling stations in St. George Sound in the
northeastern Gulf of Mexico; they suggested that for future studies sampling stations be
considered closed for purposes of abundance estimation. Similarly, juvenile rainbow
trout in the Henrys Fork tended to conceal themselves in the inter;titial space of the roc':ky.
substr_ate, in woody debris, and in macrophytes. The slow, methodical p.rocess of
electrqﬁshing along transects across the river was particularly effective at capturing
juvenile trout Becausg of this tendency towards concealment, even when disturbed. |

Biological closure of sainple areas was ndt abSolﬁte as indicated by the recapture
of trout in areas adjacent to the area in which they were marked. Trout that were
captured and marked were removed from their home range; upon release, these trout had
to move to locate the area from v?/h_ich they were removed or relocate to a new home

range. Cutthroat trout Oncorhynchus clarki subjected to electrofishing mark-recapture in



42

streams immediately seek cover upon release (Mesa and Schreck 1989). Some marked
juvenile rainbow trout may have left a sample area in their search for cover.

The emigration of unmarked ﬁshrmay héve occurred, but such movement could
not be measured. Fish that are stunned by electrofishing and not captured will drift
before regaining céntrol and seeking cover. Some may drift out of a sample area (in
particular, those stunned near the downstream end of a sample area) and all will be
induced to mo;re in order to locate the area from which they were removed or to relocate
~ to anew home range. Observations made by both personnel while electrofishing
indicated that few juvenile trout were stunned and drifted downstream. Therefore, such
movement may be negligible.

Mark-recapture data for juvenile rainonv trout in the Henrys Fork indicated that
capture probabilitics were small (e.g., the median capture probability was 0.036). This
spécial nature of the data may render minor violations of the closure assurhptioh "
insignificant in relation to abundance eétimation. I showed by simulation that 95%
éonﬁdence intervals achieved a coverage level of about 92-95% for the Chao Mt

estimator when N = 1,000 to 3,000, p =0.046 and the emigration rate was 10%.
t ili ividual

The assumption of equal catchability of individuals oﬁén conflicts with biological
reality (Bohlin and Sundstrom 1977). Intraspecific variation in behavioral dominance,
feeding behavior, predator avoidancé, and habitét use is common (Magurran 1986; Elliott
1994). Trout may also exhibit a behavioral (trap-shy) response to electrbﬁshing (Cross

and Stott 1975; Mesa and Schreck 1989). Effort was taken to reduce temporal variation,
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behavioral variation,' and individual.heterogeneity in capture probabilities in order to -
reduce model parameterization such that the simplest model possible is the most
approprigte model for the data (White et al. 1982; Pollock et al. 1990). However, the -
small capture probabiiities encountered limit how much we can parameterize a model. |
That is, a violation of tﬁe equal catchability assumption may occur, but may not be
detectable in the data.

Temporal variation was limited by expending equal effort in a sample area on
each sampling occasion. However, the data did exhibit erratic changes by sampling
occasion in the total number of individuais captured and the number of first captures.
Discharge and season explained some of the variation in capture probability, but much of
the variation remained unexplained. Changes ih discharge may obscure the netter"s
. visibility of juvenile trout and change the probability that an individual troutis
susceptible to electrofishing. The cooler water temperature in autumn may slow trout -
response time, thereby increasing susceptibility to capture. This was evident in the
increased capture of larger trout in .alutumn (i.e., trout > 200 mm total length). Age-0
trout were larger in autqmn than they were in summer and therefore may ﬁave been more
susceptible then.

Fish have been observed to resp;)nd behaviorally‘to'electroﬁshing mark-recapture.
Capture.probabilities decreased in subsequent capture periods at 2-h intervals for marked
roach Rutilus rutilus, gudgeon Gobio gobio, and.rudd Scardinius erythophthalmus, and
such a behavioral response is also likely for rainbow trout (Cross and Stott 1975).
However, at intervals greater than 24 h, markéd fish did not appear to be less catchable.

A similar behavioral response to electrofishing mark-recapture occurred in cutthroat trout
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(Mesa and Schreck 1959). At least 24 h was required for wild trout to return to normal
behavior si1ch that capture probability would not be reduced. Capture occasions for
juvenile rainbow trout in the Henrys Fork were usually at least every other day in order to
reduce the effects of behavioral variation on capture pr'obability{ There was no -
correlation between capture probability and relative sampling date, which suggests that
there was no significant behavioral response to electrofishing.

- Heterogeneity in individual capture probabilities is likely to occur to some degree -
in all mark-reczipture studies (Chao 1989; Pollock et al. 1990). Electrofishing is widely
recognized as a size-selective sampling technique that favors capture of larger individuals
(e.g., White et al. 1982; Bohlin et al. 1989; .Tonss and Stockwell 1995). Length-
frequency data from the Henrys Fork indicated that the electrofishing method used in
sampl's areas was not biased toward capturing large trout. On the contrary, the capture of
large trout appeared to be less likely. This may have resulted from the slow, methodical
approach to electrofishing these areas. Larger trout tended to react to the slowly .- -
approaching intermittent electric field by attempting to escape it while juvenile trout

sought or remained concealed in cover.
! I I 1 ] l E . S I -

Multiple-recapture data sets for age-0 rainbow trout in the Henrys Fork were
characterized by a large number of individuals captured once and very few individuals
captured two or three times. No individuals were captured more than three times.

Estimated abundances were usually greater than 2,000 and capture probabilities were -

usually less than 0.05, even in intensively sampled areas of reduced size (i.., 100-m



45

sample areas). Such data is fermed “sparse;’ (Chao 1988, 1989). Preferred estimators
should be robust to departures from catchability assumptions because it is usually
impossible to test such assumptioﬁs with sparse data. -

.. Program CAPTURE contains an objective procedﬁe for selecting the most
appropriate model for a given data set. However, the procedure is not very reliable
(Menkens and Anderson 1988; Pollock et al. 1990; Seber 1992). I found that the linear
discriminant classiﬁér in CAPTURE frequently sele;ted the wrong generating model for
simulated sparse daté séts analogous to field-collected data from the Henrys Fork.
Stanley and Burnham (1998) developed new classifiers to select a be;t estimator, rather
than.a best generating model, but found that the new classifiers also performed poorly.
Other approaches to model or estimator selection, such as the information theoretic
approach (Burnham and Anderson 1998) and the use of likelihood ratio tests, are not -
practical. Some models in CAPTURE have likelihood equations with non-identifiable
parameters, some estimators do not have a likelihood fonﬁ, and some models are not
nested. . |

We cannot know or identify the true generating model for field-collected data
because such a model may have an effectively infinite number of parameters and the data
set that is used to select é model is finite. The goal is to select a parsimonious model that
is supported by the data. A parsimonious model achieves a balance between bias and
variance and parameterizes effects supported by the data (Burnham and Anderson 1998).
A sparse data set cannot support a highly parameterized model. |

-T'used a simulation approach with sparse data sets (based on actual Heﬁrys Fork

data sets) to evaluate the performance of the estimators for the models in CAPTURE.
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This approach, while not an objective means to select the likely generating model for a
data set, identifies estimators that perform well in terms of bias and covérage properties
for data simulated under a known generating model. This approach also allowed us to
evaluate estimators not in CAPTURE, but commonly used by fisheries professionals (i.c.,
the Lincoln-Petersen, Schumacher-Eschmeyer, and Schnabel estimators). Simulated data
were generated under the temporal variation model M, because diagnostic statistics for
Henrys Fork data were consistent with temporal variation in capture probability and did
not suggest behavioral variation or individual heterogeneity in capture probability.

I found that the Chao M, estimator performed best for sparse data generated under
model M; with N ranging from 1,000 to 3,000, p ranging from 0.02 to 0.106, and
emigration rate ranging from 0% to 10%. The Chao M, estimator was developed for
sparse data sets and is based on lower—ordef capture frequency counts (i.e., the number of
individuals captured exactly once or twice) (Chao 1989); This estimator is suitable for
Henrys Fork data sets because few trout were ever captured more than two times.

- The Null M,, and Darroch M, estimators performed about as wéll as the Chao M,
estimator for certain simulated capture scenarios. However, I dc; not recommend their
usé when abundances are large and capture probabilities are small and when the
possibility exists for low levels of emigration because these estimators did not perform
consistently as well as the Chao M; estimator. I also do not recommend the use of
estimators for heterogeneity models for sﬁch ciata. Capture diagnostic statistics were not
consistent with individual heterogeneity in capture probability. I also do not recommend
the use of the Schumacher-Eschmeyer, Schnabel, and Jolly-Seber estimators. These

estimators require high capture rates for precise estimates and generally did not produce
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 estimates for sparse dz;ta sets. Osmundson and Bumham (1998) also found that the Jolly-
Seber estimator was inappropriate for sparse data sets for adult Colorado squawfish
Ptychocheilus lucius (estimates of capture probability ranged from 0.074 to 0.194).

The Darroch and Chao M; estimators both reduce to thé Lincoln-Petersen
estimator for the special case of two captufe occasions (Otis et al. 1978; Chao 1989).
Multiple capture data can be pooled into two capture occasions to use the Lincoln-
Petersgn estimator. Menkins and Anderson (1988) found the Lincoln-Petersen estimator
to be preferable when model selection is poor. | The Lincoln-Petersen estimator generally
performed poorly in my simulations of sparse data. ‘One reason for such poor
performance may be the loss of information when pooling capture occasions. For
example, if a trout is marked on occasion 1 and recapfured on occﬁsion 3 and capture
occasions 1, 2, and 3 are pooled into one occasion, that recapture information is lost and
not used in analysis. The use of the Lincoln-Petersen estimator is also subjective when
fhere are more than two capture occasions. The researcher or manager has to decide how

. to‘pértition multiple capture occasions into one occasion in which fish were marked and
one occasion in‘ which fish were inspected for marks. I recommend analyzing multiple
capture data as mu\ltiple capture data and not pooling capture occasions for use with the

Lincoln-Petersen estimator.

Representative Sample Areas

Mark-recapture is a labor-intensive sampling process. I could only sample a
small percentage of the total area in a river section because one electrofishing crew could

only sample two sample areas per day. Therefore it was important that the areas sampled
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were representative of the river section as a whole if I was to use the data as indices of
- abundance or extrapolate the data to areas not sampled.

A comparison of the number of age-0 rainbow trout captured per transect within
and outside of sample areas in Last Chance indicated that the sample areas were
representative of the river section as a whole. The habitat was generally umfonn in Last
Chance. There was a lack of cover along the banks and dense macrophyte beds across
the channel throughout the section. Therefore 1t was unhkely that a sample area would
contain much more or less cover than other areas of the river section and hence be biased -
towards a high or low abundance

A comparison of catch per effort for transécts in Box Canyon indicated that the
catch was greaterv in sample areas in one season but not in another. However, this does
not necessarily mean that abundances were sometimes greatef in the sample aréas. Box
Canyon was characterized by an abundance of rocks and woody debris along the banks.
Many age-0 trout were often captured near fallen trees. Transects in the sample areas
were selected such that concentrations of age-0 trout would be captured, thereby
improving capture efficiency. Transects outside of sample areas in Box Canyon were
random and were not selected to include concentrations of age-O trout. Therefore, :
comparisons of transects in Box Canyon may not have been an appropriate method to

determine whether or not sample areas were representative of the river section.
Indices of abundance and extrapolated abundance estimates showed the same

year-to-year trends for Box Canyon and Last Chance in summer and autumn 1995-1997.
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Abundances were highest in 1996 and lowest in 1995. These trends indicated that
changes in abundances over time occurred throughout the river sections and did not result
from a redistr'ibution of fish. These trends also suggested that sampling multiple 100-m
sample areas was an effective methodology to monitor changes in age-0 trout abundance

~ in ariver such as the Henrys Fork. Similar methodologies have been used to estimate
abundance of juvenile fishes in other systems. Koenig and Coleman (1998) sampled
juvenile gag in 150-m square sampling stations (divlded into six sampling lanes) and -

extrapolated abundance estimates to sea grass areas not sampled.
Summary -

I developed and evaluated a sampling methodology to obtain mark-recapture data

to estimate abundances of age-0 rambow trout in an area of the Henrys Fork of the Snake
“River, Idaho, that varied in width from 50 to 150 m. Sampling by electrofishing was

concentrated in river sample areas that vtlere 100 m longand extended from bank to bank.
The assumptions of population closure and equal catchability of individuals were
addressed with ﬁeld collected data and 51mu1atlon I evaluated closed population (Null
M,, Darroch Mt, Chao M, Chao Mh, Chao My, Schumacher-Eschmeyer Schnabel, and
Lincoln-Petersen) and open population (Jolly-Seber) abundance estimators by simulation.
Slmulated abundances ranged from 1 ,000 to 3 000 average capture probab111t1es
(1ncorporat1ng temporal vanatlon) ranged from 0.02 to O 106, and emrgratron rates were
0%, 5%, or 10% for marked ﬁsh The Chao M, estimator performed best wrth minimal
bias and mterval coverage near or at the nommal level this estlmator was also robust to

minor violations of the closure assumption.” The Chao M, estimator was developed for
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sparse data sets and is based on lower-order capture frequency counts (i.e., the number of
individuals captured exactly once or twiee). Capture diagnostic statistic; for Henrys Fork
data indicated temporal variation in capture probabilities. The meelian capturekl‘)robability
-was 0.036, the median capture efficiency was 16.7%, and the median recapture rate was
5.4%. Sample areas were found to be representative of river sections based on |
comparisons of catch per effort within and outsicie of sample areas. Therefore, average .
abundance estimates for sample areas provided indices of abundance and exﬁapolated

estimates provided total abundance estimates for a river section.
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Table 3.1.—Number and length range of age-0 and age-1 rainbow trout identiﬁed

by reading scales.
Sampling Number of Number of Age-0 length Age-1 length
Season River section age-Otrout  age-1 trout range (mm)  range (mm)
1995
Summer Box Canyon 76 1 44-120 160 -
Last Chance 69 0 50-133 -
Autumn Box Canyon® 129 8 49-195 169-217
Last Chance® 119 3 52-199 188-220
HSP 38 0 75-196 -
1996
Summer Box Canyon 76 25 60-139 155-221
Last Chance 107 7 61-139 171216
HSP 38 0 52-103 -
Autumn Box Canyon® 111 5 62-183 180-216
Last Chance T 83 7 65-171 196-217



Table 3.1.—Continued.
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Number of Number of

Sampling Age-0 length Age-1 length
Season River section age-0 trout age-1 trout range (mm) range (mm)
1997
Summer Box Canyon' 51 64 90-170 160-253
Last Chance® 59 73 90-159 151-248
HSP 19 1 60-102 193
~ Autumn Box Canyon® 123 ' 22 74-199 174-258
Last Chance® 85 5 93-193 170-217
HSP . 118 0 72-181 -

* Logistic regression used to estimate length for classifying rainbow trout as age O or age

1.~



Table 3.2.—Number of age-0 and age-1 rainbow trout identified by reading scales and estimated total length (mm)
separating these age classes (i.e., classification length). Classification length was estimated using logistic regression (Bo="
intercept; B; = slope). P(age 0| age 0) = probability of classifying a trout as age 0 given that the trout is age 0 (P(age 1 | age 1) =
probability of classifying a trout as age 1 given that the trout is age 1) using the logistic regression equation and classification

length.
Sampling Number of Number of Parameter Classification
Season  Riversection age-0trout age-1 trout estimate (SE) _ P P(age 0| age0) P(age1]agel) length
1995

Autumn  Box Canyon 129 8 Bo -22.7532  (7.1184) 0.0014 0.98 0.88 182 mm

B 0.1242 = (0.0400) 0.0019
Last Chance 119 3 Bo -34.7767 (17.2950) 0.0443 1 0.67 200 mm

B 0.0443 (0.0906) 0.0551

139



Table 3.2—Continued.

Sampling Number of Nﬁmber of Parameter. Classification
Season  Riversection age-Otrout age-1trout estimate (SE) P P(age0fage0) P(agel]agel) length
1996
Autumn  Box Canyon 111 5 Bo -72.8275 (52.1161) 0.1623 0.99 0.80 183 mm

Bs 0.3983 (0.2878) 0.1664

1997
Summer Box Canyon 51 64 Bo -50.3360 (16.6355) 0.0025 0.94 0.95 165 mm

B, 0.3049  (0.1006) 0.0024

Last Chance 59 73 Bo -54.1926 (18.2134) 0.0029 093 0.97 156 mm

B, 0.3480 (0.1157) 0.0026

9¢



Table 3.2-—Continued.

Sampling Number of Number of Parameter Classification
Season  River section age-0 trout  age-1 trout estimate (SE) P P(age 0|age 0) P(age1]agel) length
- '
Autumn  Box Canyon 123 22 Bo -26.4600 (7.0017) 0.0002 0.97 0.82 183 mm
B, 0.1435 (0.0384) 0.0002
Last Chance 85 . 5 B, ' -23.6526 (8.8096) 0.0073 0.99 0.60 180 mm
B 0.1304 (0.0518) 0.0118

LS
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Table 3.3.—Percent selection of models M,,, M, My, Mpn, My, Min, My, and My,
by the model selection procedure in program CAPTURE. Mark-recapture data were
simulated under model M, for four capture probability scenarios (p ranged from 0.02 to
0.106) and five population sizes ranging from 1,000 to 3,000; t=5 capture occasions,
1,000 replications. Note: The model selection procedure in CAPTURE does not select
among competing estimators for a particular model (e. g., the Darroch and Chao
estimators for model M,) and there is no estimator for model M.

Population size -

Model 1,000 1,500 2,000 2,500 3,000

1. p;=0.01, p,=0.04, p,=0.02, P1=0.02, p,=6.01; ﬁ=0.02
No model selection results

2. p1=0.03, p;=0.03, p,;~0.05, p,=0.05, p,~0.07; p=0.046

M, 1.8 o 0 0 ‘ 0 - "0
M, 2.9 0.5 22 3.1 | 33
M, 0 0 0 0 0
My, 0 0 0 0 0
M, 1 19.5 258 310 36.8
M 55 6.6 74 75 7.9
M, 0 0 0 0 0

Mibh 783 734 64.6 584 52.0



Table 3.3.—Continued.
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Population size

Model 1,000 1,500 12,000 2,500 3,000
3. p=0.08, p=0.07, p;=0.10, p,=0.06, p,=0.08; p=0.078
M, 20.7 6.5 14 0.6 0
M, 4.1 1.8 0.3 0 0
M, . 0.4 0.3 0 0 0
Mon 0.3 0 0 0 0
M, 49.5 71.1 80.2 84.3 86.5
My, 18.7 13.1 11.1 7.7 5.7
M 41 6.5 6.2 7.1 7.6
* M 22 0.7 0.8 03 0.2
4. pi=0.10, p;=0.13, p;=0.08, p,=0.10, p,=0.12; p=0.106
M, 10.4 1.7 0.1 0.1 0
M, 0.9 0.3 0 0 0
M, 0 0 0 0 0
Mg 0 0 0 0 0
M, 665 83.4 86.9 88.7 893
My 18.4 10.1 8.0 6.5 64
Ms 3.1 40 47 44 42
Mih 0.7 0.5 0.3 03 o
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Table 3.4.—Total number of captures of age-0 rainbow trout and the distribution
of recaptures in sample areas (100 m) and the adjacent areas upstream (50 m) and
downstream (50 m) in summer and autumn 1996 and 1997. In parentheses are numbers
on trout marked and recaptured only on day(s) adjacent areas were sampled

Recapture area

Downstream

26

9(2)

Total
Capture area captured ' Upstream Sample area Downstream

Box Canyon

Summer 1997
Upstream 44 - - -
~ Sample area 1 331 -1(0) 18 (7) 0
Downstream 44 - -- --
Upstream 43 - - -
Sample area 2 267 1(0) 0
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Table 3.4.—Continued.

Recapture area
Total
Capture area captured d Upstream Sample area Downstream
Autumn 1997 |
Upstream | 53 1 -- - --
Sample area 1 419 4 2 43%(23) 1
Downstream 54 1 - ' -- --
Last Chance
Summer 1996
Upstream 280 5 7 s 0
Sample area 1 510 5 2 ' 13° 3
Downstream 219 5 0 0 7
Autumn 1996
Upstream 223 3 12(0) 6 (1) 0
Sample area 1 - 927 5 .0 68* (24) 6° (5)

Downstream 222 3 0 52 - 12 (0)
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Table 3.4.—Continued.

Recapture area

Total
Capture area captured | d Upstream Sample area Downstream
Summer 1997
Upstream 148 5 3 1 0
Sampleareal 387 5 1 13° 0
Downstream 150. 5 1 0 9
Upstream 25 1 -- - -
Sample area 2 207 5 0 5°(2) 1(0)
Downstream 19 ” 1 -- -- --
‘Autumn 1997
Upstream 75 1 -- - --
Sample area 1 502 4 1 (0) 23°(10) 1°(0)

Downstream 58 1 - - -

® Three trout were recaptured twice.
® One trout was recaptured twice.

¢ One trout captured on day 1 and 3 in sample area 1.
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Table 3.5.—Average number of age-0 rainbow trout captured per transect (n)
within and outside of sample areas for the first capture occasion in Box Canyon and Last
Chance in summer and autumn 1997 (N = 16).

River section

Within sample areas

Outside of sample areas

n (SE) n (SE) P
~Summer 1997
Box Canyon 18.1 24) 149 2.3) 0.33
Last Chance 152 2.4) 17.8 (2.3) | 043
Autumn 1997
Box Canyon 22.8 (1.8) 10.3 1.7) 0.0001 -
Last Chance 16.0 22) 16.9 @25) 0.80
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Table 3.6.—Average abundance estimates for two sample areas withina river
“section for age-0 rainbow trout in the Henrys Fork. LB and UB = lower and upper
bounds of normal 95% confidence intervals including within- and among-sample area

Yéar ]\T/' (SE) [LB—UB]
Summer
Box Canyon
1995 - 1,880 (7443) - [421—3,339]
1996 2,807 (929.3) [985—4,629]
1997 2,422 (679.6) [1,089——3,7.54]
Last Chance
1995 2,742 " (1,752.8) [-693—6,178]
1996 5,547 (1,763.8) [2,089—9,005]
1997 4,372 (1,703.5) [1,032—7,711] |
Autumn
Box Canyon
1995* 1,205 (2103) [87741,7 16]
1996 i,793 (448.3) [1,914—3,672]
1997 1,615 (277.5) [1,071—2,159]
1998 900 (92.1) [719—1,081]
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Table 3.6.—Continued.
Year % (SE) [LB—UB]
Last Chance
1995  2,283 (352.6) [1,591—2,975]
1996 3,865 '(529.7) [2,826—4,903]
1997 3,255 (730.0) [1,824—4,686]

* One sample area.
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Table 3.7.—Extrapolated abundance estimates for age-0 rainbow trout in river
sections of the Henrys Fork (lower Box Canyon (2.5 km), Last Chance (4 km), and
Harriman State Park (1 km)). LB and UB = lower and upper bounds of normal 95%

prediction intervals including w

CITor.

ithin- and among-sample area error and extrapolation

Year NT (SE) [LB—UB]
Summer
Box Canyon
1995 47,000 (9,932) [27,534—66,466]
1996 , 70,175 . (8.766) [52,093—87,357]
1997 60,537 ' (7,859) [45,135—75,940]
‘ Last Chance
1’995‘ 109,680 3 i7420) [48,100—171,260]
1>996 221,880 (103,060) [19,870—423,890]
1997 174,860 . (15,800) {143,890—205,830]
Harriman State Park
‘1 995° | )
1996* 10,080 (1,556) t7,030—l3,130]
1997 12,520 - (1,268) [10,033—15,006]
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Table 3.7.—Contiﬁued.
Year % (SE) [LB—UB]
Autumn
Box Canyon
1995* 30,125 (1,052) [28,064—32,186]
1996 69,825 (6,131) [57,807—81,843]
1997 40,375 (2,791) [34,904—45,846]
1998 22,500 (2,961) [16,696—28,304]
Last Chance .
1995 91,320 | (4,490) [82,520—100,120]
1996 154,586 (32,940) [90,020—219,140]
1997 130,200 (29,600) [72,180—188,220]
Harriman State Park
1995* 13,290 (1,026) [11,278—15,302]
1996*
’1 997* 13,.800 (1,132) [11,580—16,020]

® One sample area.
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Buffalo River

Island Park
Reservoir

Box Canyon
Lower

_ Last Chance
Harriman

State Park RR Bridge

Osborne Bridge

Figure 3.1.—Study sections of the Henrys Fork downstream of Island Park
Reservoir and the Buffalo River: Box Canyon (upper and lower). Last Chance, and
Harriman State Park. Lines with end-caps = dams, dashed lines = river section
boundaries, and parallel lines = bridges.
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0% emigration 5% emigration 10% emigration

g6 ©38

Figure 3.2.—Auverage bias expressed as a percentage of the true abundance for
closed-population abundance estimators (black triangles = Chao Mt, open triangles =
Darroch Mt, circles = Null M0, and squares = Lincoln-Petersen). Mark-recapture data
were simulated under model Mt for four populations with permanent emigration of 0%,

5%, or 10% of marked fish. Average capture probabilities ranged from 0.02 to 0.106; t=5
capture occasions; 1,000 replications.
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Figure 3.3,—Percent coverage of the true abundance for 95% confidence intervals
for closed-population abundance estimators (black triangles = Chao Mt, open triangles =
Darroch Mt, circles —Null MO0, and squares = Lincoln-Petersen). Mark-recapture data
were simulated under model Mt for four populations with permanent emigration of 0%,
5%, or 10% of marked fish. Average capture probabilities ranged from 0.02 to 0.106; t=5
capture occasions; 1,000 replications.
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Figure 3.4.—Average interval length expressed as a percentage of the true
abundance for closed-population abundance estimators (black triangles = Chao M,, open
triangles = Darroch M,, circles = Null MO, and squares = Lincoln-Petersen). Mark-
recapture data were simulated under model M, for four populations with permanent
emigration of 0/0, 5/0, or 10% of marked fish. Average capture probabilities ranged
from 0.02 to 0.106; t=5 capture occasions; 1,000 replications.
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CHAPTER 4

PREDICTING FISH ABUNDANCE
USING SINGLE-PASS REMOVAL SAMPLING

Introduction

Three-pass removal sampling is a common methodology used to estimate fish
abundances in streams. A group of fish is numerically depleted by physical removal or
marking on successive capture occasions such that catch per unit effort decreases
pfoportionately to the number of fish remaining. An estimate of abundance is obtained
using a maximum likelihood esti-mator (Zil;pin 1956; Otis et al. 1978; Rexstad and
Burnham 1991).

'fhree-pass removal sampling canr be labor intensive and costly when applied to
many areas in a watershed or to a random.selection of sampling units for the purpose of
estimating abundance for a larger area. For example, I used three-pass removal sampling
to estimate juvenile rainbow trout (Oncorhynchus mykiss) abundance along the banks of a
4-km section of the Henrys Fork of the Snake River, Idaho. The river section was
divided into bank sampling units from which a subset was randomly selected to sample.
The overall precision of an abundance estimate for such an area depends on the number

| of units sampled and the precisiori of the estimate from each samplg. The abundance
estimate should include measures of within-unit and among-unit variability and an
extrapolation error term. Extrapolation error is related to the percentage of units sampled

out of the total population of units in the area of interest. This error can be quite large

when a small subset of units is sampled.
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Some interest has been directed at reducing, from three to two, the nurhber of
passes required to obtain an abundance estimate (Seber 1982; Heimbuch et al. 1997). If
the effort required to obtain an abundance estimate for a sampling unit could be reduced,
the overall effort could be directed towards sampling more units to reduce among-unit
variability and exfrapolation error. However, if large proportions of fish are captured on
the first pass, then we should be able to reduce sampling effort to a single pass.
However, this would require additional information to predict abundance from the single- |
pass catch; i.e., if a statistical relation could be developed between tetal abuhdanee and a
single-pass removal sample, it could be used to predict abundance. We could then, for.
example, sample 60 units by single-pass removal with the same effort required to sample
20 units by three-pass removal. ‘The loss in estimate precisioﬁ would be compensated by
a gain in precision among sample units and in the extrapolation error term for estimating
total abundance in a larger area. Strange et al. (1989) proposed sueh a relation to predict _
abundanees of juvenile Atlantic salmon (Salmo salar) and brown trout (Salmo trutta) in
small streams. They first obtained a “semi-quantitative” sample by electrofishing a -
single pass through a SO-r;l blocknetted strearﬂ section, excluding 10 m near each net.

. The entire section was subsequently sampled by three-paés removal and the
“quantitative” estimate was the sum of the “‘semi-quantitative” single-pass catch and the
three-pass removal estimate. Predictions were made from a model of the “quantitative”
estimate as a function of the “semi-quantitative” sample. Crozier and Kennedy (1994)

| used a similar method for juvenile salmonids in streams but only excluded 5 m near each

net for their “semi-quantitative” single-pass sample.
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Lobon-Cervia and Utrilla (1993) proposed estimating abundance of trout in
streams by relating a three-pass abundance estimate to the catch in the first pass. Kruse
et al. (1998) used such a relation to predict trout abundance in mountain streams with
sparse habitat. Jones and Stockwell (1995) proposed the same method and compared it to
arelation between a single-pass sample and an independent three-pass abundance
estirrlate obtained three to five weeks later. J ones and Stockwell (1995) stated that a
comparison between a three-pass abundance estirnate and the catch from the first pass is
not statistically valid because the abundance estimate and first-pass catch were not
measured independently. This statement does not make sense. There is no violation of
the Gauss-Markovconditions for least sduares regression (Sen and Srivastava 1990) in a
comparison of a three-pass abundance estimate and the first-pass catch.‘ The resporrse
vanable (the three-pass abundance estimate) is assumed to be dependent on the predictor
varrable (the first-pass catch) in least squares regress1on - -‘

An alternate approach is the use of an estimate of captureprobabilitf from a
previous multiple-pass removal sample(s) to estirrlate abundance from a single-pass catch
(Seber and Le Cren 1967). Here it is assumed that the estimate of capture probabrhty |
from the previous sample 1s similar to the expected capture probablhty for the new
sample Capture probability is also assumed to remain constant as a populatlon is
depleted Abundance is estimated by drvrdmg a smgle-pass catch by the estlmate of
capture probabrhty | |

I constructed and evaluated competrng predictive models for obtammg abundance
estlmates from single-pass catch data. Three-pass removal data for Juvemle rambow

trout along bank areas of the Henrys F ork were used to construct models erther usmg a
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linear relation between estimated abundance and single-pass catch 6r using a mean
capture probability for all bank units sampled by three-pass removal. Cross-validation
was uséd to compare the predictive ability of each model. Simulation was used to
evaluate bias and interval coverage properties for predicting abundance in a bank
sambling unit, mean abundance per bank sampling unit, and total abundance in a river

section.

Methods

Henrys Fork Study

Three-pass removal sampling in bank sampling units was used to collect data for
the estimation of juvenile rainbow trout (i.e., < 200 mm total length) abundange in the
Box Canyon section of the Heﬁrys Fork.‘ Box Canyon is a 4-km léng river sectiornlthatr
has an average width of 75 fn, a high gradient (0.45%), and é.vcobble;boulder substrate.
Bank areas are characterized by an abundance of rocks and woody debris. A bank
;ampling‘unit (hereafter referred to as bank unit) was déﬁned asa knowh—lengfh section
of bank extending out into the channel a minimum of 2 m, ér further to éncompass ény
structure associated with the bank, such as a fallen tree. Bank units were about 15min
length. Juvemle trout were immobilized using a hand-held probe operated from boat- |
" mounted electroﬁshmg gear (contmuous DC, 250 V) and collected w1th adip net. Each
removal pass was perfonned by wading upstream from the boat. All habltat was
thoroughly sampled on each pass such that effort remained constant. Blocking nets were

not used to physically close bank units; I assumed bank ﬁnits were bioiogically closed
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such that juvenile rainbow trout were not entering or leaving the area. Unlike adult trout,
which typicaliy fled outside a bank unit as I approached, juvenile trout mo'ved to nearby
cover within a unit during electrofishing. A subset bf the total popﬁlation of bank units in
the riilér section was randomly selected and sampled. Maximum likelihood ‘estimates of
ébundance were obtained using the Zippin removal estimator in program CAPTURE
(Rexstad and Burnham 1991). Bank unit estimates were uséd to obtain an estimate of the
mean number of juvenile rainbow trout per bank unit and an extrapolated estimate of total
abundance fof the river section. Samples were collected from 154 bank units during nine

seasons (spring, summer, or autumn) from summer 1995 to spring 1998.
imple Lin si 0

A simple linear regression (SLR) model was constructed relating the three-pass

abundance estimate /i as a function of the first-pass catch ¢, :

n=PB,+B,-c.
Model adequacy was checked by analyzing residuals and an appropriate transformation
was selected from the Box-Cox family of transformations. Two types of prediction

intervals were constructed: (1) 95% prediction intervals assuming normality:

|4, £1.96. [NarSIR) ., |

where

VAr(SLR) .y = s-(14+m+2-¢,,y - D.c; +C ), -
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i("i"ﬁ)
sml

’

m-—2
Cipred , is a first-pass catch for which a prediction is to be made,
Al pred is a model prediction of abundaﬁce at €,y »
var(SLR),,., . is the estimated variance for the SLR model, including an
error term for making a prediction,
and m ‘ is the total number of observations in the SLR modél

and (2) 95% prediction intervals assuming the log, transformation of the number of

animals not captured has an approximate normal distribution:

[clpred +f/gpred’clpred +f'gpred] :

where

f = npred -clpred

and

: var(SLR) ,,,
8 pred = exp[l 96- ‘/log,(l+ —fz—”"—]:] .

(Chao 1989; Rexstad and Burnham 1991). All models and prediction intervals were

progréfnmed in MATLAB® version 5 (MathWorks, Inc. 1998).
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€ I ili

A mean capture probability (MCP) model was constructed in which the mean

capture probability p for all bank units sampled by three-pass removal was used to

estimate abundance from single-pass removal data:

n=

AL

(Seber and Le Cren 1967). Two types of prediction intervals were constructed: (1) 95%

prediction intervals assuming normality:

[#,.. +1.96. [vararcPy, , |

where

 var(MC 2B an L B-F 1-p )
var(MCP)P’ed =(n;red .p2 +npred p(l—p)) m . P N +-£ L =
- _ . zﬁpredi.ﬁz.(l_(l_ﬁ)s) p

is tbe estimated variance for the MCP model (Seber and Le Cren 1967) and (2) 95%

prediction intervals assuming a log-odds transformation:

-G pred G pred
= y =
Diog-odds(uppery  Plog—odds(lower)

where

~

. - P
e p+-p)d’
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A ﬁ !
plog-odds(uppe) = A,
= (1-p)
+
p | 4
d= ep{l—-?—éi“}’—)-]
p-(1-p)

ﬁ,og_odds( lower) is the lower bound of the log-odds 95% confidence interval

for f‘),

ﬁ,og_odds(um,) is the upper bound of the log-odds 95% confidence interval

for ﬁ s
and SE (f)) is the standard error of ﬁ (Burnham et al. 1987).
: -
Cross-Validation
The predictive ability of the SLR and MCP models was evaluated by cross-
validation. Cross-validation was conducted by removing one observation from ‘the'data,
fitting the model to the remaining observations, and using the model to predict abundance
from the first-pass catch for the removed observation. This procedufe was repeated for
all observations in the data set using the shortcut available for least squares fitting (Efron
and Tibshifani 1993 p. 256). Model performance was evaluated by calculating the mean
’prediction sum of squares. This statistic was used to compare the predictive performance

of each model, and hence select the best model.
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Simulation
Simulated data were used to construct SLR and MCP models and to evaluate'the
bias of model predictions and the coverage properties of prediction intervals. All
simulations were programmed in MATLAB version § (MathWorks, Inc. 1998). A
simulated 4-km river sectionbwas divided into 533 15-m bank units. Ten populations of
known size were randomly selected and distributed among the bank units following a

normalldistribut_ion with a standard deviation equal to 50% of the mean number of

, N
individuals per bank unit (i.e., normal( n ;0 f.) where p; = -5—3-’5 » N ;= size of population.

J,and 6, =0.50-p, for j=1 to 10). A subsetof150 benk units (i.e., 15 per population)
were randorth selected and sampled usiug three-pass removal. | | |

A capture probability p,., was randomly selected from a
beta(o =11.14, B = 4.0341) distribution for each bank unit sampled. The estimated

parameters of the beta distribution were maximum likelihood estimates obtained by

fitting the distribution to the capture probability estimates for field data (excluding

observations of P =1). The capture probability p, . remained constant for each
removal occasion. A capture probability Dy Was randomly selected from uniform(0,1)
for each individual in the bank unit. If Duniy < Db then the individual was considered

captured and removed from the bank unit; otherwise, the individual was not captured and
remained in the bank unit. This procedure was repeated for second- and thlrd-pass
removals for 1nd1v1duals remammg in the bank unit. The three-pass removal data were

_ checked to determme if the group of individuals in a bank unit was sufﬁc1ent1y depleted
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(i.e., the number of fish captured in the third pass was less than the number captured in
the first pass (Seber and Whale 1970; Otis et al. 1978)). If a group was not sufficiently
depleted, the sampling failed and an estimate of abundance could not be obtained for that
bank unit; .anotlller bank unit was then sampled in its place. The three-pass removal data
were analyzed using the Zippin maximum likelihood removal estimator to estimate
abundance 7, for i =1 to 150. The capture proﬁability D; was estimated from the catch
data and #; (Zippin 1956).

The 150 observations were used to construct SLR and MCP models as described
earlier. SLR models for simulated data and for Henrys Fork data were compared using‘
the general linear models procedure in SAS (PROC GLM; SAS Instifute 1994) to
compare intercepts and slopes MCP models were compared by analysis of variance on
ranked capture probabilities (SAS Institute 1994). Single-pass catch data were simulated
from bank units and river sections of known abundance to evaluate the ability of the
models to predict: (1) abundance in a bank unit, (2) mean abundance per bank unit, and
3) abundance in a river section. Second- and third-pass catch data were also simulated

- to evaluate the Zippin removal estimator and compare it to the model predictions.

-~

Abundance jn a bank unit.—One hundred groups of known size ranging from 1 to
100 were each sampled by three-pass removal using a randomly selected p,,, fora
group and p,,, for each individual in a group on each removal pass as described earlier.

The three-pass removal data were used to estimate group size using the Zippin removal
estimator and to construct normal and log.-based confidence intervals. (Three-pass

removal samples that failed to sufficiently deplete the group could not be analyzed using
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the Zippin removal estimator.) The first-pass catch data were used in the SLR and MCP
models to estimate group size and to construct normal and loge-based prediction intervals
for the SLR model and normal and log-odds prediction intervalé for the MCP model.
This procedure was replicated 1,000 times for each group size. The following bias and
interval statistics were computed: mean bias, bias standard error, percent interval
coverage, mean lower bound, rhean upper bound, mean interval length, and interval
length standard error. I also compared the interval lower bound to the total number of
individuals captured for each bank unit to determine the number of times the interval
lower bound was less than the actual number of individuals captured.A (The total number
of individuals c.aptured was obtained from three passes for three-pass removal estimates,

and from a single pass for SLR and MCP model predictions.)

Mean abundance per bank unit.—A population of known size N=10,000 was
10,000 , 2. . g |
distributed normal(p =———,c “ = (0.50 . p) ) in a 4-km river section comprising 533 -

533

15-m bank units. Two hundred bank units were randomly selected for sampling by three-
pass removal. A randomly selected Psea Was used for each bank unit and p,,,. for each

individual in a bank unit on each removal pass as described earlier. The three-pass

- removal data were used to estimate abundance and its associated variance for each bank
unit using the Zippin removal estimator. (Three-pass removal samples that failed to
sufficiently deplete the group could not be analyzéd using the Zippin removal estimator.)
The first-pass catch data were used in the SLR and MCP models to estimate abundance

and its associated variance (including an error term for making a prediction). These data
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were used to estimate the mean abundance per bank unit for 191 sample sizes ranging
from 10 to 200. Normal confidence intervals were constructed for three—pass removal
estimates and normal prediction intervals were constructed for SLR and MCP model
predictions. This sampling and evaluation procedure was replicated 1,000 times. Bias ‘

and interval statistics were computed as described earlier.

Abundance in a river section.—The procedure to estimate mean abundance per
bank unit for a population of known size N=10,000 was extended to estimate abundance
for the river section as a whole. Estimates of river section abundanc¢ were obtained‘ by
rﬁultiplying the mean abqndance per bank unit time§ the total number of bank unitg in the
river section.. Prediction intervals assuming normality wefe constructed for three-pass ‘
rerﬁoval and SLR gnd MCP model predictions. | Variance estimates included error terms
for within—bank unit error (i.e., variation éssociéted ;:vitﬁ making an estifnate or model

prediction), among-bank unit error (i.e., spatial variation), and extrapolation error:

vir,, =L U-m)var, +Z vir
total ~ m m among m v within

where

2

3 (i, ~#)

var -

m-1 ’

- ) m
varwithin = Z var(_)-,. 4
i
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“var( ) ~ is var,, for three-pass estimates, var(SLR), , for SLR

est pred

model predictions, and var(MCP),,,, for MCP model

predictions,
U \ is the total number of bank units in the river section,
and m is the sample size

(Bohlin et al. 1989). This procedure was also performed for the 1,000 replicates. Bias"

and interval statistics were computed as described earlier.

- Bank unit size —1 also investigated the effect of bbank unit length on sarﬁple size
(i.e, the ﬁmnber of bank units sampled) and the estimétion of abundance in a river
section. SLR and MCP models were constructed from three-pass removal data from 150
30-m bank unit sampies from the ten simulated populations of known size described
¢ariier. A popuiati.on of known size N=10,000 was distributed

normal(p = 12’% ,0%= (0.50 . p.)z) in a 4-km river section comprising 266 30-m bank

unifs. One hundred bank units were randomly selected and sampled by th;ee-pass
removal aé described earlier. These data were used to estimate the abundance in a river
section for 9‘1' sample sizes ranging from 10 to 100.

SLR and MCP models were also constructed from three-pass removal data from
150 60-m bénk units samples. A population of known size N=10,000 was distributed

10,000
133

normal( p = , 6= (0.50 . p)z) in a 4-km river section comprising 133 60-m bank

- units. Fifty bank units were randomly selected and sampled by three-pass removal.
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These data were used to estimate abundance in a river section for 41 sample sizes ranging
- from 10 to 50.

Each procedure was replicated 1,000 times. Bias and interval statistics were _

computed as described earlier.

Results

Henrys Fork Study .
Maximum likelihood estimates of abundance were obtained for 147 bank units; 5
bank units were not sufficiently depleted a}nd abundance could not be estirhated (3.4%
failure rate) and no trout were captured in 2 samples. Five observations were considered
influential points (Sen and Srivastava 1990) and were excluded from the data set for
model construction (Figﬁre 4.1A). Therefore,.models weré constructed using 142

~ observations (Figure 4.1B).

SLR Mode]

A plot of the data (Figure 4.1B) and plots of the residuals égainst the predictor
variable “first-pass catch’ and the response variable ‘estimated abundance’ indicated that
there was increasing variation with increasing first-pass catch and estimated abundance
(ie, hetéroscedasticity). A square root transformation of both the predictor variable and
the response variable was used to stabilize the variance. The mean prediction sum of
squares of the SLR model (Table 4.1) was 20.'39. Normal and loge~based prediction

intervals for the SLR model are displayed in Figure 4.1C, D.
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MCP Mode]

Sixteen observations of p =1were removed from the data set containing 142

observations to estimate ; for the MCP model (Table 4.2). The mean prediction sum of

squares of the MCP.model was 20.32.
| M- odel Evaluatign}by Simulal( 1'an
imulatin iliti

"~ There was no linear relation between capture probability p and estimated
abundance 7 for the 142 observations from tlle Henrys Fork (’=0.16; Figure 4.2A).
Most observations of p Wefe between 0.6 and 0.9. A beta distribution fit to the 142
observations (including 16 obserl/ations of p=1)was strictly increasing on the lnter\;al
(0 1) (beta(a—2 4884 B—O 6675) F1gure 4. 2B) (The observatlons of p 1were in
practlce analyzed as values close to 1,1.e, 0 9999 when fitting the beta distribution.)
This indicated that there“was a higher probability of selecting random values of p greater
than 0.9 than Valnes of f) between 6.6 and 0.9 ﬁfroln this beta d!istnbuktienl.y A beta
distribntion ﬁt te 126 observations (excludlng the ld observatione of P =d ) ;Nas net
strictly lncreasmg on the 1nterval (0 l) and 1nd1cated ahi gher probablhty of selectlng |
random values of p between 0.6 and 0.9 (beta(a-ll 14 B—4 0341) Flgure 4. 2C) A
plot of p and 7, each estimated from simulated three-pass removal data collected using

DPieis » Showed no linear relation and estimates of p =1 were observed as in data from the

Henrye Forkb(r2=0.'14; Figure '4.2D‘).'
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- -m - i 1

?lots of simulated data from 15-m, 30-m, and 60-m bank units (Figures 4.3A,
4.4A, and 4.5A) and plbts of the residuals against the predictor Qariable (o) and the
fesponée Qariablé n indicated that for each SLR model there was increasing variation
with increa;ing first-pass catc.h and estimated abundance (i.e., het.eroscédasticity)." A
square root transformation of both tI;e predictor variable and the réspohse variable was
used to stabilize the variance for each SLR model. There was no significant difference
among S.LR models for Henrys Fork data and déta simulated for 15-, 30-, and 60-m bank
units (intercept, P=0.95; siope, P=0.53) (Table 4.1). The mean prediction sum of squares
was 62.2 for the 15-m bank unit model, 160.4 fqr the 30-m bank unit model, and 771.6
for the 60-m bank unit model. Normal and yloge—based prediction intervals for the SLR
models are displayed in Figures 4.3B, C; 4.4B,. C;and 4.5B, C. |

Thirty-four observations of p =1were removed from the data set containing'ISO

observations to estimate p for the 15-m bank unit MCP model; 24 and 21 observations
were removed for the 30-m and 60-m bank unit MCP models (Table 4.2). There was no
significant difference among mean capture probabilities used in MCP models (P=0.53).
The mean prediction sum of squares for the MCP models were 61.4 for the 15-m bank

unit rhodel, 161.9 for the 30-m bank unit model, and 770.5 for the 60-m bank unit model.

mple Failur
There were 755 failures out of 100,000 samples for estimating abundance in a

bank unit. Three-pass removal estimates could not be calculated for failed samples;
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“Most failures occurred for samples of smaller abundances: 608 failures for abundances
less than or equal to 5 and 703 failures for abundances less than or equal to 10.

There were 7,228 failures out of 200,000 samples of 15-m bank units. The failure
rate was about 3.6% for a given sample size ranging from 10 to 200. Therefore, actual -
sample sizes used for three-pass removal estimates of mean abundance per bank unit or
abundance in a river section were on average about 3.6% less than the stated sample size.

There were 3,817 failures out of 100,000 samples of 30-m bank units. :The failure
rate was about 3.8% for a given sample size ranging from 10 to 100. Tbere were 1,586
failures out of 50,000 samples of 60-m bank units. ‘The failure rate was about 3.2% for a
given sample size ranging from 10 to 50.

' Abund nce ; Bank Uni

Normai and loge-based conﬁdence intervals for ﬁnee-pass removal estimates ‘of |
abundance achleved a coverage level of 93- 95% (Figure 4.6A, B) The percent coverage |
of both intervals remamed relatrvely constant with increasing abundance Normal |
predlctlon 1nterval coverage for the SLR model was at or above the nommal level fort-
abundances up to about 40 and coverage decreased thereaﬁer to about 85% at abundances
of 90 to 100 (Figure 4 7A) Loge-based predlctlon 1nterval coverage was at or above the
nomlnal level for abundances up to about 50 and coverage decreased thereaﬁer to about
87% at abundances of 90 to 100 (Figure 4. 7B) Normal predlctlon mterval coverage for
the MCP model occa51onally achieved the nomrnal Ievel for abundances up to about 10
and coverage decreased thereafter to less than 60% at abundances 0f 90 to 100 (F 1gure

4. 8A) Log-odds predlctlon intervals achieved a coverage level between about 90 and
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95% for abuﬁdances up to about 40 and achieved the nominal coverage level thereafter
(Figure 4.8B). (See Appendix Table A.6 for interval statistics for 10 sample sizes
ranging from 10to 100.) |
The lo§ver interval bound was less than the total number of individuals sampled ‘
for 96% of three-pass removal normal intervals (N=99,245), 70% of SLR model normal
intervals (N=100,000), and 22% of MCP model normal intervals (N=100,000). The
lower interval bound was not less than the total number of individual; sampled for three-
pass and SLR model log.-based intervals and for MCP model log-odds intervals. ~ -
Mean bias (expressed as a percentagé of known abundance) for three-pass
_removal estimates and SLR and MCP model prédictions was negative and was relatively
small for' most abundances (Figure 4.9). Percent mean bias was large for small
abundances and r}apidly declinéd asymptotically to a stable level as abundance increased.
The average percent mean bias for abundances between 20 and 100 was —1.2% for three-
pass estimates, -4.3% for SLR model predictions; and --3.6% for MCP model predictions.
.(See Appendix Table A.6 for bias statistics for 10 sample sizes ranging from 10 to 100.)
Mean intérval length and the standard error of interval length (each expressed as a
percentage of known abundance) were large for small abundances and rapidly declined -
asymptotically to stable levels as abundance increased (Figure 4.10A-F). Percent mean -
interval lengfh for three-pass removal normal and log.-based confidence intervals -
“decreased asymptotically to about 10% for abundances uj:) to 100 (Figure 4.10A, B). The
percent standard error of interval length was slightly greater than percent mean interval

length and was more variable for log.-based confidence intervals (Figure 4.10A, B).
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Percent mean interval length Was greater than 100% for abundances less than 20
for SLR model normal prediction intervals and for abundances less than 30 for loge-based
prediction intervals (Figure 4.10C, D). Percent mean interval length decreased
asymptotic;ally to about 40% for each SLR model prediction interval as abundance - -
increased to 100. The percent standard error of interval length was less than percent
mean interval length and decreaséd asymptotically to about 3% for each SLR model
| prediction interval (Figure 4.10C, D).

- Percent mean inter;'al length for MCP model normal prediction intervals was
greater fhan 80% for abundahces less 10 and decreased asymptotically to about 22% for
abundances up to 100 (Figure 4.10E). The pércent standard error of interval length was
less than percent mean interval length and decreased asymptotically to about 2% (Figure
4.10E). Percent mean interval length for MCP log-odds prediction intervals was greater
than 90% for abundances less than 5 and decreased asymptotically to about 75% for
abundances up to 100 (Figure 4.10F). The percent standard error of interval length was
less than percent mean>intervav}l length and decreased asymptotically to about 12% (Figure
4.10F).

Log-odds prediction intervals for the MCP model achieved the nominal coverage
level of 95% when percent mean interval length was greater than 75% (Figures 4.8B and
4.10F). The nominal coverage level was less than 95% when percent mean interval
Alength was less than 75% for SLR modél normal (Figures 4.7A and 4.10C) and log,-

based (F igures 4.7B and 4.10C) prediction mtervals and for MCP model normal

prediction mtervals (Flgure 8A and lOE)
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Mean Abundance per Bank Unit |
The mean abundance per 15-m bank unit for a population of 10,000 in a 4-km
river section w;as 18.762. Three-pass removal estimates had a positive bias and SLR and
MCP model predictions had a negative bias. Perceﬁ; mean bias for three-pass removal
gstimatés decregsed from 7% (N=10) to 0.2% (N=200). Percent mean bias fo; SLR i
model prcdictions decreased frpm ~4.5% (N=1 I)to —0.3% (N=200). Percent mean bias
was least for MCP model predictions and decreased from -5% (N=12) to -0.35% ‘
(N=200). o | , R |
Normal confidence intervals for three-pass removal estimates of mean abt_mdance
per 15fm bank unit achieved the nqminal coverage leyel of95% at a sample size of about
190 (Table 4.3). Normal prediction intervgls for th¢ SLR model achieved the nominal
coverage level at a sample size of about 40. Normal prediction interyals for the MCP
model achieved thq nominal coverage level at a sample siie of about 75. Mean interval
iength for ‘three-pass removgl estimates gradually increased with sample size from 5 at
N=101t0 6.6 at N=ZQO (Table 4}.3). Mean interval length was larger for model predictions
“and remained rglatively constant as sami)le size increased (13.9-14.0 for the SLR model;
9.3-9.4 for the MCP model). The standard error of interval length decreased for all
intervals as sample size increased and was largest for three-pass removal intervals (Table

B

4.3).
bund in a River Secti
Three-pass removal estimates of abundance in a river section from sampling 15-m

bank units had a positive bias; the mean estimate of abundance ITV was 10,253 (Figure
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4.12A). There was a negative bias in SLR model predictidns (ﬁ =0,687; Figure 4.13A)

and in MCP model predictions (N =9,652; Figure 4.14A).

Three-pass removal aad SLR and MCP model predictions perfoﬁned about
equally well at a given sample size (Fxgures 4.12,4, 13 and 4.14 and Table 4.4).
Predxctxon interval coverage for three—pass removal increased from about 90% at N—lO to
- about 94- 95% at N=25 to 200 (Flgure 4.12B and Table 4. 4) Prediction 1nterva1 coverage
for SLR and MCP models increased from about 90% at N=IQ to about 93-95% at N=25
to 135 and decreased to about 90% at N=200 (F igures 4.13B and 4.14B and Table 4.4).
Mean interval length decreased as sample size increased (e.g., from about 6,150 at N=50
to about 3,200 at N=150; Figures 4.12A, 4.13A, and 4.14A and Table 4.4).

The reallocation of an equal amount of effort applied to three-pass removal
sampling to single-pass sampling and the use of the SLR or MCP model increased the
- precision of prediction intervals (Table 4.4). Sampling with 150 removal passes as sir;gle
passes rather than as 50 sets of three-pass samples resulted in a 48% increase in ot
prediction interval precision (i.e., mean interval length decreased from 6,279 to 3,166

(SLR model) and 3,134 (MCP model)).

Doﬁeling or quadrupling the area Asa.mpled by doubling or quadrupling the length
of bank units provided a rharginal increase i.n prediction interval precision. Precision
increased by about 6% when sampling 50 30-rh bank units and by about 16;% when

sampling 50 60-m bank units versus sampling 50 15-m bank units (Table 4.4).
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Doubling the number of bank units sampled by halving the length of bank units
(while total length of bank sampled remained constant) provided a large increase in
prediction interval precision. Sampling 1,500 m of bank as 100 15-m bank units
increased nrecision by about 28% versus sampling 50 30-m bank units and by about 50%
versus sampling 25 60-m bank units. Precision also increased by about 28% and 50%
when sampling 3,000 m of bank as 200 15-m bank units versus 100 30-m bank units and

50 60-m bank units.
Discussion
* Abundance in aRi Secti

The precision of tofal abundance estirnateé ‘for ariver section ean be signiﬁeantly
, irnproved by allocating a}given amount of effort to sampling more bank units by single-
pass removal and hsing either the SLR or MCP model to predict abundance. The loss_ of
precislon by nredicting abundanee for a given bank unit was more than compensated for
by reductlons in among-bank unit vanablhty and extrapolatlon error Strange et al.

(l 989) and Cr021er and Kennedy (1994) proposed usmg sucha samplmg strategy along
w1th a regression model to construct indices of abundance for a large area. Jones and
Stockwell (1995) went further in stating that actual abundance estimates could be
obtamed I exp11c1tly showed by s1mulat10n that abundance estimates for a large area,
with prediction intervals that achieved the nommal level of coverage, could be obtamed

using either a SLR or MCP model.
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There was also little loss of precision for three-pass removal versus single-pass

“removal when there was no change in the numberb of bank units Sampled. This was likely
an effect of sampling a large number of bank units to obtain the abundance estimate. For
example, consider a data set that includes 5 samples each with a first-pass catch of 50.
Three-pass removal estimates may include capture probabilities ranging fro;n 0.4 t0 0.9
and associated abundance estimates ranging from 125 to 55, each with a different
variance es.timate. Model predictions of ébundance would be equal for each of the 5
samples (e.g., 67 for a MCP model using a mean capture probability of 0.75) and
variance would not differ. Therefore, among-unit variation would be greafer for three-

~ pass removal than for single-pass removal.

The actual s;':lmple size for three-pass removal estimates of total abundance was on
average 3.6% leﬁs than the stated sample size. If 200 three-pass removal samples were
taken, maximum likelihood estimates of abundance could be calculated for about 196 of
those samples.v Sample failures often occur in field situations. About 3.4% of bank
s'arﬁples from the Henrys Fork failed. Time constraints may preclude obtaining
additional field samples in the event of sample failure; the simulation procedure
mimicked that scenario. This type of sample failure is not a problem for SLR and MCP
models because the models only use the catch from the first pass to predict abundancé.
Failures cannot be identified because second and third passes are not performeci.
Therefore, if 200 single-pass samples were taken, 200 samplés were used to predict total
abundance. |

Lobo'n-Cerv.ia and Utﬁlla (1993) expressed caution concerning the use of a mean

capture probability to predict abundance from single-pass catch, but no one has explicitly
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considered a MCP model as an alternative to a SLR model. I fotmd that SLR and MCP
models perfonncd about equally well for predicting total abundance in a river section.
‘Cross-validation showed little difference in mean prediction sum of squares, also
indicating that SLR and MCP model performances were about the‘ :same. However, the
MCP model was easier to construct and ‘to usebecause no data transformations were
needed. I‘would therefore recommend the use of the MCP model for predicting total
abundance in a river section. The MCP model (and the SLR model) could also be used in
watershed-wide monitoring programs. A network of small streams in a watershed could
be divided into segments, of which a subset is sampled. If three-pass removal sampling
had previously been used, sampling effort in the future could be allocated to sampling
more stream segments by single-pass removal. If single-pass sampling had previously
been used for collecting presenceand absence data, the model could be used tonow
obtain abundance estimates. L |

The SLR and MCP models constructed for Henrys Fork data will be used ln the
future for monitoring juvenile rainbow trout recruitment in the Henrys ’Fork. These
models may or may not be robust such that they can be used in other systems. I
‘recommend constructing and calibrating models for rivers or watersheds in which they
will be used.- This entails randomly selecting and sampling by three-pass removal a
subset of bank units or stream segments in a system to obtain data to construct models
Parameter estlmates for SLR and MCP models for srmulated data stabrhzed ata sample
size of about 30, which can therefore be consrdered a minimum number of vahd three- |

pass removal samples for constructlng a model After models have been constructed a
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hybrid sampling strategy rhay be used that includes both three-pass and single-pass -
removal. Three-pass samples can be used for model validation and calibration while -

using single-pass sampling to increase the number of areas sampled.
Bank Unit Si

There was no significant difference among SLR models (comparisons of

intercepts and slopes) or MCP models (comparisons of p ) constructed from samples
from 15-, 30-, and 60-m bank units. Sampling larger bank units resulted in sampling
some larggr groups of fish and hence obtaining some larger values of 7 and ¢,. There
was a marginal increase in precision for predictions of total abundance in a river section
when sampling an e;qual number of larger bank units, e.g., 50 30-m‘bank units (i.e., 1,500
m of bank) versus 50 15-m bank units (i.e., 750 m of bank; Table 4.4). This i_ncrease in
precision résult_s from sampling a larger portioﬁ of the bank in a river section, thereby

' decreas-ing extrapolation error. Precision was actually l;)st for abundancé estimates for

“individual bank units when using a SLR or MCP model constructed from samples of
larger bank units. Capture probability tends to vary more when s:impling larger gr.oups of
_ ﬁsh; resulting in larger \;ariation in plots of ¢, versus n (SLk model) and larger variation
in the estimate of [B‘ | (MCP model).
Precision ihcréased greatly when sampling a larger number of small baﬁk units
versus a smaller number of large bank units (e.g., 100 15-m bank units (1,500 m of bank)
versus 50 30-m bank units (1, 500 m of bank) Table 4.4). In this case the gain in

precision is a result of a redubtion in among-bank unit variation. Sarripling smaller bank
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~ units means encountering a smaller size range of groups of fish. This reduces the size of
the difference between any abundance estimate and the mean estimate of abundance for

all bank units sampled, which is squared and summed in calculating var,,,,. -

a dan nk Uni

SLR and MCP modelg were also useful for obtaining an estimate of mean
abundance per bank unit. Such an estimate is a precursor to estimating total abundance in
a river section, but may also be used by itself as an index. The nominal coverage level
was achieved at relatively small sample sizes: about 40 for the SLR model and about 75
for the MCP model. Three-pass removal estimation required a sample size of about 190
to achieve the same nominal coverage level. This was aresult of small interval length

rather than bias (Table 4.3).
" Abundance jn a Bank Unit

Lobon-Cervia and Utrilla (1953) and Jones and Stockwell (1995) suggested that a
regression model and single-pass removal data could be used as an alternative to three-
pass removal sampling for predicting site-speciﬁcdabundance. My'simulati.on results for
predicting abundance in a single bank unit were not encouraging, because of the gréat
loss in precision (bias was minimal and about equal for each model). These results were
in accordance with Crozier and Keﬁncdy’s (1994) reéommendation nottouse a
regression model and single-pass removal data to predict site-specific abundance. 1
considered both SLR and MCP models and normal, log.-based, and log-odds prediction

intervals and found their performance to be unsatisfactory. The MCP model with log-
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odds prediction intervals performed best in terms of achieving the nominal level of
~coverage at all ﬁbundaﬂces between 1 and 100. However, log-odds prediction intervals
were large—about 7.5 times those oi: ;hrée-pa;s rembval intervafs.

" There was a relation between the p'ercenf mean interval length (expféssed asa
percentagé of the known abundance) and the p;:rcent coverage oi: pfedictibn intervals.
Percent coverage was about 95% for percent ineah interval length equal to about 75%.
Log-odds prediction intervals for the MCP model performed best because perceﬁt mean
interval‘length was at this 75% level across abundances (Figures 4.10F aild 4.8B).
Percent 'c'ove’rage Qas greater than (less than) 95% for percent mean inte.rval. léngth a
greater than (less than) é.bout 75%. SLR model normal and loge-bééed prediétio-n '
intervals and MCP model normal prediction;int-ervals crossed this threshold, résulﬁng in
over-coverage at sméll abundances and under-coverage at large abundances (Figures
4.10C, D, and E; 4.7A and B; and 4.8A). Therefore, poor prediction interval coverage
(not bias) was related to short interval length. |

The thfeshold between over-ém)eraée at sfhall a;bundances and under-coverage at
large abundances existed for SLR models because there was a pattern of increasing
variation with increasing abundance (e. g., Figure 4.3A). The square root transformation
reduced this variatioﬁ but did not eliminate it. If a transformation had not been used, the
threshold would have occurred at a larger abundance and interval width would have been

greater for abundances less than that threshold value.
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A beta aistﬁpution fit to a set of captﬁre pxjobba<bbi1»ity estimatés excluding all p =1
better repres;nted the obs‘efved capfure pfobabilities. Likgwise, estimates of p=1 were
excluded from calculatioﬁs of a mean capture probability for' a MCP model. Estimates of
p =1 were an artifact of small abundancgs. If the actual probability of capture_ is high,

- allindividuals in a small group are often captured, sometimgs in the first pass. We see
this in the fan-shaped pattern of plots of ﬁrst-pass catch versus estimated abundance,.in
which therg is increasing variation with increasing abundance (e.8., Figure 4.1B). The

: cbncept is similar to that of demographic stochasticity: stochastic effects décrease in
magnitude with increasing population size (Nations and Boyce 1997). Simulations
showed that estimates of p = 1._could be obtained from analyses of sample data collected

usinga p,.,. #1. .

'- o I .n E: . I I i ]
| ~The response variable in a linear regression model is considered a randorfl '
variable, but the predictor values are usually consid;ered known constants (i.e., the
predictor variaple is not a random variable) (Sen and Srivastava 1990; Neter et al. 1996).
However, first-pass catch (i.c., the predictor variable) is a randorﬁ variable. If we could
obtain many independent samples of fish in a bank unit, there is reason to believe that the
first-pass catch would vary. Previous studie§ have not acknowledged that the first-pass

catch is a random variable (Strange et al. 1989; Lobon-Cervia and Utrilla 1'993; Crozier
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and Kennedy 1994; Jones and Stockwell 1995). This raises a concern about the validity
nf a regression model of total abundance as a function of first-pass catch. -

All results on estimation, testing, and prediction obtained for the regressien model
| are still valid‘if first-pass cateh is a random variable, but only if two conditions are met
(Neter et al. 1996). For discussion purposes, let Y; be a random variable for estimated
total abundance and let X; be a random variable for the corresponding first-pass catch,
where i=1,.. .,n and n is the sample size. The conditions require that (1) the conditional
distributions of the Y; given X are norrnai and independent and (2) the probability
distribution of the X; does not involve the regression coefficients (Neter et al. 1996).
Condition (2) is satisfied‘because ﬁrst-pase catch is not a function of estimated total
abundance.  First-pass catch is a function of the true total abundance and unknown
variables affecting catchability. Conditien (1) is more troublesome because estimated
total abundance is non-normally distributed (Rexstad nnd Bumham 1991). The scatter
plots of ﬁ;st-pass catch versus estimated abundance do not suggest that estimated .. -
abundnnce is non-normal. Therefore, it can be assumed for the purpose of regression
analysis that the conditional distributions of total abundance estimates given first-pass
catch were approximately normal. If condition (1) was not satisfied, I would have
expected loge—based prediction intervals to perform better than normal prediction
intervals, but they performed about equally well (Figure 4.7A, B). |

Five observations in tne Henrys Fork data set were identified as influential points
because they were located far away from the other observations. These observations, if
included in the SLR model, would artificially reduce the variability of the regression

(their residual values were small). Model prediction intervals would then be too precise
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and coverage of the true abundance would be much less than the nominal level.
Therefore these observations were not included in the models. There were some
observations in the Henrys Fork data and in the simulated data ihat had large residuals
anci were not far away from other obﬁervations. These observations were not considered
outliers and were included in the models. Such observations are encounterefl in the field

and their variability should be included in predictive models.
Prediction I |

Prediction intervals constructed assuming normality were inappropriate for model
predictions of abundance. The lower bound of a normal interval for abundance estimates
may be less than the number of individuals sampled (Rexstad and Burmham 1991). This
occurred in simulations of normal intervals for 96% of three-pass removal estimates, 70%_
of SLR model predictions, and 22% of MCP model predictions. It was not surprising that
this was less of a problem for model predictions because models use only the first-pass
catch, which is smaller than the sum ‘,Of a three-pass sample (unless no individuals were
captured on the second and third passes).v Neverfheiess, an interval lower bound less than
the number of individuals'sarnpled is- problematic. We know the abundance in a sampled
area is at least as large as the number of individuals captured.

Truncating an interval lower bound to the number of individuals captured has no
basis in statistical theory and results in interval coverage less than the nominal level (by
an unknown amount). Chao (1589) and Rexstad and Bumhaﬁ (1991) used an approach
to constructing confidence intervals for abundance estimates that assumes the log.’

transformation of the number of animals not captured has an approximate normal - :
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distribution. The lower bound of a loge.-based interval cannot be less than the number of
individuals sampled (the upper bound tends to be larger than the normal interval upper .
bound). This approach was used to construct prediction intervals for the SLR model.
Simulations confirmed that the lower bound of the log.-based prediction interval was -
never less than the number of individuals captured (i.e., first-pass éatch).

Normal prediction intervals are also inappropriate because of the non-normal
“ distribution of estimated abundance, which leads to poor coverage of the true abundénce
(Rexstad and Burnham 1991). This was not the case for simulations of three-pass.
removal estimates for abuﬁdances ranging from 10 to 100; for which normal (as well as
log.-based) confidence intervals achieved the nominal coverage 1ev_§1 of 95% (Figure
4.6A, B). Normal and loge-ba_sed prediction intervals for the SLR model achieved similar
levels of coverage (Figure 4.7A, B). Log.-based intervals had lower bounds that were not
less than the total number of individuals sampled, but did not improve upon interval

coverage of the true abundance.
Removal Methodology Assumptions -
Population Closure
Population closure is an important condition for the use of the removal
methodology. The loss or addition of juvenile trout during sampling could bias estimates
of abundance (Otis et al. 1978; White et al. 1982; Pollock et al. 1990). Bank units in the
Henrys Fork were physically open when sampled because the use of blocking nets was

impractical. The installation and maintenance of efficient blocking nets would be labor

intensive, and any advantage of a physically closed system may have been offset by the
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- distmbaﬁce of fish while installing the nets (Bohlin et al. 1989). However, physic;ﬂly
open populations can sometimes be’ treated as closed, contingent on a short study period
(Pollock 1982). It can also be argued that the sample areas are biologically closed when
the species of interest restricts its activities to a defined area (Bohlin et al. 1989). When
disturbed, juvenile rainbow trout in the Henrys Fork conqealed themselves in the -
interstitial space of the rocky substrate, in woody debris, and in macrophytes. The slow,
methodical process of electrofishing upstream was particularly effective at capturing
juvenile trout because of this ‘tendehcy towards concealment. (Such an approachto -
sampling large trout would not work because large trout were typically observed fleeing
sample areas, except when water temperatures were low and fish response time was
slow.) Any loss of juvenile trout from baﬁk units during sampling was likely minimal.
Movemenf of juvenile trout into bank units during the short sampling duration (e.g., 1 h)
was also likely minimal, as groups of fish in bank units were consiétently depleted.

A statistically valid test of the closure assumption based only on multiple-
recapture data cannot be constructed (White et al. 1982). A test for closure assuming the
heterogeneity model My, as the null model (Otis et al. 1978) is included in program
CAPTURE. However, this test cannot detect temporary emigration, and true failure of
the closure assumption cannot be differentiated from behavioral variation in capture
probability or certain patterns of temporal variation. The use of a three-pass remdval,
methodology explicitly assumes the use of the behavioral model M, and the Zippin
removal estimator. Removed individual_s obviously have a zero probability of being

recaptured. Otis et al. (1978) observed strong rejection of the closure test when model

M, was true for simulated data.
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ili ividuals

Equal catchability of individuals is another important condition for the use of the
removal methodology. However, the assumption of equa! catchability often conflicts
with biological reality (Bohlin and Sundstrom 1977). Fish may exhibit temporal -
variation, behavioral variation, and individual heterogeneity in capture probat;ilities.

- Temporal variation was controlléd because effort was equal for each péss. Effort
remained constant by thoroughly sampling all habitat in a bank unit on each pass (Riley
and Fausch 1992). Trout may exhibit a behavioral response to eléctroﬁshing (Cross and
Stott 1975; Mesa\’and Schreck 1989). This was not a concern for juvenile trout that were
captured because they wer;: rc;.moved from bank units and not subject to recapture.

- However, trout that escape capture in the electric field should be subject to recapture °
during a subsequent pass. The probability of recapture would decrease if these trout "
leave the bank unit or better conceal themselves. I cannot say that this never occurred,
but some juvenile trout were observed concealing themselves in the rocky substrate and
were recaptured during the subsequent pass. Temporal and behavioral variation are of
concern when sampling multiple passes and using these data to construct models, but
become irrelevant when using single-pass catch to predict abundance.

Heterogeneity in individual capture probabilities occurs when sampling methods -
are size-selective. Electroﬁshmg is widely recognized as a s1ze-select1ve samplmg
technique that favors capture of larger individuals (e.g., White et al. 1982; Bohlin et al.
1989; Jpneé ahd Stockwell 1995). Thé slow, n;ethodical approach to sampling bank units
was very effective at capturing juvenile trout and reduced the likelihood of capturing

large trout (i.¢., > 200 mm total length). Larger fish tended to react to the slowly
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approaching intermittent electric field by attempting to escape it while smailer fish sought
or remained concealed in cover. Therefore, heterogeneity in capture probabilit.ies was
likely not a problem, as I was interested only in the juveniles.

Decreasing catchability in multiple-pass removal sampling of fish populatibns is
common and may result in the undefestimation of abundance if catéhability is modeled as -
remaining constant (Cross and Stott 1975; Bohlin and Suﬁderstrom 1977, Peterson and
Cederholm 1984; Riley and Fausch 1992). Model Mbh in progfarﬁ CAPTURE allows
capture probability to vary (Otis et al. 1978; Rexstad and Burnham 1991). A goodness-
of-fit test is used to determine whether or not capture probability is constant (Otis et al. |
1978). At least three removal passes are required for goodness-of-fit testing, but at least
four removal passes are required to allow capture probability to vary in the model. The
power of this test is low at small population sizes (i.é., < 200; Riley and Fausch 1992)
and was therefore not useful for analyzing Henrys Fork data. However, the removal data
consisted of three passes and cquld therefofe only be analyzed assuming a constant
capture probability model. SLR and MCP models constructed from simulated data with a
known constant capture probability did not significantly differ from models constructed
for Henrys Fork data. This suggests that if capture probability did decrease on the second
and third passes in the Henrys Fork, the decrease was not severe such that abundance was

greatly underestimated. -
Recommendations

I do not recommend the use of a SLR or MCP model to predict abundance for a

~ bank unit or stream segment if that area is the only area of interest. The extra effort
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required for the ée'cond and third pass greatly improves estimate precision. These models
have the greatest utiiity for predicting total abundance from multiple samples. The SLR
and MCP models ean be used to reduce data collection effort for the estimation of total
abundance in a river section or network of streams. The models can also be used to
improve precision by reallocating a given amoant of effort from three-pass sampling to
single-pass sampling. |
I recommend the use of the MCP model because no data transformations were
needed. However, both the SLR and MCP models worked about equally well. A hybrid
sampling protoeol may be used that includes both three-pass and single-pass sampling. :
The three-pass samples couldA be used to check model adequacy for the present sampling
situation (i.e., model validation) and to further calibrate the model, while the single-pass

samples can be analyzed using a SLR or MCP model.

Summary

-

Three-pass removai data for. juveniie rai>nb"ow tfout‘(Oncorhynchus mykiss) al.ong
bank areas of the Henrys Fork of the Snake River, Idaho, were used to construct models
to predict abundance from single-pass catch déui. Simble linear regressien‘ (SLR) models
and mean capture probability (MCP) models were evaluated by 51mu1atlon for bank
sampling units of different lengths (15, 30, or 60 m) The MCP model w1th log-odds
predlctlon intervals performed best for predlctmg abundance w1th1n a spec1ﬁc bank unit,
in terms of ach1evmg the nominal coverage level but precision was poor (log-odds

intervals were about 7.5 times greater than three-pass removal intervals); I do not

recommend using these models for this purpose. These models have the greatest utility
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for predicting.total abundance in a large area from multiple samples within it. The
models can be used to. reduce data collectlon effort, or reallocatlon of effort from three-
pass removal eampllng to 51ng1e-paes samphng can be used to increase the precision of
predlctlon lntervals. | Sampling with 150 removal passes as single passes rather than as 50
sets of rhree-pass samples resulted in a 48% increase in predic‘tion}inte-rval precision for a
srmulated populatlon of 10, 000 ﬁsh Increasmg the area sampled byi mcreasmg the length
of bank units provided a marglnal increase in predlctlon interval precision. However,
large increase in precision was obtained by sampling more bank units of smaller length
(while total length of bank sampled remarned constanr). Sampling 1,500 rn.of bank as
100 15-m bank units increased precision by about 28% versus sampling 50 30-m bank
units, and by about 50% versus sampling 25 60-m bank units. Three-pass removal and :
SLR and MCP model predlctlons performed about equally well at a given sample size. 1

recommend the MCP model for ease of constructlon and use.
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Table 4.1 —Simple linear regression (SLR) models for Henrys Fork data and -

simulations of 15-m, 30-m, and 60-m bank units; CI = confidence interval.

Intercept Slope
SLR model 95% CI 95% CI r
Henrys Fork = —0.0384 +1.1934-¢, [-0.0618, -0.0149] [1.1917, 1.1952] 0.92
“ Simulation A=0.0128 +1;145 l-¢ [-0.0015, 0.0271] [1.1444, 1.1458] 0.96
(15 m)
Simulation 7 = 0.0689 +.1-139§'C1 [0.0504, 0.0873] . [1.1395, 1.1403] 0.97
(30 m) |
Simulation hi= 0_'0571 +1.1631-¢, [0.0058, 0.1085] [1.1625, 1.1637] 0.97

(60 m)




111

Table 4.2.—Mean capture probability (MCP) models for Henrys Fork data and
simulations of 15-m, 30-m, and 60-m bank units; CI = confidence interval.

-

MCP model 5 (SE) 5 log-odds 95% Cl N
Henrys Fork . 0.7334 (0.1071) [0.4845, 0.8895] 126
n=
0.7334
Simulation L. 0.762 (0.1161) [0.4773, 0.9182] 116
n=
(15 m) 0.762
Simulation s 0.7546 (0.1168) [0.4717, 0.9137] 126
n= .
(30 m) 0.7546
Simulation s 0.7436 (0.1205) [0.4566,0.9092] 129
n= .
0.7436

(60 m)
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Table 4.3.—Bias and interval statistics for three-pass estimates, simple linear
regression (SLR) model predictions, and mean capture probability (MCP) model
predictions of mean abundance per 15-m bank unit (1,000 replications). The true mean
abundance per bank unit was 18.762. LB and UB = lower and upper bounds of 95%
confidence or prediction intervals.

Mean SE
Sample Mean SE : Percént Mean Mean - interval interval
Size bias bias coverage LB UB  length length

Three-pass estimates (normal 95% confidence intervals)

25 05 43 408 166 21 55 53
50 0.5 . 30 593 163 222 59 438
75 0.5 2.3 73.5 162 224 6.2 4.6
100 0.5 1.9 80.7 16.1 23 6.2 42
125 05 17 856 16.1 24 6.3 39
150 . 04 15 90.7 16.0 225 6.5 42
175 0.5 1.4 935 160 225 6.5 4.0
200 0.4 12 o048 159 225 66 a1

SLR model predictions (normal 95% prediction intervals)

25 -0.5 4.1 90.3 12 26.0 14.0 2.1
0. . -06 29 - 974 12 25.9 139 1.5
75 -0.6 23 99.3 12 26.0 14.0 1.2

100 -0.6 1.9 99.8 12 259 139 1.0

125 0.6 1.7 99.9 12 259 139 0.9

150 -0.6 1.5 100 12 259 13.9 08

175 -0.6 1.3 100 12 259 13.9 0.7

200 -0.6 1.2 100 12 T 259 139 0.6
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Table 4.3.—Continued.
Mean . .- SE
Sample Mean = SE ~ Percent ~ Mean Mean . interval interval -

Size bias - bias coverage LB UB length length

MCP model predictions (normal 95% prediction intervals)

25 . 06 41 71.9 13.5 22.8 9.3 R

50 -07 29 87.1° 134 227 9.3 0.8
75 0.6 23 94.9 135 228 93 0.6
100 07 19 972 134 28 93 0.5
125 06 17 98.2 134 2238 9.4 0.4
150 0.7 15 992 13.4 228 93 0.4
175 07 13 99.7 134 . 228 9.4 03

200 -0.7 1.2 99.9 134 228 9.4 03
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Table 4.4.—Interval statistics (normal 95% prediction intervals) for three-pass
estimates, simple linear regression (SLR) model predictions, and mean capture
probability (MCP) model predictions for population size = 10,000 (1,000 replications).
Sample size = 50, 100, 150, and 200 for 15-m bank units, sample size = 50 and 100 for

30-m bank units, and sample size = 25 and 50 for 60-m bank units. LB = lower bound; -

UB = upper bound.

?

Mean interval

Percent Mean Mean SE interval
coverage LB UB length length
Sample size = 50 (15-m bank units)

Three-pass ' 94.1 - 7105 13383 6279 516
SLR model . 932 6634 12714 6080 543
MCP model 931 6612 12665 ‘ 6053 ‘ 542
Sample size = 150 (15-m bank units)

Three-pass 94.8 8610 11869 3259 136
SLR model 923 8094 11260 3166 143
MCP model 91.7 8075 11209 3134 142
Sample size = 100 (15-m bank units) (1,500 m of bank sampled)
Three-pass | 94.8 8132 12355 4223 222
SLR model 93.6 . 7636 11736 4099 238
“MCP model 93.2 7615 11686 4071 237
Sample size = 50 (30-m bank units) (1,500 m of bank sampled) |
Three—pass 94.8 7329 13226 ~ 5897 448
SLR model . 93.7 6830 12508 5678 474
MCPmodel 937 6839 12540 5701 480
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Table 4.4.—Continued.
Percent Mean Mean Mean interval SE interval
coverage LB UB length length
Sample size =25 (60-m bank units) (1,500 m of bank sampled)

Thre_e-pass 94.8 6121 14345 | 8224 866
SLR model * 93,6 ‘5871 14103 . 8231 988
MCP model 92..6 ‘ 5785 13870 8085 977
Sample size = 200 (15-m bank units) (3,000 m of bank sampled)
Three-pass 93.9 8917 11561 2645 94
SLR model 91.6 | 8391 10963 2572 98
MCP model 90.7 8374 10910 - 2536 98
_ Sample size =100 (30-m Bank units) (3,000 m of bank sampled)
Three-pass - 93.6 8436 12123 3687 178

SLR m(;del 92.5 -7902 11455 3553 185
MCP model 923 7926 11473 3547 187
Sample sjze = 50 (60-m bank units) (3,000 m of bank sampled)
Three-pass 94.7 7631 12778 5147 326
SLR model 94.9 7384 12559 . 5175 373,
368

MCP model 94.5 7290 12335 5045




Henrys Fork Three-Pass Removal Data
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Figure 4.1.— Scatter plots of first-pass catch and estimated abundance from Henrys
Fork data including (A) and excluding (B) five influential observations (indicated by
triangles); and simple linear regression model of estimated abundance (square root

transformation) as a function of first-pass catch (square root transformation) with normal
(C) and loge (D) 95% prediction intervals.
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Figure 4.2.—(A) Scatter plot of abundance and capture probability estimates from
Henrys Fork data; beta distribution fit to Henrys Fork capture probability estimates
including (B) and excluding (C) 16 values of /? =1 ; and (D) scatter plot of abundance
and capture probability estimates from simulated data collected from 15-m bank units
using » teta from beta distribution excluding values of p = \.



Simulated Data for15-m Bank Units

First-pass catch05

Figure 4.3. Scatter plot of first-pass catch and estimated abundance from simulated
data for 15-m bank units (A); and simple linear regression model of estimated abundance
(square root transformation) as a function of first-pass catch (square root transformation)
with normal (B) and loge (C) 95% prediction intervals.
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Simulated Data for 30-m Bank Units
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Figure 4.4.— Scatter plot of first-pass catch and estimated abundance from simulated
data for 30-m bank units (A); and simple linear regression model of estimated abundance
(square root transformation) as a function of first-pass catch (square root transformation)
with normal (B) and loge (C) 95% prediction intervals.
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Simulated Data for 60-m Bank Units
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Figure 4.5 — Scatter plot of first-pass catch and estimated abundance from simulated
data for 60-m bank units (A); and simple linear regression model of estimated abundance
(square root transformation) as a function of first-pass catch (square root transformation)
with normal (B) and loge (C) 95% prediction intervals.
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Figure 4.6.— Percent coverage of the true abundance (range, | to 100) for normal (A)
and loge (B) 95% confidence intervals for three-pass removal estimates of simulated data.
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SLR model

Normal prediction interval
95% nominal level

Loge prediction interval
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Figure 4.7.— Percent coverage of the true abundance (range, | to 100) for normal (A)

and loge (B) 95% prediction intervals for simple linear regression model predictions of
simulated data.
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MCP model
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100 -
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Figure 4.8,— Percent coverage of the true abundance (range, | to 100) for normal (A)

and log-odds (B) 95% prediction intervals for mean capture probability model predictions
of simulated data.



Abundance in a bank unit
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Figure 4.9.—Mean bias (expressed as a percentage of abundance) for three-pass
removal estimates, simple linear regression (SLR) model predictions, and mean capture
probability (MCP) model predictions for abundances ranging from | to 100.
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Figure 4.10.—Mean interval length and interval length standard error (each
expressed as a percentage of abundance) for: (A) three-pass removal normal 95%
confidence intervals (Cl); (B) three-pass removal loge 95% CI; (C) simple linear
regression (SLR) model normal 95% prediction intervals (P1); (D) SLR model loge 95%
Pl; (E) mean capture probability (MCP) model normal 95% PI; and (F) MCP model log-
odds 95% PL
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Figure 4.11.— Three-pass removal predicted abundance and 95% prediction intervals
(A) and percent coverage of the true river-section abundance AM 0,000 (B) for sample
sizes ranging from 10 to 100.



SLR model
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Figure 4.12.— Simple linear regression (SLR) model predicted abundance and 95%
prediction intervals (A) and percent coverage of the true river-section abundance
A=10,000 (B) for sample sizes ranging from 10 to 100.
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Figure 4.13.— Mean capture probability (MCP) model predicted abundance and 95%
prediction intervals (A) and percent coverage of the true river-section abundance
A=10,000 (B) for sample sizes ranging from 10 to 100.
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CHAPTERSS

SEASONAL SURVIVAL, MOVEMENT AND HABITAT USE
OF AGE-0 RAINBOW TROUT -
IN THE HENRYS FORK OF THE SNAKE RIVER, IDAHO

Introduction

Abundance estlmates of adult rainbow trout in the Henrys Fork of the Snake
Rrver Idaho have mdicated a ﬂuctuatmg but overall declme in recruitment dur1ng the
past two decades (Mark Gamblm Idaho Department of Fish and Game, personal
commumcation) Adult abundance estimates identified how many ﬁsh were recruited to
the adult 11fe stage, and a time series of these. estlrnates indicated that a recrultment
problem exists. Howeuer, adult abundance estimates cannot tell us why a particular
| recruitment pattern exists or at What life stage recruitment is limited. Recruitment is
defined as the cumuiatii/e outcome or survival through a series of life stages (frippel and
Chambers 1997). :I‘he abundance of adult rainbow trout necessarily depends on the
survrval of rainbow trout through early life stages beginning w1th spawning and
fertilization and extendmg through the Juvemle life stage The study of these early life
hrstory stages is crmcal to the understandmg of year-class formation and changes in fish
| populations (Elllott 1994, Tnppel and Chambers 1997). | |

Samphng methods used by the Idaho Department of Fish and Game and byi
Angradi and Contor (1988) to obtain data for abundance estimationhave precluded
making inferences on abundances of juvenile rainbow trout in the ﬁenws Fork. Rainbow

trout less than 150 mm were consistently underrepresented in samples collected in
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~ successive years by Angradi and Contor (1988). The failure to capture smali trout is
often a result of the sampling method; electrofishing is widely recognized as a size-
selective sampling tecﬁnique that favors capture of larger individuals (e.g., White et al.
1982; Bohlin et al. 1989; Jones and Stockwell 1995). Juvenile rainbow trout are also
ecologically distinct from adults in their hgbitat requirements. Juvenile salmonids tend to
. occupy shallow, low velocity stream areas and may move to deeper h#bitat as they grow
(Bohlin 1977; Gatz et al. 1987; Maki-Petays et al. 1997). Therefore, sampling must be
directed specifically at juvenile rainbow trout if inferences concerning juvepile
abundances are to be made. |

Studies that have been directed at juvenile rainbow trout in the Henrys Fork have
been limited in scope such that inferences on river-wide recruitment could not be made.
We know that cobble-boulder concealment cover along banks is used by juvenile rainbow
trout during winter (Contor 1989; Griffith and Smith 1995). Movement of juvenile
rainbow trout from macrophyte cover to cobble-boulder cover along banks has been
observed (Griffith and Smith 1995). The overwinter loss of macrophyte cover was
positively correlated with a decrease in density of age-0 rainbow- trout (Griffith and Smith
1995). Ekperimental studies indicated that winter survival of age-0 rainbow trout was
higher in cages with cobble-boulder substrate than in cages without cover (Smith and
Griffith 1994) and survival was higher with warmer water temperatures (3.1-4.3 °C
versus 1.5-4.3 °C; Meyer and Griffith 1997). Most mortality in cages was observed in -
early winter (95%; Smith and Griffith 1994). Size-dependent mortality (age-0 rainbow
trout < 90-100 mm) occurred in cages with no cover or with colder water temperatures

(Smith and Griffith 1994; Meyer and Griffith 1997). Angradi and Contor (1988)
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estimated age-0 rainbow trout density by sampling along one bank in each of four river
sections in summer. ﬁowever, these estimates could not be extrapolated to both banks of
the river because sampliﬁg was not representative of both banks. Studies of juvenile
rainbow trout in the Henrys Fork shoulvd include multiple time periods and sampling
areas representative of a large river reach such that recruitmént can be quantified.

Estimates of temporal and spatial abundances of juvenile rainbow trout are
essential to the evaluation of recruitment in the Henrys Fork. The estimation of survival
and movement rates compléments abundance estimation by aiding in the interpretation of
temboral and spatial differences in abundances. Seasonal survival rates may be related to
environmental chahges in temperatufe and discharge, and spatial changes may be related
to the movement of juvenile rainbow trout as habitat availability and habitat requirements
change. The quantification of movement may also delineate the upper bound on the
portion of a loss rate attributable to actual mortality. Therefore, a comprehensive study
of jﬁvenile rainbow trout to evaluate recruitment limitations must include the estimation
of abundance, survival, movement, 'and hébitat use across time and space.

Inferences concerning fish abundance, survival, movement, and habitat use are
inherently difficult to make because individuals are not readily observable and
information ié only available on fish that are captured (Oti;c, et al. 1978; Burnham et al.
1987; Gowan et al. 1994; Hilborn and Mangel 1997). Additional difficulties with
juvenilé fish are the typically large abundances and low capture probabilities that result in
large variances and wide interval estimates (Cormack 1992). The yearly production of
age-0 trout in the Henrys Fork may exceed 100,000. The size of the management area of

interest, which is 25 km long with an average width of 90 m, poses additional sampling
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problems concerning sampling efficiency (Kennedy and Strange 1981; Bohlin et al.
1989). Obviously, only a small percentage of such a population could ever be sampled
given typical personnel and equipment constraints. However, sampling strategies and
methods of analysis can be tailored to meet the demands of a recruitment study in a river
such as the Henrys Fork.

The overall goal of this study was to develop an understanding of rainbow trout
recruitment dynamics ﬁom spawning through the age-0 year class, in a2 25-km
management area of the Henrys Fork of the Snake River. I identified spawning areas and
quantified spawning activity therein and I used electroﬁshing.and mark-recapture and
removal methodologies to quantify se_asonal abundance, apparent survival, movement,
and haﬁitat use of age-0 rainbow troﬁt. This information was used to produce a
cofnprehensive analyéis of age-0 rainbow trout recruitment in the Henrys Fork and to

evaluate the ability of the fishery to sustain itself.
Study Area and Habitat Characteristics

The Henrys Fork is a medium-sized river that had a mean annual discharge of

© 24.3m’/s in 1995-1997 at Island Park Dam (range, 6.9 to 78.4 m'/s). The river elevation
ofthe Henrys Fork at Island Park Dam is 1,897 m and the river drains a 1,246-km? area.
The Buffalo River joins the Henrys Fork about 0.6 km downstream of Island Park Dam
(Figure 5 ). ThekBuffalo River is spring-fed and has a relatively constant discharge of
about 6 m*/s. A dam at the mouth of the Buffalo River prevented uﬁstream migration of

rainbow trout except during spring runoff prior to the installation of a fish ladder in

October 1996.
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I divided the Henrys Fork from the confluence with the Buffalo River to
Riverside Campground into the following five sections for sampling age-0 rainbow trout:
1. Box Canyon (length L = 4 km, mean width w =70 m), 2. Last Chance ('L =4 km, w |
- =95m), 3. Harnman State Park (L =8 km, w =125 m), 4. Harriman East (L =3 km, w
=100 m), and 5. Pinchaven-Riverside (L = 3 km, W = 85 m) (Figure 5.1). Box Canyon
was further divided into upper Box Canyon (L = 1.5 km) and lower BO); Canyon(L=2.5
km). Harriman State Park was divided at the Railroad Bridge into a 5-km upper reach
and a 3-km lower reach. The 5-km upper reach of Harriman State Park and a 3-km reach
between Harriman East and Pipehaven—Riverside were not sampled. The Idaho - ,
Department of Fish and Game has traditionally used these sections to divide the river.

Box Canyon has a high gradient (0.45%) with cobble-boulder substrate and is
characterized by an abundance of rocks arid woody debris along the banks and sparse
macrophytes across .the channel. Upper Box Canyon has areas of rapids, deep holes (i.e.,
> 1 m deep), and large, uneven substrate. The chénnel depth is usually lessthan 1 min
lower Box‘Canyon. There is generally no ice formation in Box Canyon because winter
water temperature is moderated by water released from the hypolimnion in Island Park
Reservoir (2-4 °C) and water from the spring-fed Buffalo River (1-6 °C) (Figure'.5.2).

Last Chance has an intermediate gradient (0.3%) with cobble substrate and is
characterized by dense macropﬁyte beds across the channel and a lack of cover along the
banks. Macfophyte beds decrease (but are not eliminated) through winter becausé of
grazing by trumpeter swans Cygnus buccinator. There is generally no ice formation in
Last Chance. The channel depth is usually less than 1 m throughout Last Chance.

Harriman State Park has a low gradient (0.1%) with a highly embedded sand-
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gravel substrate and is characterized by a patchy distribution of dense macrophyte beds,
but a general lack of cover in the channel and no cover along the banks. Most of the
dense macrophyte beds occur in a l-km area downstream of the Railroad Bridge where
the average width is about 80 m and the channel depth is usually less than 1 m. Many
macrophyte beds are thinned or eliminated by spring. The remaining 2 km are
characterized byislower water velocities, fewer macrophytes, a greater area of sand
substrate, increased width (i.e., up to 150 m) and a channel depth of 1-2 m. The 5-km
upper reach of Harriman State Park is also characterized by the presence of fewer
macrophytes and increased width (i-e., up to 200 m), but the channel depth is usually less
than 1 m. Surface ice forms across the channel in many areas of Harriman State Park
during. winter. |
Harriman East has a low gradient with a silt-sand substrate and is characterized by

a patchy distribution of sparse macrophytes and no cover a.long the banks Most
macrophytes are elrmlnated by spnng The channel depth is usually about l 2 m
throughout the river section. Surface ice forms across the channel in many areas of
Hamman East dunng winter. | | N

) The gradient increases to an intermediate level about 1 km downstream of
Hamman East and through about the first 2 km of Pmehaven-Rwersrde The substrate
consists of a mixture of cobble and boulder-s1zed rocks and patches of sand near dense
cluxnps of macrophytes There are some fallen trees and large rocks along’ the banks, but
there is generally little bank habltat The last 1 km of P1nehaven-R1versrde flows through
a canyon and has a high gradxent a deep channel (1 €., 1-3 m), and large boulders

scattered throughout the channel and along the banks. Bank areas are generally
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inundated with silt. Surface ice forms along bank areas in Pinehavcn-Riverside during
winter.

The short river section between Island Park Dam and the Buffalo River was
included among the rivér svections searched for spawning redds. This section was divided .
into two sections for sampling and analysis: the section between Island Park Dam and the
- United States Geological Sﬁrvey (USGS) gauging station (L =0.25 km, w =56 m) and
the section between the USGS gauging station and the Buffalo River (L=0.35km, w =
42 m). These sections have an intermediate gradient (0.3%) with boulder substrate in the

thalweg and gravel substrate in the adjacent shallow areas.

Methods
Spawning Redd Surveys
I used distanée sampling techniqﬁes (Buckland et. él. 1993) to search sections of

the Henrys Fork for spawning redds and the corhputér program DiS'fAN CE (Laake et al.
- 1994) to estimate redd dénsity Atherein.‘ I searched for redds in river sectioﬁs durmg
spring (i.e., March apd April) by wading or snorkeling élong replicate tranéect§
perpendicular to the éﬁrréht and I récorded the perpenciicular dis;tance of eaéh observed
redd from the transect. Tﬁe fol-lowingvriver sections were surve&edf 1. Iéland Park Dém' |
to the USGS gauging station (1995, 1996, and 1997; 10-15 transects per sampling date),
2. The ﬁSGS gauging station to the Buffalo Riiler (1995; 10 transects), 3. Box Canyon

(1995; 20 transects), 4. Last Chance (1995 and 1997; 20 transects), and 5. Harriman State

Park (1997, 20 transects). I also searched for redds along alternating sides of the river
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between transects to verify that transects were representative of river sections (i.c., that
there were not many more or less redds between transects versus on or near transects).
(See Chapter 2 for details on the distance sampling technique for redd

surveys.)

Sampling seasons were summer (August), autumn (October to mid-November),
and spring (mid-May to mid-June). Five river sections were sampled in nine éeasons
from summer 1995 to spring 1998. I used a robust design to estimate seasonal
abundances and apparent survival rates of ﬁge-O rainbow trout for each river section
(Pollock et al. 1990). Sampled areas were considered closed for within-season sampling
periods (i.e., days) and open between seasoné. Closed population models, which allow
for unequal capture probability, were used to estimate abundance within a season. I used
both removal and mark-recapture methodologies to estimate abundance. Anopen
population model (i.e., the Jolly-Seber model) was ﬁsed to estimate survival between |
seasons. Alterﬁatively, survival was estimated by comparing abundances from one
season to the next. Juvenile trout were marked wifh visibie implants of fluorescent

-elastomer tNorthwest Marine Technology, Inc.) for mark-recapture from season to seasén

to estimate survival and to identify and quantify movement.

Marking
Juvenile trout were marked with visible implants of fluorescent elastomer

(Northwest Marine Technology, Inc.) to identify capture seasons and cépture sections. A
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mark in the right post-ocular area was used in all river sections to indicate year of first
capture for the year beginning in the sﬁmmer sampling season. Colors to denote marking
years were as follows: summer 1995 to spﬁng 1996, red; sufhmer 1996 to spring 1997,
orange; and summer 1997 to_spring 1998, green. An additional mark was used to denote
‘the ﬁver section (using different colors) and season (using different marking locations) of
capture. Colors tq denote river sections were as follows: Box Canyon, blue; Last Chance,
red; Harriman State Park, green,; Harﬁman East, yellow; and Pinehaven-Riverside,
orange. These were injected in the left post-ocular area in summer, the left pectoral fin in
autumn, and the left pelvic fin in spring.
Within-season capture histories were indicated by a unique fin clip for each
capture occasion. Fin clips were minimized .(i.e., only the fin tip was clipped) in size to

allow mark recognition within a season and regeneration thereafter.

Remova]

| - A removal methodology was used to sarﬁple zind estimate thé abundance of age-0
rainbow troﬁt along baﬁks, paﬁiculmly along banks with complex habitat and in ﬁvqr
sect‘ions’ and seasons in which chanﬁel could not be‘ v?aded. Trout ;vere bqll,ectéd in b\ank
sampling ur.litsvusing a hand-heid probe operated from boat-moﬁﬁted electroﬁshing geér |
(continuous DC, 250 V) and wading upstream from the anchored boat. Baﬁk units were
known-lengfh sectiéns of bank extending ‘out into the chaAmnel. a minimum of 2 m, or
further to ehcompass any structure associated with the bank, ;uch zlls(a fallen tree. A |
subset of the fotal population of b-ankv units m ariver section wéis selécted using a

systematic random procedure and sampled by three-pass or single-pass‘ removal. Three-
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pass removal data were analyzed using the Zippin maximum likelihood removal
estimator (Zippin 1956; Otis et al. 1978; Rexstad and Burnham 1991) and single-pass
removal data were analyzed using a mean capture ptobability model (see Chapter 4 fot
details).' The rnean number of age-0 trout per bank unit was extrapolated to provide an
estimate of total abundance ‘along the banks in ariver section' conﬁdence intervvals
1ncluded w1th1n-bank unit, among-bank unit, and extrapolatlon erTor. Sampllng effort
equaled the sum length of all sampled bank umts

The removal method was used in upper Box Canyon in summer and autumn and
tmoughout Box Canyon in spnng. All samples were collected by three-pass removal and
an equal number of bank umts were sampled on each side of the river unless otherw1se
noted I sampled four 29 0 to 30.0-m bank units in summer 1995 ten 12.1t0 14.7-m
bank umts in summer 1996 (7 by smgle-pass removal) and elght 13. 3 to 14.7-m bank
units in summer 1997 I sampled seven 12 5t031.5-m bank umts in autumn 1995 (west
bank 3; east bank 4 3 by smgle—pass removal) ten 11.0 to 14.8-m bank umts in autumn
_l 996 (4 by smgle—pass removal) and ten 13.0t0 15.0-m bank un1ts in autumn 1997 I
sampled twenty 10 0 to 14.5-m bank units in spnng 1996 (13 by s1ngle-pass removal)
ﬁfty 7.8t0 15.8-m bank units in spring 1997, and ﬁﬁy 13.0to 15.3-m bank units in spring
1998, | |

I also sampled alongvthe banks in Last Chance and klnehaven-Rlvers1de in some
' years and seasons. I sampled twenty 12. 6 to 15.5-m bank units in Last Chance in spring
1997 In P1nehaven-R1vers1de 1 sampled ten 24.5 to 33. O-m bank umts 1n summer 1995'
and ten 17 0 to 27.0-m bank units in summer 1996 (all by s1ng1e-pass removal) I

sampled four 9. 9 to 12.4-m bank units in autumn 1995 I sampled ten 12.0to 15 O-m
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bank units in spring 1996 (all by single-pass removal) and eight 12.4 to 14.6-m bank

units in spring 1997.

Mark-Recapture

| Mark-recapture sampling was used to obtain al)undance estirnates l‘or sample
areas in lower Box Canyon, Last Chance, and ‘Harriman State l’kark in sunimer and ﬂ
autumn samplin'gbseasons (high discharge necessitated the use other sampling techniques
in sprmg) Estimates for sample areas were extrapolated to estrmate total abundanceina
river sectlon Sample areas were deﬁned as bank-to-bank areas about 100 m long
J uvenile rambow trout were collected in a sample area by wading W1th boat-mounted
electroﬁshing gear (continuous DC, 250 V) along eight transects extending from bank to
bank perpendicular to the current. Isampled two sample areas in Box Canyon, two in
Last Chance, and one in Harriman State Park. A stratiﬁed-random procedure was used to
select the sample areas; sample areas were separated by at least 1 km to reduce the |
likelihood that trouf marked in one area would rnove to another within a ‘season. The
same sample areas were used in each season and year.

Sample areas were sampled each season on three to five occasions. The mark-
recapture data were analyzed using the Chao Mt estimator in program CAPTURE (Chao
1989; Rexstad and Burnham 1991). Sampling effort equaled the sum length of all
transects on all capture occasions. (See Chapter 3 for detaxls on the sampllng procedure
and estimator selection. )

Mark-recapture data were collected in Harriman East and Pinehaven-Riverside in

all seasons by dn'ﬁing with evlectroﬁshing gear (continuous DC, 175-250 V). I also used
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this method to sample Last Chancé and Harriman State Park in spring. Two efectrode
rings were suspended by booms off the boW of the drift boat in a downstream direction.
One person netted fish from the bow and another person rowed. Two drifts through a
section, one in each half of the river (left versus right), constituted é sample. River
sections were sampled each season on one to five occasions. The boat was rowed in a

- zigzag pattern to ensure a representative sample of river habitat. Sampling effort equaled
the length of the sampled river section. The mark-recapture data were analyzed using the
Lincoln-Peterseﬁ estimator for two capture occasions and the Chao M, estimator for three

- or more capture occasions (Ricker 1975; Chao 1989; Rexstad and Burnham 1991).
arati -0 and Age-1 Rainbow Trou

I separated age-0 rainbow trout for analysis by determining the age of a subset of
sampvled trout. Scales were collected from up to 10 juvenile rainbow troﬁt in each 10-mm
size class, ranging from 60 to 310 mm total length (TL), in each river section and season
from summer 1995 to autumn 1997. No scales were collected in spring sampleg in Last
Chance, Ham’maﬂ State Park, and Harriman East. Three scales from each trout were
pressed onto cellulose acetate slides. Iread each set of scales counting the number of
annual rings and retained sets for further analysis if age readings were obtained for all
three scales. Each trout was assigned the maximum age read from the set of three scales.

Logistic regression was used to partition trout into age clas§es based on length if
the range of lengths for age-0 trout overiapped the range for age-1 trout. The length at
whi'ch a logistic fegression function (fitted to length and age data for a particular river

section, season, and year) equaled 0.5 was used as the classification length. Any rainbow
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trout (for that river section, season, and year) with total length less than the classification
length was classified age 0. Logistic regression analyses were performed using the

~ categorical data modeling procedure in SASI(PROC CATMOD; SAS Institute 1994).

I analyzed the mark-recapture data (i.e., from vis&ble implants of fluorescent

- elastomer) using the Jolly-Seber model in program MARK (White and Burnham 1997) to
estimate seasonal apparent survival (i.e., survival oniy within a sampled river section;
survival of trout that moved outside of the study area was not estimated). Data from the
five river sectiqns were pooled for analysis. The simplest model had six parameters:
apparent survival from sumrﬁer to autumn, apparent survi\.lal from autumn to spring for
each of three years, apparent survival from spring to older age classes, and é single

_ capture probabiiity for all years and seasons. Adding survival or capture probability
parameters (up to nine parameters total) increased model complexity. Time intervals
(months) between seasons were set t.o 1.0 between summer énd autumn, 6.5 between
autumn and spring, and 1.§ between spring and summer.

I also estimated seasonal apparent survival of age-b rainbow trout by comparing
total estimates of .abundance from season to season for each river sectio.n. Apparent
survival was estimated by dividing estimated abundance at time #+1 by estimated
abundance at time . Apparent survival estimates greatef than one indicated recruitment
had occuﬁed (i.e., via birth or immigration).

I obtained a more detailed description of apparent survival during winter in Last

Chance by sampling once per month using a catch-per-unit-effort methodology. Ten
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random bank-to-bank transects were sampled by electfoﬁshing from November through
April during winters 1996-1997 and 1997-1998. Comparing monthly catch identified

. changes in apparent survival. I investigated whether or not catch ~per unit effort was
linear]y related to abundance and thus could be used as an indicator of change in
abﬁndance (i.e., apparent survival). I determined the correlation between catch per unit

effort and estimated abundance for summer and autumn sample area data.
Movement

Seasonal movement (or lack thereof) was detected by recapturing juvenile trout
marked with visible implants of elastomer. The same sample areas were re—sziinpled from
season to season such that a high proportion of juvenile rainbow trout in these areas were
marked, and restricted movement was recognized by the recapture of troﬁt originally
marked in these areas. Long-range movement was detected by sampling many areas
thr_oughout the five study sections and by recapturing marked individuals in sections
othér than those in which they were marked.

A qualitative description of the seasonal movement of juvenile rainbow trout in
the Henrys Fork wés obtained by simply drawing arrows on a map from the capture
location to the recapture location. Such an analysis indicated directional patterns of
movement. A more rigorous quantitative analysis of seasonal ‘movcment was obtained by
maximum likelihood estimation of movement probabilities.

I obtained maximum likelihood estimates of movement probabilities using a
modification of the analysis proposed by Hilborn (1990). Movement probability

estimates were used to estimate the total loss of age-0 trout attributable to movement to
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another river section between summer, autumn, and spring. The analysis consisted of

four steps:

1. A population dynamics and movement model was constructed to describe how the

number of marked trout in each river section changed over time.
Nijr+l = (Nijl +T, )pijl
where N ss1 Was the predicted number of trout marked in section i that were in section j

attime¢+/ (i, j=1toSandt=1t02),

L)

Ny was the predicted number of trout marked in section i that were in section

-=0,

ijt

jattimetand N

~

is the number of marked trout released in section 7 at time L.

and p,  isthe probability of movement from section i at time 7 to section j at time

1+1.

2. An observation model was constructed to describe how marks were recovered.
Ry = Nur (éE),: .
where I@,.j, was the predicted number of trout marked in section i and recaptured in

sectionj at time ¢ (£ =2 to 3), A

~

N;,  was the predicted number of trout marked in section i that were in section J

“at time ¢,
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~and  (¢E), was a product of the capture probability and sampling effort in section j -
at time ¢.

I estimated (4E),, from the total number of age-0 trout captured divided by the total

estimated abundance for the river section, which is equivalent to capture probability g

times sampling effort E. If an abundance estimate was not available, I used an average

capture probability § (i.e., (GE), / E from other years or another season for a particular

river section) and multiplied it by E for the section and season of interest.

3. A likelihood function was constructed to specify the likelihood of an observed number

of recaptured trout in a river section (R) as a function of the predicted number of marked
trout in that river section (R). This function was defined under a set of parameters from
the population dynamics and movement model and the observation model where we
assume these mddels are true. The recaptures were assumed distributed according to a
multinomial distribution and a Poisson distribution was used to approximate the
multinomial. Hilborn (1990) stated that both the multinomial and the Poisson
distriinutions are used in maximum likelihood estimation with mark-re;:apture data, but
that the Poisson can approximate the multino;nial because the probability of recapturing
marked fish is small.

L(R|R)=L( L(R| p.GE.T)= f‘[f[f‘[ wR

il j=1 =2
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4. 1used the fmins optimization function in MATLAB® version 5 (MathWorks, Inc.
1998) to minimize the negative of the log-transformed likelihood function (i.e., obtain
maximum likelihood estimates of P ); the denominator R;,! was ignored because it was

a constant (Turchin 1998).

5 5§13

tog £{R1 &)= 333 [ (R, +1)+ (R, +1) 1ogl, +1]

i=l j=1 t=2

Seasonal estimates of movement probabilities were obtained by pooling data ‘
acro§s years and constraining parameters to equal zero if no movemenf was observed
between two river sections. Estimates of p for fish marked and reéaptured in the same .
river sectioﬁ were estimates of apbarént survival. This rﬁodeling approach also provided
an estimate of the loss rate from each river section if the p’sdidnotsumto 1, resultiqg
from mortality or movement to areas not included in the model. The model I investigated
had thfee parameters: l.vApparent survival within a river section between summer and

_autumn, 2. Apparent survival within a river section between autumn and spring, and 3.
M.ovement between river sections between sMer, autumn, and spﬁng.

I obtained a measure of confidence i_n the movement parameter estimates by
_investigating the numerical stability of the maximum likelihood estimates. If the log-
likelihood were flat in the neighborhood of its maximum, then a confidence interval was
relatively wide. Flatness (or lack thereof) of the log-likelihood neér its maximum was
detected by recalculatmg the log-likelihood over a range of values for two parameters

while holding the third parameter constant (i.c., the third parameter equaled the MLE,
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0.75 times the MLE, and 1.25 times the MLE). Small changes in the parameters resulting
in small changes in the log-likelihood indicated a flat log-likelihood and wide confidence

interval (Casella and Berger 1990; Hilborn 1990).
Immigration of Hatchery Rainbow Trout

About 25% of 750,00l) hatchery juvenile rainbow trout stocked in Island Park
Reservoir in each year from 1995 to 1997 (i.e., about 187,500) received an adipose clip to
allow recogmtron of reservoir ﬁsh that moved past the dam into the Henrys Fork All

ralnbow trout captured in the Henrys Fork below Island Park Dam were mspected for an

' adlpose clip.
Habitat Use

I quantlﬁed the use of river sectlons 1dent1ﬁed by hab1tat type (1 e. macrohabltat)
by estlmatmg theﬂ abundance of age-O ralnbow trout in each river sectlon I also 1dent1ﬁed
the relatlve use of bank hab1tat versuschannel habitat from data collected along transects
in sample areas in lower Box Canyon Last Chance, and Harnman State Park during
summer and autumn 1996 and 1997. The channel locatlon of each Juvemle ralnbow trout
collected along a bank to-bank transect was recorded Trout captured wrthm a minimum
of2mof elther bank or any structure assoc1ated with the bank (e. g woody debns) were

cla351ﬁed as usmg bank habitat. All other trout were cla351ﬁed as using center channel

habltat.

Winter habitat use was identified in Last Chance during winters 1996-1997 and

1997-l998 from samples of random transects. I compared abundances along the east and-
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west banks in Box Canyon after these winters (i.e., spring 1997 and 1998) by comparing
density in sampled bank areas. These were the two spring sampling seasons for which 25

cast and 25 west bank areas were sampled.

Results
Spawning Redd Surveys
Most spawning redds in the Henrys Fork were observed in the river section

between Island Park Dam and the USGS gauging station. Redds occurred throughout the

shallow gravel area adjacent to the thalweg. I observed 22 redds on 27 April 1995

(N =28, 95% confidence interval (CI) [12—67]) and 9 redds on 21 April 1996 (1\7 =16,
95% CI [6—42]). Four weekly surveys between 30 March and 21 April 1996 indicated
increasingy spawhing activity (i.e., redds) during this time period. Only one redd was
observed in six weekly surveys from 11 March to 19 April 1997 in this river section.
Increased discharge after the last survey date in each year precluded further searches for
redds.
| I obsenved one redd in the river section between the USGS gauging station and
the Buffalo River on 27 April 1995 and one redd in Last Chance on 18 April 1995. Each
redd was observed In a shallow gravel area adjacent to a bank. No additional redds were
observed along the banks between transects in these sections. I did not observe any redds
along transects or along the banks between transects in Box Canyon on 17 April 1995, in

Last Chance on 20-21 April 1997, and in Harriman State Park on 21 April 1997.
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A fish ladder installed in the Buffalo River in Octobel: 1996 allowed access to
spawning areas in 1997 that were previously inaccessible to rainbow trout in the Henrys

Fork prior to spring runoff. Redd surveys were not conducted in the Buffalo River. .
rati - -1 Rainbow

There was no overlap in length ranges of age-0 and age-1 rainbow trout in 20
combinations of river sections and seasons for which scales were read to determine age
(Table 5.1). No age-.l trout were identified in 10 of these combinations (i.e., 4 in 1995
samples, 5in 1996 samples, and 1 in 1997 samples). A classiﬁcation length to delineate
ag'e-(r)mand’ age-l rainbow trout for which there was an overlap in length ranées lavas
estimated for 14 comblnatlons of nvef sections and seasons (Table 5.2). Elght

clas51ﬁcat10n lengths were estimated for 1997 samples three for 1996 samples, and three

for 1995 samples.
Apparent Survival
Summer-to-Autumn. Comparisons of abundance estimates indicated a summer-
to-autumn age-O rainbow trout apparent survival rate in Box Canyon of 0. lO in 1995
(95% CL [O. 43—1 .39]), 1.09 in 1996 (95% CI [0. 66—1 85]) and 0 70 In 1997 (95% Cl,
[0. 46—1 13]) The apparent surv1val rate in Last Chance was 0.83 in 1995 (95% CI,
[0.48-2. 08]), 0.70 in 1996 (95% CI, 0.21—11.03]), and 0. 75 in 1997 (95% CL, [O. 50—

1.31]). The apparent surv1va1 rate in Harriman State Park was 1 30 in 1996 (95% CI,

[0.73—2.37]) and 1.10 in 1997 (95% CI, [0.77—1.67]).
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I could not obtain summer-to-autumn apparent survival estimates for Harriman
State Park in 1995 or for Harriman East and Pinehaven-Riverside in any year because
abundance estimates were not obtained for one or both seasons. Summer-tc-autumn
apparent sunvival could not be estimated by comparison of catch per unit effort because
there was no correlation between catch per unit effort and estimated abundance in

summer samples (r=0.006; Figure 5.3).

Autumn-to-Spring. Autumn-to-spring apparent survival estimates froxn |
abundance comparisons of age-0 rainbow trout werc oniy obtained for Box Canyon: The
apparent surv1va1 rate was 0.23 in 1995-1996 (95% CI, [0.19—0. 34]) 0.18 in 1996-1997
(95% CI, [0. 12—0 29)), and 0.21 in 1997-1998 (95% ClI, [0.14—0.32]).

Too few trout were captured and none were recaptured in Pinehaven-Riverside in
autumn and in Last Chance, Harriman State Park, and Harriman East in spring.
Therefore, I could not estimate autumn-to-spring apparent survival by comparison of -
abundance estimates. However, there was a positi\}e linear relaticn between catch-per-
unit-effort and estimated abundance in autumn (*=0.54; Figure 5.3) which suggested that
a comparison of catch per unit effort between seasons (rather than comparisons of
estimated abundance) could be used to estimate apparent survival. A cornparison of
catch per unit effort between November and April. from samples of 10 random transects
in Last Chance indicated an apparent survival rate of 0.11 in 1996-1997 and 0.03 in
1997-1998. A comparison of catch per unit effort bAetween autumn and spring samples in

Harriman State Park indicated an apparent survival rate of 0.003 in 1995-1996, 0.001 in

1996-1997, and 0.004 in 1»997-1998. The apparent survival rate in Harriman East was
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0.005 in 1995-1996, 0 in 1996-1997, and 0.014 in 1997-1998. The apparent survival rate

‘ in Pinehaven-Riverside was Q.24 in 1995-1996, 1.10 in 1996-1997, and 1.35 in 1997-
i998. | |

The greatest loss of age-0 trout c;ccurred duﬁng winter. Most age-O trout that
survived their ﬁrst winter were found in Box Canyon and Pihéha?en-Rivérside the |
following spring. There was an ahnos£ comjﬂete loss‘of age-0 trout frdm Harrlman State
i’ark and Harriman Easi. There was some surﬁval 1n Last Chan‘ce,v but the loss from this

river section was great considering the abundances present at the start of each winter.

- re Esti ar iV

The analysis of mark-recapture data using Jolly-Seber models in program MARK
did not yield maximum likelihbod estimates of apparent survival that were consistent
with abundance estimates or catch per unit effort. Apparént survival estimates from
program MARK were often greater for autumn to spring (e.g., 0.76) than for summer to
autumn (e.g., 0.24). |

Capture probability estimates from program MARK for among-season mark-
’ recapture data were consistent with capture probability estimates from program
CAPTURE for within—Season mark-recapture data. Program MARK estimated a capture |
probability of about 0.06 for age-0 and age-1 trout (i.c., a single parameter capture
probability model) and about O'.09 for age-0 trout and 0.01 for age 1 trout (i.e., a two
parameter éapture probability mddel). The mean capture probability for data sets
analyzed in pfograrh CAPTURE was about 0.04 (see Chapter 3 for d'etails). These

capture probabilities yielded insufficient data for valid mark-recapture survival analysis.
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Movement

1 recaptured 245 of 11 881 age-0 rambow trout marked with v151ble 1mplants of
elastomer 210 were age 0 when recaptured and 35 were age | (Table 5 3). Most trout
were recaptured in the river section in whlch they were marked (224 or 91.4%); 15
(6.1%) were recaptured ina drfferent river sectlon downstream and 6 (2.4%) were
recaptured in a different river section upstream.

There Was little summer-to-autumn movement of age-0 rainbow trout in Box
Canyon and Last Chance, the two river sections with the greatest abundance of ‘age-Ov :
trout. I recaptured 1n autumn 53 age-O trout marked in summer in Box Canyon and 77 in
Last Chance. An equal amount of summer—to autumn downstream and upstream
movement was detected. Two age-O trout marked in Box Canyon were recaptured
downstream in Harrrman East‘ and one marked in Last Chance was recaptured
dotvnstream in Pmehaven-Rlverslde One age-O trout marked in Hamman State Park
was recaptured upstream in Last Chance and two marked in Last Chance were recaptured )
upstream In Box Canyon.

There was little autumn-to-spring movement of age-O rainbow trout in Box
Canyon I recaptured in spring 44 age-0 trout marked in autumn in Box Canyon One
age-0 trout marked in Pmehaven Riverside in autumn was recaptured there in spring. No
trout marked prror to winter in Last Chance, Harriman State Park, and Harriman East
were recaptured aﬁer w1nter in the same river section. Pre-wmter-to-post-wmter

downstream movement was detected from all river sections to P1nehaven-R1vers1de
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(Figure 5.4). Three ége-O trout marked in Box Canyon, three in Last Chance, two in
Harriman State Park, and one in Harriman East were recaptured after winter in
Pinehaven-Riverside. Pre-winter-to-post-winter upstream movement was also detected
(Figure 5.4). Two age-0 trout marked in Last Chance were recaptured after winter in Box
Canyon.

Movement émong river sections was not detected for most trout marked at age 0
(i.e., summer, autumn, or spring) and recaptured at age 1 (i.e., the following summer,
autumn, or spring). Seventeen rainbow trout marked at age 0 in ﬁox Canyon, two in Last
Chance, and twélve in Pinehaven-Riverside were recaptured at age 1 in the same river
sections. Both trout recaptured in Last Chahce were marked in that river section during
the spring after their first winter. Four trout were recaptured at age 1 in river sections
downstream from the section in which they were marked at age 0. Two trout moved
from Box Canyon to Last Chance and one trout from Box Canyon and one from Last
Chance moved to Pinehaven-Riverside. One of the trout that moved from Box Canyon to
Last Chance moved between spring and summer; the other moved betwve’cn autumn and
summer. |

Limited movement among river sections was also detected withiq aseason. One
age-d rainbow trout marked in Last Chance in autumn \;vas recaptured upstream in Box
Canyon during the same autumn. One age-0 trout marked in Last Chance in spring was
recaptured downstream in Pinehaven-Riverside during the same spring. ,

Most movement of age-0 rainbow trout was from summer growth habitat to
overwinter habitat and occurred between autumn and spring: trout moved upstream from

Last Chance to Box Canyon and downstream from all river sections to Pinehaven-
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Riverside. Age-0 trout were not detected moving into Last Ch:ince, Harriman State Park,
or HaMﬁm East to stay the duration of winter, but they were detectec.l moving out of
these secfions. The movement data indicated that although all_ river sections supported
age-0 rainbow trout at some time during summer or autumn, only Box Canyon and

Pinehaven-Riverside supported age-0 trout year-round.

The estimated probability of summer-to-autumn and autumn-to-spring movement
of age-0 rainbow trout among river sections was 0.0092 (Table 5.4). Summer-to-autumn
movement included movement from Box Canyon to Harriman East, from Last Chance to
Box Canyon and Pinehaven-Riverside, and ﬁom Harriman State Park to Last Chance.
Autumn-to-spring movement included movement from Last.Chance to Box‘ Canyon and
from all river sections to Pinehaven-Riverside.

| -The estimated probability of apparent survival from. summer to autumn (ie.,no -
movement) was 1.6099 (Table 5.4). Apparent survival was estimated fo; Box Canyon,
Last Cixance, Harriman State Park, and Pinehaven-Rivérside. The estimated probability
of apparent survival from autumn to spring (i.e., no movement) was 0.0776 for I.Box
Canyon and 0.0092 for Pinehaven-Riverside (i.e., the same parameter used to estimate
movement).

The' sum of summer-to-autumn apparent survival and movement probabilities for
ariver section subtracted from 1 ranged from —0.0699 t0-0.0283 (Table 5.4). The sum
of autumn-to-spring apparent survival and movement probabilities for a river section

subtracted from 1 ranged from 0.9132 to 0.9908 (Table 5.4). Values less than zero
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indicated net'recruitment; values greater than zero indicated net loss (i.e., mortality or -
movement to river sections outside of the study area).
The predicted numbers of recaptures of marked trout by river section were

generally within +1 of observed values (Table 5.5). However, predicted and observed
recapture values differed by about 20 for Box Canyon (R, = 74 and R, ,=54) and Last

Chance (fém 56 and Rmr— 77) in autumn.

A Small changes in the movement probablhty parameters melded small changes in
the log-llkellhood for the equatlon in step 4 of the movement analysis (F1 gure s. 5) Log-
llkehhood reglons for parameter 1 (e, apparent surv1va1 between summer and autumn)
tvere ﬂat for parameter values rangmg from 0.4 to 1.5. Log-hkehhood regions for
parameter 2 (i.e., apparent surv1val between autumn and spring in Box Canyon) were flat
for parameter values ranglng from 0.05 to 0.30. Log-likelihood regions for parameter 3

) (1 €., summer-to autumn and autumn-to-sprmg movement) were flat for parameter values
rangmg from 0to 6.10. Log-hkehhood profiles were generally ﬂat in the neighborhood
of the maximum likelihood estimate for each parameter, indicating a lack of estimate
precision.

The movement and apparent survival estlmates were w1th1n the range expected
based cn abundance estimates. The estlmated probability of apparent survrval from
summer to autumn (i.e., not moving) wasv 1.0099 in Box Canyon; Last Chance, Harriman
State Park, and Pinehaven;Riverside. Thrs estimate suggested there was no significant
mortality during this time period. There was also no significant difference in abundance

between summer and autumn for these river sections. The eéstimated probability of
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apparent survival from autumn to spring was 0.0776 in Box Canyon. Tﬁis estimate was
less than apparent survival estimates obtained by comparing abundances (0.18-0.23), but
the likelihood profile was flat for parameter estimates ranging from 0.05 to 0.30,
suggesting ﬂo significant difference between these estimates.

| The loss of age-0 rainbow trout from river sections could not be attributed sblely
to mortality. The estimated probability of movement between river sections was 0.0092.
The probability of movement éan be multiplied by an abundance éstimate to estimate the
number of trout rﬁoving from one river séction to another. For example, multipiying
0.0092 times the total abundance for Box'Canyon, Last Cilance, Harriman State Park, and
Harriman East in autumn 1997 indicates that 1,841 age-0 trout moved to Pinehaven-
* Riverside between autumn and spring. This number is about 45%bof the spring 1998
abundance estimate for Pinehaven-Riverside. This estimate of movement té Pinehaven-
Riverside was consistent with the apparent survival estimate obtained by comparing catch

per unit effort, which was 1.35 and indicated recruitment had occurred.

There was no indication that age-0 rainbow trout stocked in Island Park Resefvoir
were significantly contﬁButing to recruitment in the Henrys Fork. Only one age-0
rainbow trout marked with an adipose clip was identified after inspecting over 30,0007 |

age-0 trout from summer 1995 to spring 1998.
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Summer and Autumn

Mcst age-d rainbow trout were locatedin ﬁok Canyon and Last Chance prior to
their first winter (i.e., summer and autnmn samnles). Box Canyon and Last Chance are
the river sections closest to the major spawmng area near Island Park Dam and to the |

‘ Buffald River. There were about 2.5 times as many age-0 rainbow trout in Last Chance
as there vt'ere in Box Canyon in each year and season. There were about 50,000 to
75,000 age-0 trout in Box Canyon and about 1 10,000 to 220,000 in Last Chance in
summers 1995 1997; there were about 35 OOO to 80 OOO in Box Canyon and about 90,000
to 150 000 in Last Chance in autumns 1995 1997 (F igure 5.6; Appendlx Table A7)

The density of age-O rainbcw trout was about 1.5 times greater 1n Last Chance
than in lower ‘Box Canyon. There was ene age-O rainbow trout per 2.8-4.2 rn2 in lcwer
Box Canyon and one per 1.7-3.4 m’ in Last Chance in summers 1995-1997. 'i’here was
one age-0 rainbow.trout per 2.9-6.7 m inklower Box Canyon and one per 2.4-4.2 .m'2 in
Last Chance in autumns 1995-1997.

The rnean number of age-0 rainbow trout cabtured per transectin Box Canyon |
indicated ‘that more age-O trout used bank habitat versus center channel habitat in summer
and autumn (Figures 5.7 and 5.8). In Last Chance, more age-0 trout used center channel
habitat (1 e. macrophytes) versus bank habltat There were more age-0 trout in bank
habltat in Box Canyon versus Last Chance and there were more age-0 trout in center
channel habitat in Last Chance versus Box Canyon. These differences were signiﬁcant at

| the «=0.05 level as judged by confidence intervals.
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There was an overlap ih the size of age-0 rainbow trout usiné bank habitat and
center channel habitat in summer and autumn 1996 and 1997 as indicated by size
distributions by river section; however, there was a tendency towards smaller trout using
bank habitat (Figures 5.9 and 5.10).

There were about 10,000 to 12,000 age-0 rainbow trout in a 1-km reach in
Harriman State Park in summers 1996 and 1997 (no estimate waé obtained for summer
1995) and about 13,000 in autumns 1995-1997 (Figure 5.6; Appendix Table A.7). The
deﬁsity of age-0 rainbow trout in Harriman State Park was less than the density in Box
Canyon and Last Chance. There was one age-0 rainbow trout per 7.7 m? in summer 1996
and per 6.3 m? in summer 1997. There was one trout pef 5.9 m? in autumns 1995-1997.
The mean number of trout captured per trénsect indicate;i that most age-O trout in
Harriman State Park were using center channel habitat (Figures 5.7 and 5.8). The
number of trout using banl‘c habitat in autumn was not significantly different from zero..

Few age-0 rainbow trout were captured and none were recaptured in Harriman
East in summer. Thérefore, I concluded that abundances in Harriman East were
negligible and this river section was essentially not used by age-0 trout in summer.

- Habitat in Harriman East was generally not suitable for age-0 rainbow trout. This river
section was deep (1-2‘m) and devoid of cover. Age-0 trout did move downstream to.
Harriman East in autumn but were likely transient. (One age-0 trout marked in Harriman
East in autumn was recaptured in Pinehaven—Riversidé in spring.) There were about
3,000 to 15,000 age-0 trout in Hé.rriman East in autumn and they were captured - .

throughout the center channel. The density of age-0 trout in Harriman East in autumn
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- was much less than in Box Canyon and Last Chance. There was one age-0 rainbow trout
per 20-100 m?. |
Most rainbow trout captured in Pinehaven-Riverside in summer and autumn were
age 1 rathgr than age O (Table 5;1). Abundance estimates were not obtained for this river
section in summer and aum with the exception of summer 1996 fér which I obtained
an estimate of 742 age-0 rainbow trout. There were usually few captures and no
. recaptures of age-0 trout and sampling effort was limited in autumn because of the onset
| of winter conditions limiting river access. There were generally few trout captured in
bank areas. Thefe were 247 age-0 rainbow trout along the banks of the upper 2 km of
Pinehaven-Riverside in summer 1995 (95% CI, [29—465]), 507 in summer 1996 (95%
CI, [185—830]), and 784 in autumn 1995 (95% CI, [-299—;1,867]). There was on
_average 1 age-0 rainbow trout per 16.2 m _of bank in summer 1995, 1 trout per 7.9 m of
bank irl summer 1996, and 1 trout per 5.1 m of bank in autumn 1995. (For comparison,
there was on averééie 1 trdut per 0.7-1.7 m of bank in summers 1995-1997 in Box Canyon
arid 1 trout per 0.3-0.7 m of bank in autumns 1995-1997.)

Th.eire was no shortage of age-0 rainbow trout rearing or summer growth habitét in
ti;e Henrys Fork. Age-0 trout weré found throughout Box Canyon, La;t Chance, and
Harriman“Sta)ité Park in sumrher and autumri, primarily in éomplex bank habitat (e.g.,
rc;cks, woo&y debris) and mébrophytes in the center channel. Trout dispersed io these
areas at the fry stage (i.e'.r, 25-35 mm TL)L first occupﬁng low velocity areas along the
banks. Movement fri;m bank areas to cenfer channel habitat likely occurred as trout fry
grew during summer and exbeeded thé carrying capacity (based oﬁ trout sizé) ‘of bé.nk

areas.
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Winter

There was relatively consistent use of bank habitat in Last Chance throughout the
winter and declining use of center channel habitat (Figure 5;1 1). The mean number of
age-0 rainbow trout captured per transect in Last Chance indicated that trout were ‘
primarily using centef channel habitat in November and December as the-y were in
October (i.e., autumn samples). The u;e of center channel habitat decreased by about
50% in January, but there were still significantly more trout using the center channel
versus bank habitat (¢=0.05). There was no significant difference in the use of center
" channel 'habitat versus bank habitat in February and March. The numbers of trout per
transect increased in Aeril and the number of trout in the center channel versus bank
habitat was significantly greater in April 1998.
Most age-0 raiﬁbow trout were located in Box Canyon and Pinehaven-Riverside
efter their ﬁrst wi;lter. These are the two river sections with corﬁplex bank habitat (Box
Canyon in particular), higher gradients, and larger substrates. There were aboﬁt 8,000 to
. 15,000 age-0 ‘raineow }trout along the banks in Bex Canyoe in springs 19496-19.9’8‘ and
about 3,500 to 4,‘100.in Pinehaven-Riverside in springs 1997 aﬁd 1998 (no estirﬁete was
| obtained for spring 1996; Figure 5.6; Appendix Table A.7). Age-0 treut remained in ‘
complex bark areas, where sueh habitat wﬁs ayailable, throughout their first year.

The density of age-0 rainBoQ trout per m iﬁ Box Canyon was significantly greater
along the west bank (2.83, SE = 0.36) than along the east bank (1.14, SE = 0.1‘6) iﬁ spﬁng

1997 (P =0.0002). The density was similar between banks in spring 1998 (west =1.29,
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SE=0.16; east=1.12, SE=0.27;, P =0.58). I also obsérved 25 to 35-mm age-0 rainbow
trout (new cohort) in Box Canyon bank smﬁples, predominantly along the east bank. 1
did not attempt to quantify new-cohort age-0 rainbow trout.

There was a slight shift or increase in .the size distributions of age-0 rainbow trout
using bank habitat in spring versus autumn (F igux;e 5.12). However, the age-0 trout along
the banks in spring were generally smaller than the age-0 troutb in the center channel in
autumn. About 50% of the age-0 trout sampled in spring were less than 100 mm TL.

| - Most age-0 rainbpw trout captured in Pinehaven-Rivgrside were in the center
channel. I ﬂever captured more than two 1.rainbow trout in a single-pass removal sample
fora bank area in Pinehaven-Riverside in spring 1996 and I never captured more than
one in a three-pass rem&al sample in spring 1997. There were 118 age-O rainbow trout
along the banks of the.upper 2 km of Pinehaven-Riverside in spﬁng 1996 (95% CI, [-8—
244)]) and 432 in spring 1997 (95% CI, [160—706]). There was on average 1 age-0 .
rainbow trout per 33.9 m of bank in Pinehaven-Riverside in spring 1996 and 1 trout per
9.3 m of bank in spring 1997. For comparison, there was on average about 1 .trout per 1
m of bank in Box Canyon in spring 1‘996 and 1 trout per 0.5 m of bank in spring 1997.
Pinehaven-Riverside had suitable habitat for age-0 trout, but its remote location relative
'to the spawning and summer growth areas probably limited the number of age-0 trout
found theré. The siltation of bank areas in Pinehaven-Riverside also limited the number
- of age-0 trout that could overwinter in that river section.
_ I sampled along the banks in Box Canyon in each spring when dispharge wasat

the highevst levels recorded during a year, and I sampled Pinehaven-Riverside about two

weeks later when discharge had decreased. In spring 1997 I sampled again along the
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banks in Box Canyon in mid-June when spring runoff had subsided (i.e., conditions
similar to those encountered when sampling Pinehaven-Riverside). I did not capture any
age-0 rainbow trout from the previous yéar’s cohort but did capture many 25 to 45-mm
trout from the new cohort that recently emerged. The age-0 trout tha.t had occupied the
bank habitat through their first year up to and during spring runoff had now moved away
from the banks.

I could not sample by electrofishing along bank-to-bank transects in Last Chance
in spring because of unsafe wading conditions during spring runoff. Some age-0 rainbow
trout were captured in the center channel by drifting and electrofishing, indicating that
this habitat was used (Appendix Table A.7). Monthly sampling of random transects in
Last Chance prior to spring indicated that center channel habitat use declined during
winter (i.e.: through March) and increased at the onset of spring (i.e., April). Only tﬁree
age-0 trout (1996 cohort) were captured in three-pass removal samples along the banks in
Last Chance in June 1997. However, there were many 21 to 54-mm 1997-cohort age-0
trout in removal samples. I estimated that there were 69,058 recently emerged age-0
trout along the banks in Last Chance in sﬁring 1997 (95% CI, [5.1,763—86,353]) and
70% of the trout were élong the west bank. o

Few age-0 rainbow trout were captured and none were recaptured in Harriman
State Park gnd Harriman East in spring. No more than eight age-0 rainbow trout were
ever captured in 2-3 days sampling in Harriman State Park or Harriman East. 1
concluded that abundances were negligible in these river sections and that age-0 trout
throughout winter into spring did not use these section-s throughout winter into spring.’ :

Harriman State Park and Harriman East were devoid of instream cover (i.e.,
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macrophytes) each spring.
Discussion

Natural production of rainbow trout occurred in the Henrys Fork in each year of _
this study and yearly production ranged from 150,000 to 250,000 in the 25-km
: managernent area downstream from Island Park Dam. There was no cvidence that
recruitment in the river was dependent on trout stocking in Island Park Reservoir. There
was suitable habitat throughout the channel and in th’e five river sections to support these
abundances of age-0 trout through summer and autumn. However, most river sections
did not support age-0 trout through their first winter. The highest overwinter survival
occurred in Box Canyon, a riyer section characterized by complex bank habitat, hig}i |
gradient, and large substrate. The loss of age-0 trout in winter in Last Chance was from
center channel habitat. There was relatively consistent use of available»bank habitat in
Last Chance during winter and movement was detected from river sections with simple'

bank habitat to river sections with complex bank habitat.
S . . :

I observed an increasing trend in spawning activity in the,section between Island
Park Dam and the USGS gauging station in spring 1996, but not in spring 1997. _ The
installation of the Buffalo River fish ladder in October 1996 provided access to spawning
areas in the Buffalo River in spring 1997. The Buffalo River was previously inaccessible
to rainbow trout in the Henrys Fork prior to spring runoff. Spawning rainbow trout that

may have formerly used the area near Island Park Dam could have spawned in the
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Buffalo River instead. Prior to the spring 1997 runoff, 224 rainbow trout greater than
400 mm TL migrated upstream through the fish ladder (pr Van Kirk, Henrys Fork
_Foundation, personal communication). The water temperature at the Buffalo River
spillway was 5.5 °C warmer (8.5 °C) than at Island Park Dam (3.0 °C) on 11 March
1997. Rainbow trout may be stimulated‘to‘spawn at water temperatures of aboqt 3-6 °C,

but typically spawn at higher water temperatures of about 6-9 °C (Behnke 1992). Early
spawners stimulated by rising water temperature would be more likely to enter the |
Buffalo Rivcr to spawn than to Ausc the area near Island Park Dam.

Spawning rﬁay have been limited in othgr sections of the Henrys Fork by
unsuitable substrate. There are few areas of gra\(el substrate in Box Canyon and in Last
Chance suitable for spawning. There are large areas pf gravel substrate in Harriman State
Park, but these areas are highly embedded and unsuitable for spawning.

Spawning likely occurred in the Henrys Fork during and after the time of
increased dis;:harge, wher_l water temperatures were warmer. Spawning could not be
observed by wading or snorkeling at those times; The presence of age-0 (new cOh_ort)
rainbow trout, about 25-3 5 mm TL, in sample§ collected from mid-Me'1y to mid-August
was indirect evidence of spawning across a large temporal scale. Spawning may have
~ continued into July. Most age-0 rainbow uoﬁt ‘o.bse;ved in Box Canyon in mid-May were
along the east bgnk and could be attribpfcd to downstream dispersal from the Buffalo
River, which enters the Henrys Fork on the east sidé (Fi gure 5.1). However, in June 1997
70% of the age-0 rainbow trout captﬁred along the bgnks in Last Chance wér¢ along the

west bank and could be attributed to spawning activity in the Henrys Fork. .
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Apparent Survival

‘The precision of apparent survival estirnates»based on comparisons of abundance
was dependent on the precrsron of the abundance estimates. All intervals for summer-to-
autumn apparent surv1val estlmates were relatrve]y large and included 1.0; an apparent
survrval estrmate of 1 0 1nd1cates no mortahty and an estlmate greater than 1. 0 indicates
recruitment also occurred The perrod between summer and autumn was not a time of
srgmﬁcant mortahty and recrultment may have continued to occur (e g, the growth of
recently emerged age-0 rarnbow trout). | |

The ﬁrst winter apparent survrval rates for ralnbow trout in the Henrys F ork were
low and varied llttle from year to year The minimum apparent survival for a river
section ranged from 0.1 to 0.4% (Harriman State Park) and the maximum apparent
survival ranged from 18 to 23% (Box Canyon). Other studies found more variatron in
ﬁrst-winter salmonid survival Steelhead (anadromous rainbow trout Oncorhynchus
mykiss) fry-to-smolt survrval ranged from 3.3t021. 9% in the Keogh River, Vancouver
Island, British Columbla (Ward and Slaney 1993). Steelhead presmolt winter survival
- ranged from 13 to 90% in the Little Manistee River, Mrchrgan (Seelbach 1993) Juvenile
- coho salmon Oncorhynchus kzsutch survival was 25.4% and 46.2% for two winters in Big
Beef Creek, Washlngton (Qurnn and Peterson 1996) Brown trout Salmo trutta first
~ winter survrval ranged from 15 to 84% in Convict Creek California (Needham etal. |
1945). Brook trout Salvelinus fontz‘nalis ﬁrst-winter survival ranged from 35 to 73% ih |
Lawrence Creek Wlsconsm (Hunt 1969). Survrva] in these rivers was more vanable

because wmter condltlons were more vanable Winter temperatures in the Henrys Fork
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were less variable because the water originated from hypolimnetic releases from Island
Park Reservoir and the spring-fed Buffalo Ri?er._ Therefore, large year-to-year variations
in survival would not be expected because of winter severity.
T There did not appear to be significant size-dependent winter mortality in Box
Cenyon. There was considerable overlap in the size distributions of age-0 trout in bank
areas of Box Canyon in autumn and spring and no indication of highef mortality for small
trout. Smith and Griffith (1994) observed in cages in the Henrys Fork 100% mortality of
trout less than IOQ mm TL in October. Meyer and Griffith (1997) observed a temperatﬁre
effect on survival of age-0 frout in cages in the Henrys Fork. They did not ﬁnd a
significant difference in survival of trout less than and greater than 90 mm TL at warm
sites (3.1-4.3 °C); all mortality at cold sites (1.5-4.3 °C) occurred in trout less than 90
mm TL. However, I found in ‘spring 1997 and 1998 samples in Box Canyon about 50%
. of age-0 rainbow trout were less than 100 mm TL. The median size did increase by 8
mm in winter 1996.-1997 and by 3 mm in winter 1997-1998. This increase may have
resulted from limited size-depender-lt mortality or movement of larger age-0 trout from |
the center channel to bank areas during winter or during spring runoff. Movement to
mofe suitable habitat could have counteracted the temperature effect on survival.

I did not use comparison of catch per unit effort to estimate apparent survaal
between summef and autumn because there was no correlation between catch per unit
effort and abundance for summer samples. Trout were more active in summer because of
warmer water temperatures (12-18 °C) and capture probabilities were therefore more
likely to vary with changes in weather (e.8., cloud cover) and time of day. Catch per ﬁnit

effort was not a reliable indicator of abundance in summer.
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- Catch per unit effort was positively correlated with abundances in autumn
samples. Trout were less active in the cobler water temperatures from October to May
(<10 °C) and capture probabilities were therefore less likely to vary with changes in
weather and time of day. Therefore, catch per unit effort was sometimes used as a
surrogate for abundance to estimate apparent survival between autumn and spring.

Catch-per-unit-effort sampling on a monthly basis through winter indicated that
the loss from Last Chance occurred in the latter half of each winter. The catch per unit
effort decreased by about 52-56% between December and January and by another 77-
94% between January and March. This is contrary to the experifnental results of Smith
and Griffith (1994) and Meyer and Griffith (1997) who found most age-0 trout mortality
in cages to occur in early winter (i.e., Octobef-Ndvember). .
| I was unable'to obtain valid estimates of apparent survivél by analyzing mark- -
recapture' data with Jolly-Seber type models in program MARK. The estimates were not
consistent with abundance énd catch-per-unit-effort data and with apparent survival
es_timates ﬁom the analysis of movement data (i.e., the probability that trout did hot ‘
move). For example, Jolly-Seber apparent survival estimates were greater for autumn to
spring than for summer to autumn; all other analyses indicated that mortality was greatest
during winter. Jolly-Seber type models use ratios of estimates of the number of marked
trout in a population in successive time periods to estimate survival (Pollock 1991). The
number of parameters to estimate is large. Many recaptures are required for estimates to
be precise (Pollock et al. 1990). Constraints, such as specifying constant apparent
survival from summer to autumn in each year, can be placed on Jolly-Seber models to

reduce the number of parameters to estimate and thereby improve estimate precision.
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Mode1§ considered for analysis incorporated such constraints, but did not yield valid
apparent survival estimates.
Another reason why the Jolly-Seber type models did not yield valid apparent

survival estimates may have been the study design and sampling priorities. For example,
-sample areas in Box Canyon were sampled on four to five dates each autumn aﬁd trout
were marked With fin clips for within-season abundance estimation and visible implants
of fluorescent elastomer (VIE) for among-season apparent survival and movement
estimation. However, occasionally there were time or personnel constraints that limited
the number of trout that could be marked with VIE, resulting in season—to-seasonv
variation in the number of marked trout in sample areas. When time permitted, trout
were collected in random locations in Box Canyon to add additional marked trout to the |
popuilation. What this approach to marking trout did was in some seasons to concentrate
marked trout in sample areas and in other seasons to have ‘a more widespread distribution
of marked trout in the river section. The nurr_xber of marked trout captured in subsequent
seasons may have been more closely related to the distﬁbution of marked trout rather
than the apparent surviyal of marked trout. This may be the reason for the large
difference in the observed versus predicted number of recaptured trout that did not move

in Box Canyon and Last Chance (Table 5.5).
| Movement

Movement is an integral variable in defining the use of time and space by fishes
(Wootton 1991). Movement is common in resident stream salmonids and may result

from seasonal changes in the stream environment, the presence of conspecifics, or
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behaviors including fry dispersal and ontogenetic shifts in habitat use or diet (see feview
in Gowan et al. 1994). Temporal and spatial changes in the abundance of juvenile
salmonids can often be attributable to movement, as well as mortality or recruitment.
Therefore, the detéction and quantification of juvenile sélmonid movement are important :
to understanding population dynamics.

- Identifying the movement of stream salmonids over large spatial scales is
inherently difficult (Gowan et al. 1994). By répeatedly sampling short sample areas in
Box Canyon, Last Chance, and Harriman State Park, and sampling throughout Harriman
East and Pinehaven-Riverside, I was able to detect the movement of juvenile rainbow
trout. Other studies have not been able to detect long range movement because sampling
was conﬁnéd to one area (see review in Gowan et Aal. 1994). If a high proportion of fish
in a single area was marked, resampling in that area would show restricted movement if
~ marked fish were recaptured. This was evident in Box Canyon, Last Chance, and
Harriman State Park sample areas. However, by sampling in many areas, long range
movements of juvenile rainbow tro;xt were detected by recaptures in sections other than
those in which they were marked.

There was the chance of not detecting movement by failing to recépture any trout
when movement was known to have occurred based on catch data. For example, the
juvenile rainbow trout catch-per-day in Harriman East was often 0 in spring and summer,
but greater than 150 in autumn in all years data was collected. Two juv.enile trout marked
in Box Canyon in summer were recaptured in Harriman East in autumn 1995. No trout
were recaptured in Harriman East in 1996 or 1997. Does this mean that movement did

not occur in 1996 or 1997? No. The catch data indicated that movement did occur, but
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the mark-recapture technique failed to detect it. Mark-recapture data was therefore
pooled by year for analysis.

Maximum likelihood estimators developed by Hilborn (1990) to quantify -
movement in a marine fishery have not been widely applied to quantify movement in
rivers (Gowan et al. 1994). I showed that tﬁese estimators could be modified to analyze
rhark-recapture data in rivers. However, the movement and apparent survival estimates,
obtained using these estimators for age-0 ﬁout in the Henrys Fork, were not prec;ise.
Estimates of abundance for the five river sections suggested there were in excess of
150,000 age-0 rainbow trout at certain times of the year. Capture and recapture rates tend
to be very small when populations are. large. Irecaptured only 245 of 11,881 age-0 trout
marked in previous seasons. Quantitative analysis of such mark-recapture data will
necessarily result in large confidence intervals (Cormack 1992).

The sum of appareﬁt survival and movement probabilities for a particular river
section was the estimated apparent survival for trout originating in that river section and
. remaining within the 25-km management area (i.e., the five river sections). This estimate

subtracted from 1.0 was an estimate of loss that’coul'd be attributed to mortality or
movement downstream of Pineh'aven-Riverside. (Table 5.4). Age-0 trout can move to a
section of river that extends downstream of Pinehaven-Riverside for 25 km to a35-m
waterfall barrier. The movement of trout downstream of Pinehaven-Riverside is
considered mortali.ty from a management perspective of the 25-km reach downstream of
Island Park Dam.

‘The large abundances and small capture probaﬁilities probably limit the utility of

maximum likelihood estimators for quantifying movement of early life stages of fish.
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We only have information on fish captured two or more times when using mark-recapture
to make inference on movement. I only recaptured about 2% of marked trout in another
season or river section from which the trout was marked. Inference is improved when a
greater proportio.n of fish in a population is captured. This method of analysis may be

more appropriate for adult salmonids rather than juvenile salmonids.
Habitat Use

”l;hé hiéhest densitieé of age-0 rainbow trout in the Henrys Fork were in Lasf
Chance in summer and autumn. Most age-0 trout in Last Chance were captured in the
extensive macrophyte beds that occurred across the channel and throughout the river
section. Maki-Petays et al. (1997) observed similar habitat use for brown trout in a third-
order river in northern Finland. Age-0 brown trout used areas in the river with large
amounts of aquatic vegetation in summer and autumn.

Winter habitat was limiting in the Henrys Fork. Habitat is the most important
factor regulating river salmonid populations in winter (Cunjak 1996). 1 prirharily found
age-0 trout in spring using complex bank habitat in Box Canyon and to a lesser extent
Pinehaven-Riverside. Movement was detected between autumn and spring from river
sections with simple bank habitat (i.e., Last Chance, 'Harriman Statc Park, and Harn'man
East) to river sections with complex bank habitat (i.e., Box Canyon and Pinehaven-
Riverside). The greatest winter ;uwival was in Box Canyon.

There was little difference in the density of age-0 rainbow trout along the east
bank in Box Canyon between spﬁﬁg 1997 and spring 1998. However, the density along

the west bank was more than two times greater in spring 1997 than in spring 1998. This
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difference may have been related to differences in water temperature duﬁng winter. The

“water on the west side of the river originated from the hwolimion of Island Park
Reservoir and thé watef temperatufe was relatively} stable thrbugh winter (2-4 °0) (Fig;lre
5.2). The water on the east side of the river originat_ed from the spring-fe;i Bﬁffalo River
and thé water temperatufe was relatively variabler(l~6 °C). Smith and Grifﬁth (1994)

" and Méyer kand Griffith (1997) observéd greater suryival of age-0 rainbbw trout{ in ;:ages
in the Henrys Fork in‘ warmer versus colder winfer terriperatures. Although the m_a)'(imum
wintef Water temperature was higher along the east bank versus the west bapk, the
minimum winter water temperature was lower. The colder minimum water temperatufe
along the east bank may have resuiteci in greater wintér mor;ality. Swimming ability and
criti;:al hélding velocity are lowerrat colder water temperg@es, thc;.reby increasing age-0
trout susceptibility to predation by endothermic predators (Cunjak 1996). The greater
variability and higher maximum water temperature along the east bank also may have
i)een more demanding on age-0 trout physiology. Sudden increases in winter watgr
temperature regult ir; increased metabolic demand and thel‘reforg increased consu:ripfion
(Cunjak 1996). |

| Winter sampling in Lé;t Chance showed the failure of macrophytes in the center
channel to provide winter habitat for age-0 rainbow trout. The ioss of age-0 tr01'1t from
Last Chance‘was from the center cﬁannel and the available bank hébitat was cogsistently
| used thrbugh each winter. These results were consistent with _Grifﬁth and Smitl;,(1995)
who also found that age-Q rainbow trout did not use mécrophyte cover in Last Ché.nce

throughout their first winter.

.



172
Conclusions

The abundance of Juvemle rambow trout tn streams and nvers can be limited by a
lack of sultable spawnmg habitat, summer growth habltat or overwinter habltat (Waters
1995) Although the amount of spawmng act1v1ty observed in the Henrys Fork was
11m1ted espec1ally in 1997 the abundances of age-O ralnbow trout present dunng summer
and autumn suggested that spawmng was not a hmmng factor The abundance of age-0
trout observed through autumn also suggested that summer growth habltat was not a
llmltmg factor However, 1nterst1t1a1 spaces necessary for overwmter habitat are largely
conﬁned to Box Canyon espemally along the banks Consequently, most overwmter

survival has been in Box Canyon and most trout observed in other sections in autumn

have not been found in those sectlons in the following sprrng
Summary

1 1dent1ﬁed spawmng areas and quantlﬁed spawmng actrvrty therein and I used
.electroﬁshmg and mark-recapture and removal methodologles to quantify seasonal
abundance apparent survrval movement and habitat use of age-0 rainbow trout in a 25-
km management reach of the Henrys Fork. Spawning was not a limiting factor for -
rainbow trout recrultment Natural productlon of rainbow trout occurred in each year of
this study and yearly productron ranged from 150,000 to 250, 000 There was no
evidence that recruitment in the river was dependent on trout stocking in Island Park . .

Reservoir. Mark-recapture data were insufficient to obtain apparent survival estimates

using program MARK, rather, I estimated apparent sur»vivaldby comparing seasonal
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changes in abundance or catch per unit er'fort. I did not observe a.signiﬁcz'mt loss of age-
0 trout between summer and aufurnn; the greetest loss occurred during Winter. The
highest overwinter survival occurred in Box Canyon (18- 23%) a river section
_characterlzed by complex bank habitat, high gradlent and large substrate. The loss of
age-0 trout in winter in Last Chance was from center channel habitat. There was
relatively consistent use of available bank habitat i in Last Chance during winter and
movement was detected from river sections with simple bank habitat to river sections
with complex bank habitat. Maximum likelihood estimates of movement (or lack
thereot) were 0.0092 for summer-to-autlrmn and aqtumn—toéspring movement, 1.0099 for
summer-to—aufumn apparent survival, and 0.0776 for autumn—fo-spring apparent survival
in Box Canyon. Log-likelihood contours were generally flat in the neighborhood of the
maximlrm likelihood estimate, indicating that estimates lacked precision..There was
suitable habitat throughout the channel and 1n the five river sections to support the large
abundances of age-0 trout through surrrmer and autumn. However, most river sections
did not support age-0 trout through their first winter, indicating that winter habitat was a |

limiting factor in rainbow trout recruitment in the Henrys Fork.
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, Table 5.1.—Number and léngth range of age-0 and age-1 rainbow trout identified
by reading scales for each river section from summer 1995 to autumn 1997.

Sampling River Number of Numberof  Age- 0 length Agg-l length
Season Section - age- 0 trout age-1 trout range (mm) range (mm)
1995

Summer | Box Canyon 76 1 44-120 . 160

Last Chance 69 0 .50-133 -

Harriman State Park a0 0 68155 -

Harriman East . 10 0 73141 -
Pinehaven-Riverside® 37 . 55 41-181 148-262
Autumn | Box Canyon® 129 8 49-195 169-217
Last Chance® 119 3 52-199 188-220

Harriman State Park 18 0 . 75-196 " -
Harriman East 19 6 160-183 191-199
Pinehaven-Riverside 1 4 181 189-214

1996

Spring Box Canyon | 138 0 © 56-198 -

Pinchaven-Riverside 12 0 98-224 _ -
Summer Box Canyon 76 25 60-139 155-221
Last Chance 107 7 61-139 171-216

Harriman State Park. 38 0 52-103 -

Harriman East 1 0 134 -

Pinehaven-Riverside* 58 62 65-179 - 165-253
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Table 5.1.—Continued.

Sampling River Number of Nt{mber of Age- 0 length  Age-1 length
~Season ‘Section . ‘ agc- 0 trout age-1 trout range (mm) range (mm)
Autumn - Box Canyon' 111 5 62-183 180-216

Last Chance 83 7 65-171 196-217

Harriman State Park 25 o - 70-169 -
Harriman East 66 3 12197 195227
Pinehaven-Riverside 18 8 109-158 184-305

1997 _

Spring . Box Canyon 122 | s 59173 - 213274
| Pinehaven-Riverside® ' 56 16 122-239 - 213-242
Summer Box Canyo® - 51 64 90170 160.253
Last Chance® - 59 3 90-159 151-248

Harriman State Park - 19 1 60-102 | 193
Pinchaven-Riverside® 7 105 76-154 150-254°
Autumn Box Canyon' 13 22 74199 . 174258
Last Chance® .85 5 93-193 170217

Harriman State Park s 0 72-181 -~
H;'arrimap East* 106 24 86-210 186-276
Pinehaven-Riverside® 53 21 91-180 173-311

* Logistic regression used to estimate length for classifying rainbow trout as age 0 or age

1.



Table 5.2.—Number of age-0 and age- 1' rainbow trout identified by reading scales and estimated total length (mm)
separating these age classes (i.e., classification length). Classification length was estimated using logistic regression (Bo=

intercept; By = slope). P(age 0 | age 0) = probability of classifying a trout as a

ge 0 given that the trout is age 0 (P(age 1 | age )=

probability of classifying a trout as age 1 given that the trout is age 1) using the logistic regression equation and classification

length. - :
Number of Number of Parameter Classification
River section age-0 trout age-1 trout estimate (SE) P P(age 0| age 0) P(age 1]age 1) length
1995
Summer Pinehaven- 37 55 B, -11.2102 (3.4247) 0.0011 0.76 0.96 158 mm
Riverside B 0.0700  (0.0198) 0.0004
Autumn  Box Canyon 129 g Bo -227532  (1.1184)  0.0014 0.98 0.88 182 mm
B 0.1242  (0.0400) 0.0019
Last Chance 119 3 Bo -347767 (17.2950) 0.0443 1 0.67 200 mm
B 0.0443 0.0551

(0.0906)
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Table 5.2.—Continued.

Number of Number of Parameter . Classification

River section age-O trout age-1 trout estimate (SE) - P P(age 0| age 0) P(age 1|agel) length
1996
Summer  Pinchaven- 58 62 ~ Bo -49.8659  (16.2538) 0.0022 0.93 0.95 171 mm
Riverside B, 0.2907 (0.0951)  0.0022
Autumn  Box Canyon 11 5 Bo -72.8275 (52.1161) 0.1623 0.99 0.80 183 mm

B 0.3983 (0.2878) 0.1664

Harriman © 66 3 Bo -63.8827 (67.3279) 0.3427 1 0.67 198 mm

. East B 0.3229 (0.3451) 0.3494
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Table 5.2.—Continued.

Number of Number of Parameter - Classification
River section age-0 trout age-1 trout estimate (SE) P P(age 0|age0) P(agel]agel) ° length .
1997
Spring Pinehaven- 56 16 Bo -39.1991 (12.1794) 0.0013 0.95 0.81 220 mm
Riverside _ B, 0.1778 (0.0554) 0.0013
Summer Box Canyon 51 64 Bo -50.3360 (16.6355) 0.0025 0.94 0.95 165 mm

B, 03049  (0.1006)  0.0024

Last Chance 59 73 Bo -54.1926 (18.2134) 0.0029 0.93 ) 0.97 156 mm

B 0.3480 (0.1157) 0.0026

Pinchaven- 7 105 Bo -359417 (33.9126) -~ 0.2892 086 ’ 1 145 mm

Riverside B, 02465  (02195)  0.2614
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Table 5.2.—Continued.

Number of Number of Parameter Classification
River section age-Otrout age-1 trout estimate (SE) P P(age 0| age0) P(agel]agel) length

Autumn  Box Canyon 123 22 Bo -26.4600 (7.0017) 0.0002 0.97 0.82 183 mm
B 0.1435 (0.0384) 0.0002

Last Chance 85 5 Bo -23.6526 (8.8096) 0.0073 0.99 0.60 180 mm
B 0.1304 (0.0518) 0.0118

Harriman 106 24 Bo -30.1318 (9.5412) 0.0016 0.97 0.96 196 mm
East B 0.1528 (0.0481) 0.0015

Pinehaven- 53 - 21 Bo -46.4266 (29.0789) 0.1104 0.98 1 173 mm
Riverside B 0.2673  (0.1663)  0.1080

€81
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Table 5.3.—Movement, or lack thereof, of juvenile rainbow trout between seasons
(i.e., summer, autumn, and spring) and between sections within a season (separated by a
comma). Age-0 trout were marked in nine seasons from spring 1995 to autumn 1997 and
were recaptured at age 0 or age 1 in ten seasons from spring 1995 to spring 1998. Recaps
is the number of recaptured trout, the first number is the section in which the trout were
marked, and the second number is the section in which the trout were recaptured.
Sections are as follows: 1. Box Canyon, 2. Last Chance, 3. Harriman State Park, 4.
Harriman East, and 5. Pinehaven-Riverside. A vertical dashed line indicates the
overwinter period.

Recaps Summer Autumn ‘ Spring  Summer Autumn  Spring
Box Canyon (1)
53 or 1 :
2 1 4 ' - :
1 1 1 1
3 1 o
1 1 5
1 1 I 1 '
43 1 1 ‘
1 1 : 5
7 1 1
1 1 - 2
1 1 ' 1 :
1 1 2
1 Lo s
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Table 5.3.-Continued.
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Autumn
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Table 5.3.-Continued.

Recaps Summer Autumn  Spring  Summer Autumn  Spring

Pinehaven-Riverside (5)

5 5 5 ;
1 5 5
1 5 5
1 5 5
1 5 5




Table 5.4.—Number of marked age-0 rainbow trout released, estimated
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. movement probabilities, and estimated capture probability times measured effort, by river
section for summer (1995-1997 pooled), autumn (1995-1997 pooled), and spring (1996-
1998 pooled). River sections are BC = Box Canyon, LC = Last Chance, HS = Harriman -
State Park, HE = Harriman East, PR = Pinehaven-Riverside, OT = other (i.e., movement

~ out of the five river sections or mortality; negative numbers indicate recruitment). A 0
indicates that no trout were recaptured and no movement probability estimate was made.
Subscripts with the same number indicate a single parameter estimate.

BC . LC  HS HE PR
Autumn gE . 0.060 0.033 0.045 0.142  0.050
Summer
Number Probability of movement to
of marks Marking | recapture sectiéns (autumn)
released  sections BC LC HS HE PR oT
1,228 BC 1.0099,,,- 0 0 0.0092;, . 0 -0.0191
1,686 'LC‘ 0.0092(;) | 1.0099,,, 0 0 0.0092, -0.0283
204 HS 0 00092, 1.0099,, 0 0  -00191
58 HE 0 0 0 -0 0 0
123 PR 0 0 0 0 1.0099,, -0.0099
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Table 5.4.—Continued.
» ’ BC- LC HS HE PR
Spring gE - 0.181 0.006 0.045 0.045 .0.143
Autumn
Number ‘Probability of hovement to
of marks Marking recapture sections (Spring)
released sections BC LC HS 'HE PR oT
'2,106 BC 0.0776,,, 0 | 0 0 0.0092, 0.9132
1,720 LC Q.0092(3, B 0 0 0 0.0092;, 'O.A98l6
 749_ - HS 0 0 0 0 0.0092, 0.9908
917 HE 0 "0 0 0 0.0092;  0.9908
-191 PR 0. | O 0 0

0.0092,

0.9908
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Table 5.5.—Observed (top) and predicted (3-parameter model, bottom) recaptures
by river section for autumn (1995-1997 pooled) and spring (1996-1998 pooled). River
sections are BC = Box Canyon, LC = Last Chance, HS = Harriman State Park, HE =
Harriman East, and PR = Pinehaven-Riverside. A 0 indicates that no trout were
recaptured and no prediction was made.

Marking

sections Recapture sections (Autumn)

(summer) BC LC HS HE PR
BC 54 0 0 2 » 0‘
74.4094 1.6043
LC 2 77 0 ' 0 1

0.9307 56.1888 . ; 0.7756.
HS 0 1 10 0 0
0.06.19 ’ 9.2709
HE 0 0 0 , 0 0
PR 0 0 0 0 5

6.2109



Table 5 .5.—Continued.
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Marking
sections Recapture sections (spring)
(autumn) BC LC HS HE PR
BC 47 0 0 0 2
| 46.9988 2.7707
LC | 2 0. 0 0 2
2.8900 2.2832
HS 0 0 0 | 0 2
0.9854
HE 0 0 0 0 1
1.2064
PR 0 0 0 ) 0 1

0.4147
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Buffalo River

Island Park
NReservoir
Island Park Dam
Upper
USGS Gauging
Station Bufalo River Box Canyon
Dam Lower

Last Chance

Harriman
State Park Railroad Bridge

Osborne Bridge

Harriman East

Pinehaven-Riverside

Figure 5.1.—River sections of the Henrys Fork downstream of Island Park
Reservoir: Box Canyon, Last Chance, Hardman State Park, Hardman East, and
Pinehaven-Riverside.
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Figure 5.2—Water temperature (0C) along the east and west banks in Box
Canyon from 11 September 1995 to 5 May 1996. Temperature was recorded every 3
hours. Tick marks indicate the 15thday of each month.
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Figure 5.3.—Relation between catch per unit effort and estimated abundance for

sample areas in Box Canyon, Last Chance, and Harriman State Park in summer (N=13)
and autumn (N=13). : '



194

Box Canyon

Last Chance

Harriman
State Park

Harriman East

Pinehaven-
Riverside

Figure 5.4.—Pre-winter-to-post-winter movement of age-0 rainbow trout.
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Figure 5.6.—Total abundance and 95% confidence intervals of age-0 rainbow
trout in Box Canyon (BC), Last Chance (LC), Harriman State Park (HS), Harriman East

(HE), and Pinehaven-Riverside (PR) in summer and autumn 1995-1997 and spring 1996-
1998. * = no estimate available.
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Summer

Harriman
Canyon Chance State Park

] East and west banks
] Center channel

Figure 5.7.—Mean number of age-0 rainbow trout per transect and 95%
confidence intervals for bank areas and center channel habitat in Box Canyon, Last
Chance, and Harriman State Park, summers 1996 and 1997. No habitat use data were
available for Harriman State Park in summer 1996.
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Autumn

Harriman
Canyon Chance State Park

] East and west banks
] Center channel

Figure 5.8.—Mean number of age-0 rainbow trout per transect and 95%
confidence intervals for bank areas and center channel habitat in Box Canyon Last
Chance, and Harriman State Park, autumns 1996 and 1997
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Figure 5.9 — Box plots showing the size distribution of age-0 rainbow trout in
bank areas and center channel habitat in Box Canyon and Last Chance, summers 1996
and 1997. The ends of the box mark the 25 hand 75thpercentiles, the line inside the box
marks the 50 lpercentile (i.e., median), the capped bars mark the 10thand 90th
percentiles, and the circles mark the 5thand 95~ percentiles.
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Figure 5.10. Box plots showing the size distribution of age-0 rainbow trout in
bank areas and center channel habitat in Box Canyon and Last Chance, autumns 1996
and 1997. The ends of the box mark the 25thand 75,h percentiles, the line inside the box
marks the 50 percentile (i.e., median), the capped bars mark the 10thand 90th
percentiles, and the circles mark the 5thand 95* percentiles.
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Last Chance

1996-1997

1997-1998

] East and west banks
] Center channel

Figure 5.11.—Mean number of age-0 rainbow trout per transect and 95%
confidence intervals for bank areas and center channel habitat in Last Chance from
November to April 1996-1997 and 1997-1998.
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Figure 5.12. — Box plots showing the size distribution of age-0 rainbow trout in
bank areas and center channel habitat in Box Canyon in autumn 1996 and 1997 and in
bank areas in spring 1997 and 1998. The ends of the box mark the 25thand 75th
percentiles, the line inside the box marks the 50lhpercentile (i.e., median), the capped
bars mark the 10thand 90thpercentiles, and the circles mark the 5thand 95lh percentiles.
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CHAPTER 6

WINTER DISCHARGE AND THE DYNAMICS OF AGE-0 RAINBOW TROUT
- INTHE HENRYS FORK OF THE SNAKE RIVER, IDAHO

Introduction

A 25-km reach of the Henrys Fork of the Snake River, Idaho has been man'aged as
a wild rainbow tro'ut ﬁshery since 1978. The wild trout management area lies
immediately downstream of Island Park Reservoir and discharge is regulated throﬁgh'
Island Park Dam. Prior to 1978 the Idaho Department of Fish and Game stocked this
reach of the Henrys Fork with fingerling and catchable rainbow trdut. Trout abundances
have generally declined since 1978, but with large, unexplained annual fluctuations.
Trout abundances have ranged from a high of about 18,000 catchable rainbow trout in a
4-km river section to a low of about 3,000 (Mark Gamblin, Idaho Department of Fish and
Game, personal communication). A considerable amount of interest exists amoﬁg
anglers, angler advocacy groups, and fisheries managers and biologists in understanding
why recruitment in the Henrys Fork is so poor and what can be done about it, while
retaining the river’s status as a wild trout fishery.

- I conducted extensive sampling for juvenile rainbow trout in the Henrys Fork
from 1995 to 1998 to quantify broduction and the recruitment process, to identify factors
limiting the rainbow trout population, and to propose management actions to improve
natural fecruitment. I found that spawning was not a limiting factor; yearly productioﬁ
ranged from about 150,000 to 250,000 age-0 rainbow trout at the end of t};e summer .

growth season. However, few age-0 trout survived their first winter in the Henrys Fork.
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Average first-winter apparent survival ranged from less than 1% in river sections without
suitable winter ﬁabitat to 21% in a river section with suitable winter habitgt. :

-+ Winter is a dynamic period in northern latitude and high elevation rivers (Cunjak
‘1996; Cunjai( et al. 1998). Riveriﬁe salmonids have to contend with extreme conditions
that may change rapidly. Suqh conditions are defined by water temperature, discharge,
and ice formation and break—ﬁp. Rapidly declining water temperature in early winter may
leadto a metébolic deficit in acclimating salmonids, thefeby lowering body condition and
increasing the likelihood of early winter mortality (Cunjak 1988). Susceptibility of
juvenile salmonids to predation by endothermic predators (e.g., mergansers Mergus
merganser and river otters Lutra canadensis) increases at low temperatures beéause of
impaired swirﬂming ability and lower critical holding velocity (Cunjak 1996). Discharge
in unregulated streams and rivers is usually lowest during laté winter (Frenette et al.

- 1984), thereby limiting available habitat. Both surface and-subsurface ice formation
occlude river-margin habitat (Cunjak et al. 1998). Ice break-up caﬁ scour the substrate,
possibly injuring concealed salmoni.ds (Cunjak et al. 1998). - .

Much research has been done on winter habitat requirements of juvenile
salmonids in streams and ﬁvers (e.g., Heifetz et al. 1986; Heggeneé etal. 1993; Maki-
Petays et al. 1997). However, winter studic;s of juvenile rainbow trout in the Henrys Fork
have been limited in scope such that inferences on river-wide recruitment could not be ,

- made. Winter survival of age-0 rainbow trout in the Henrys Fork was higher in cages
with cobble-boulder substrate than in cages without cover; about 95% of the mortality
occurred in early winter (Smith and Griffith 1994). Survival was also higiler in cages

located in warmer water (3.1-4.3 °C) versus colder water (1.5-4.3 °C) (Meyer and
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Griffith 1997). Smaller age-0 rainbow trout (i.e., < 100 mm total length) in cages with no
- cover or with colder water temperatures experienced higher mortality than trout in cages
with cover or warmer water temperatures (Smith and Grifﬁth 1994; Meyer and Griffith -
1997). Age-0 rainbow trout have also been observed using cobble-Boulder conceaiment |
cover along banks in the Henrys Fork during winter (Contor 1989; Griffith and Smith
1995) and have béen observed moving laterally from fnacrophyte cover in the center
channel to cover along the banks (Griffith and Smith 1995). However, low discharge
from Island Park Dam (1 €,<3.8 m 3/s) was observed leavmg bank habitat dry and -
unavailable during winter 1992-1 993, possibly limiting survival (Griffith and Smith
1995). |

I conducted a river-wide study from 1995 to 1998 to obtain basic informatfon oﬂ
the winter ecology of age-0 rainbow trout in the Henrys Fork. Data were collected on the
winter apparent survival, movement, and habitat use of age-0 trout. Discharge, a vanable
that defines winter habitat condltlons and a variable of potential i 1mportance In a regulated
river such as the Henrys Fork, was compared to the number of age-0 rainbow trout

surviving wmter to determine whether or not they were related.
Study Area

The Henrys Fork of the Snake River at Island Park Dam is at 44°24°59” latitude
and 111°23°41” longitude and 1,897 m elevation and has a draiﬁage area of 1,246 km>.

The mean annual discharge through Island Park Dam from October 1994 through April

1999 was 23 m%/s (range, 5.9-78.4 m3/s). The Buffalo River joins the east side of the
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Henrys Fork about 0.25 km downstream of Island Park Dam. The Buffalo Riverisa -
spring-fed river that has a relatively constant discharge of about 6 m*/s. :

The 25-km4 reach downstream of Island Park Reservoir was divided into five river
sections based on habitat type. This study is primarily concemed with Box Canyon and
Last Chance, the two river sections found to be the most important for age-0 rainbow
trout production. |

Box Canyon begins at the confluence of the Henrys Fork and the Buffalo River
and is 4 km long with a mean width of 70 m (Figure 6.1). Box Canyon is a bigh gradient
area (0.45%) with a cobble-boulder substrate. This river section has complex bank
habltat consisting of rocks and woody debris; there are few macrophytes across the
channel. Box Canyon was divided into two sections for the purpose of estlmatmg

abundance upper Box Canyon (1.5 km) and lower Box Canyon (2.5 km). In upper Box
Canyon there are areas of rapids, depths exceedlng 1 m, and large uneven substrate.
Lower Box ‘Canyon is wider and the depth is usually less than 1 m. There is .generally no
ice formation in Box Canyon. Water frern Island Park Reservoir is taken from the |
hypolimnion and the Buffalo River is spring-fed. Water temperatures reeorded during
the winter 1.5 km downstream from the confluence ot' the Henrys Fork and the Buffalb
River were 2-4 °C along the west bank and 1-6 °C along the east bank. |

Last Chance is dbwnstream adjacent to Box Canyon and is 4 km long with a mean
width of 95 m (Figure 6.1). Last Chance is a moderate gradient area (0.3%) With a |
cobble substrate. The channel depth is usually less than 1 m and there are extensive
macropbyte beds across the channel throughout the river section. Bank habitat in Last

Chance is simple, lacking the rocks and woody debris prevalent upstream in Box Canyon.
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Macrophyte beds decrease through winter (but are not eliminated) because of senescence
and grazing by trumpeter swans Cygnus buccinator. There was no ice formation in Last

Chance during this study.

Methods |
o Survival

Wlnter apparent survival of age-0 ralnbow trout was estimated by companng
auturnn and spnng estimates of abundance Estlmates ‘of abundance in autumn were
estrmates of the number of age-O ralnbow’trout entering winter. Estimates of abundance
_ 1n sprmg were estimates of the number of age-0 rainbow trout that survived wmter. '

Both mark-recapture and removal techniques were used to estimate abundance. I
used mark-recapture to estlmate abundance in two sample areas in lower Box Canyon
' and two sample areas in Last Chance in autumns (1 e., October) 1995- 1997 ngh
dlscharge dunng spnng precluded wadmg across the channel in sample areas. I sarnpled
Last Chance in springs (1 e., May) 1996-1998 by dnftmg wrth electroﬁshlng gear
(contmuous DC 250 V) I used removal samplmg to estlmate the abundance of age-O
rainbow trout along the banks in upper Box Canyon in autumn and along the banks
throughout Box Canyon n spnng The mean estlmates for sample areas or for bank units

in each river SCCUOD were extrapolated to areas not sampled to obtain estlmates of total

%

abundance.
Mark-recapture sample areas were 100 m long and extended from bank to bank.

Sample areas were selected using a stratified-random procedure and were separated by at
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least 1 km to reduce the likelihood that trout marked in one area would move to another
within a season. I used the same sample areas each autumn. I collected juvenile rainbow
trout by wading with boat mounted electrofishing gear (continuous DC, 250 V) from one
bank to the other along eight transects perpendicular to the flow. Each sample area was
sampled either four or five .days ina season, generally every other day. Trout were :
marked with partial fin clips and a different fin clip was used on eabh day. Sample areas
were considered closed (i.e., no significant losses or additions <iuring the sampling '
period) and the mark-recapture data were analyzed using the Chao M, estimator in
program CAPTURE (Chao 1989; Rexstad and Burnham 1991). Confidence intervals
(95%) for estimates of total abundanqe included within-sample area, amohg-sample area,
and extrapolation error. (See Chapter 3 for details on the sémpling pfoc.edure and data

| analysis for sample areas.)

Bank units about 10-15 m long were either sampled by three-pass or single-pass
removal by wading with a hand-held electrode (continuous DC, 250 V). Three-pass
_rerﬁoyal data were analyzed using the Zippin mdimm likelihood removal ¢stimator
(Zippin 1956; Otis et al. 1978; Rexstad and Burnham 1991). Single-pass removal data
were analyzed usihg a mean capture pfobability model calibrated for the Henrys Fork
(see Chapter 4 for details). Confidence intervals (95%) for estimates of total abundance
included within-bank unit? among-bank unit, and extrapolation error. I sampled 7 bank
units in Box Canyon in autumn 1995, 10 in autumn 1996, and 10 in autumn 1997. I-
sampled 20 bank units in Box Caﬁyon in spring 1996 and 50 in spring 1997 and 1998..
The number of bank units sampled was divided equally between the east and west baﬁks,

except for autumn 1995 when I sampled four bank units along the east bank and three
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along the west bank. Single-pass removal sampling was used for 3 bank units in autumn
1995, 4 in autumn 1996, and 13 in spring 1996. 1also sampled twenty bank units (each
about 15 m long) using three-pass removal in Last Chance in spring 1997.

Winter apparent survival in Last Chance was also estimated by companng
monthly catch-per-unit-effort data collected through the winter. Ten random bank-to-
bank transects were sampled by electrofishing (continuous DC, 250 V) once a month
from November through April in winters 1994-1995, 1996-1997, and 1997-1998. ‘This
sampling was used

to identify when during winter the loss of age-0 trout occurred.

Movement

Age-0 rainbow trout were marked with visible implants of fluorescent elastomer
to detect movement (or lack thereot) between river sections dunng winter. The color of
the mark 1dent1ﬁed the river section in whrch the trout was ﬁrst captured (blue‘ Box |
Canyon and red Last Chance) Age—O trout were marked pnor to winter in both
summer (l e., August) and autumn and were recaptured aﬁer wmter

Habitat Use

1 quantlﬁed habltat use of age-0 ralnbow trout in Box Canyon and Last Chance in
autumn and in Last Chance through wmter by notmg the location of trout captured along
bank- to-bank transects in sample areas. Any trout captured within of 2 m of elther bank

or any structure assocrated with a bank (e g.,a fal]en tree) was consrdered using bank
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habitat. All other trout were considered using center channel habitat (e.g., macrophytes).
I also quantified monthly habitat use in Last Chance during winter using the catch-per

unit-effort data collected by sampling random transects.
Discharge

Discharge data for the Henrys Fork were obtained for each winter from the United
States Geological Survey gauging station near Island Park Dam (Station 13042500). I

used simple linear regression analysis to investigate the relation between discharge and

spring estimates of abundance. + -

Results
ival v ita

There were corlxs.istently greater abundances of age;O raint)'ow.trout m Last Chance
versus Box»Canyo'n in eutumn (Figure 6.2); The estimated total abundanee ot’ ege-O trout
in Box Canyon was 34,353 in autumn 1995 (95% confidence interval (CI),. [29,781—

,38,924]),- 81,165 in autumn 1996 (95% CI; [61,858—100,471]), z;nd 45,723 m autumn
1997 (95% CI, [37, 335—;54 ,110]). The estimated total abundance of ége-O trout in VLast
Chance was 91 320 in autumn 1995 (95% CI [82, 520—100 120]) 154,580 in autumn
1996 (95% CI, [90, 020—219 140]) and 130,800 in autumn 1997 (95% CI, [72,180—

188 220]) The dlfferences between Box Canyon and Last Chance were si gmﬁcant at the

a=0. 05 level in 1995 and 1997 as Judged by confidence mtervals There were also
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significantly more age-0 trout in Box Canyon in 1996 versus 1995 and 1997; there was
no detectable difference among years in Last Chance (a=0.05).

There were great overwinter losses of age-0 rainbow trout in both Box Canyon
(F igure 6.3) and Last Chance (Figure 6.4). I used the term loss to include both mortality
and emigration. The estimated total abundance of age-0 trout that survived winter in Box
Canyon were 7,903 in spring 1996 (95% CI, [5 608—10 197]) 14,788 in spring 1997
(95% C], [11,835—17,740]), and 9 730 in spring 1998 (95% CI, 7, 372—12 ,082]). The
percentage of age-0 trout that survived each winter in Box Canyon was about 23%in
1996, 18% in 1997 and 21% in 1998. Spring abundance estimates for Last Chance were -
not obtained because of sampling difficulties during high discharge. Few trout were
captured in the center channel and no trout were recaptured. Three age-0 trout were
captured in 20 bank units. However, win.ter catch-per-unit-effort sampling indicated a
consistent pattern of loss in each winter (Figure 6.4). The loss rate of age-0 trout from
Last Chance was about 89% in 1997 and 97% in 1998 (no estimate was obtained for
1996).

- Although the pattern of loss for age-0 rainbow trout from Last Chance was
consistent from year to year, there was-a difference in the timing of the loss (Figure 6.4).
The loss was initiated between November and December in winter 1994-1995, a
minim;im was reached in February and March, and an increase occurred in April. The
loss was initiated one month later, between December and January, in winters 1996-1997
and 1997-1998. A minimum was again reache& in February and March and an increase
occurred in April. 'fhe differences in loss patterns were related to winter disc‘harge

(Figure 6.5). Discharge was relatively low during winter 1994-1995 (mean, 7.2 m®/s;
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-Table 6.1). Disicharge was high, however, in winters 1996-1997 and 1997-1998 (mean,
-16.4-19.9 m*/s; Table 6.1). The loss of age-0 rainbow trout from Last Chance occurred
earlier during the low discharge winter and later during the high discharge winters\.v -

Age-0 rainbow trout were primarily using bank habitat in Box Canyon and center -
channel habitat in Last Chance prior to winter (Figure 6.6A,B). There were more age -0
trout usmg bank habitat in Box Canyon versus Last Chance and there were more age- -0
trout using center channel habitat in Last Chance versus Box Canyon. All differences
were ‘signiﬁcant at the oc=0.05 level as judged by confidence intervals. Habitatuse within
a riizer se-ction was similar from year to year. |

The loss of age-O rainbow trout from Last Chance occurred from. the center ‘
channel in each wmter (Flgure 6. 7A-C) There was relatively con51stent use of available
bank habltat through each winter. |

Some of the wmter loss of age-O rainbow trout from Box Canyon and Last |
Chance was attr:buted to movement. I recaptured 53 age—O trout after winter of 6,740
age-0 trout marked before winter. Two age-O trout marked in Box Canyon and two
marked'in Last Chance ivere recapture downstream in Pinehavlen-Rivers‘ide, ariver
section 14 km from Last C}iance that has» habitat characteristics similar to Box Canyon

Two age -0 trout marked in Last Chance were recaptured upstream in Box Canyon No |

trout marked in Last Chance prior to wmter were ever recapturcd in Last Chance after

wmter However 47 age-O trout marked in Box Canyon prior to wmtcr were recaptured

there after winter.
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Survival and Dischar

I observed a large fluctuation in the number of age-0 rainbow trout that survived
each winter in Box Canyon (Figure 6.8B) and large variation in winter discharge within
and among years kFigure 6.8A). The mean abundance estimate in spring 1997 was about
87% greatér than in spring 1996 and about 52% greater than iri spring 1998. .The ,
difference between spring 1996 and 1997 was significant at the a=0.05 level as judged by
confidence intervals. The differences in the number of age-0 trout surviving winter in
Box Canyonl were related to (iischarge in the latter half of winter (= 0.7999'7; Figures 6.8
and 6.9). Discharge was relatively constant through winter 1995-1996 (mean 16. 4 m’/s;
Table 6.1). Discharge in winter 1996- 1997 was about 15.1 m*/s during the first half of
winter and about 22.8 m*/s durmg the latter half of winter. Discharge in winter 1997-
1998 was just the opposite: about 21.1 m%s during the first half and about 18.7 m /
durmg the latter half. Discharge during the first half of winter was not related to the
‘number of age-0 rainbow trout surviving in Box Canyon (r2 0.11). |

Recall that age-0 trout were not lost from Last Chance during tlie first half of |
winter (Figuré 6.4), but during the latter half of winter regardless of discharge (Figuré »
6.5). Higher discharge diiring the latter half of winter flooded more bank habitat at a‘time
when age-0 trout were leaving center channel habitat in search of bank habitat.

Therefore, higher discharge at a critical time for survival (i.e., the iatter haif of winté’r);» '
likely increased the number age-0 trout surviving winter in Box Canyori, a iivei section '

- with complex bank habitat.
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- The increased number of age-0 rainbow trout surviving in Box Canyon during
winter 1996-1997 was evident in sampling of age-1 trout in summer 1997. The
cumulative number of age-1 trout captured (standardized by transect) increased about

four-fold compared to summer 1996 (Figure 6.10).
idati w- i latj

I conducted a river-wide experiment in winter 1998-1999 to validate the flow-
survival relation identi.ﬁed in this stﬁdy during 1995-1998. Discharge from Island Park -
Dam was maintained at about 20-21 m*/s from 22 J anuary 1999 through the end of
winter, a level greater than that of two of the previous three winters. I hypothe51zed that
the spring abundance estimate for Box Canyon would be correspondingly greater than
that of two of the_ previous three winters. The number of age-0 rainbow trout entering
winter was estix.nated in Box Canyon in October 1998 by using mark-recapture in two -
sample areas and three-pass removal sampling in 10 bank units as described earlier. The
overwinter loss of ége-O trout in Last Chailce was monitored using the catch-per-unit-
effort methodology once per month as described earlier. The nufnber of age-0 trout that
survived the winter in Box Canyon was estimated in May 1999 by three-pass removal
sampling in 50 bank units as described earlier.

The éstimated total abundance of age-0 trout in Box Canyon in autumn 1998 w#s
26,460 (95% CI, [18,654—34,266]). This estimate was significantly less than estimates

for autumn 1996 and 1997 but not 1995 (a—O 05; Figure 6.2). The spring estimate of

total abundance indicated that about 11,109 age-0 trout survived the winter in Box
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Canyon (95% CI, [8,986—13,233]; Figure 6.3). Therefore, about 42% of age-0 trout in

Box Canyon in autumn survived througﬁ winter in Bbx Canyon.

The loss of age-0 rainbow trout from Last Chance primarily occurred between
December and January, a minimum was reached in February and March, and an increase
occurrgd in Apﬁl (Figure 6.4). Discharée was relatively high thi'oughout winter (mean,
20.1 m3/s; Table 6.1; Figure 6.5). The pattern of loss from Last Chance was consistent
with other high discharge winters. |

Age-0 rainbow trouf again primarily used bank habitat in Box Canyon in autumn
1998, similar to prevjous years (2=0.05; Figure 6.6C). Age-0 trout in Last Chance used
center channel habitat at the start of winter in 1998 (Figure 6.7D). The ioss of age-0 trout
from Last Chance occurred from the center channel and there was relatively consistent
use of available bank habitat throughout winter.

- The mean discharge during the latter half of wintef 1998-1999 was 2.3 m*/s les's '
than during the latter half of winter 1996-1997 and 1.8 m*/s greater than dﬁring the latter
half of winter 1997-1998 (Table 6.1). The number of age-0 rainbow trout survivihg in
Box Canyon in winter 1998-1999 was about 25% less than the number surviving winter
1996-1997 but about 14% greater than the number surviving winter 1997-1998. .
Experimental results from winter 1998-199 supf)oned the flow-survival relation

identified from the three previous winters (r* = 0.9783; Figure 6.9).
. Discussion

Iidentified and validated a flow-survival relation for age-0 rainbow trout in the

“Box Canyon river section of the Henrys Fork. The number of age-0 trout that survived
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their first winter in Box Canyon was related to higher discharge during the latter half of
winter; there was no relation between discharge during the first half of winter and the
number of age-0 tfout surviving winter in Box Canyon. The success of the 1996 age
bclass, which experienced higher discharge during the latter half of winter 1996-1997, was
detectable at age 1 by a greater catch per unit effort the following summer, relative to
age-1 trout in other summers.

Winter suryival of age-0 trout in the Henrys Fork was related to the interaction of -
complex bank habitat and discharge. As discharge increases, the water level in Box
Canyon rises and floods rocks and woody debris along the banks, creating additional
bank habitat. Complex bank habitat that provides interstitial space for shelter is critical
to the winter survival of age-0 river salmonids (Bjornn 1971; Hillman et al. 1987,
Heggenes et al. 1993; Griffith and Smith 1993; Cunjak 1996; Maki-Petays et al. 1997;
Cunjak et al. 1998).

There was relatively consistent use of available bank habitat in Last Chance.
However, higher discharge was not expected to ihcrease the availability of bank habitat in
Last Chance because of the simple bank habitat. . The banks in Last Chance did not have
the abundance of rocks and woody debris found upstream in Box Canyoq. Higher
discharge also would not raise the water level to the same degree as in Box Canyon
because the river was on average a.bout 25 m wider in Last Chance.

The loss rate of age-0 rainbow trout was greater in Last Chance than in Box
Canyon. Prior to winter, most age-0 trout in Last Chance were located in macrophyte
cover in the center channel. Macrophytes were used through the first half of wihtér, but

failed to provide suitable habitat for age-0 trout through the latter half of winter, as
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indicated by the loss of trout from the center channel. Macrophytes declined during
winter because of senescence and grazing by trumpeter swans. However, some dense
macrophyte beds did persist, and no trout were captured in them during late winter.
Macrophytes were not as prevalent in Box Canyoﬁ as in Last Chance and few trout used
center channel habitat in Box Canyon. Therefore, the loss rate from Box Canyon was
expected to be less than from Last Chance.

Winter loss rates from Last Chance obtained by comparing catch per unit effort of
age-0 rainbow trout at the beginning (November) and eﬁd (March) of winter may not be
indicative of the actual number of age-0 trout that survived winter in that river section.
Sampling ten random transects was sufficient to indicate the severity of the loss éf age-0
trout from Last Chance during winter. However, estimates of a loss or apparent survival
rate were highly sensitive to the number of age-0 trout captured in November and March.
A small change in the number of age-0 trout captured could effect a relatively large
change in an apparent sqrvival rate estimate. .This was likely a result of sampling only
ten transects.

This study showed that apparent survival rates in and of fhemselves were not very
informative about the number of age-0 rainbow trout surviving winter. The lpwcst ‘
apparent survival rate for Box Canyon occurred in winter 1996-1997 (0.18), but the
largest nuﬁbef of age-0 trout surviving winter occurred during the same time period
(14,788). The bapparent survival rate was only informative in conjunction with the

‘number of age-0 trout entering the winter period (81,165).
. The lérge number of age-0 rainbow trout surviviﬁg winter 1996-1997 and the

large number of age-0 trout entering that winter raises the question of the importance of
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production. If more age-0 trout survived winter when more were produced, then perhaps
discharge was not an important variable. However, production in 1998 was lower than in
any othe.r year of this study and thé number of age-0 trout survi\"ing. winter 1998-1999
was the second largest. This suggests that habitat availability (i.e., higher discharge
during the latter half of winter) and not production was the driving factor in first winter-
survival. o

The lpss of age-0 rainbow trout could not be attributed only to mortality.
. Movement of age-0 trout among habitat types was detected. Griffith and Smith (1995)
obsérved marked age-0 trout moving from macrophytes in the center channel to the banks
within Last Chance. I detected the movement of marked age-0 trout from river sections -
with simple bank habitatvto river sections with complex bank habitat (both upstream and
" downstream). |

An increase in the number of age-0 rainbow trout captured in ten random
transects in Last Chance occurred in April each year (Fi gure 6.4). This increase occurred
among trout using center channel h-abitat and suggested that age-0 trout were moving
back into Last Chance at the end of winter, probably from Box Canyon. These trout were
probably not concealed in the substrate earlier in the winter because the substrate in Last
Chance is highly embedded. The movement of age-0 trout back to center channel habitat
in April éuggests that higher discharge is no longer critical at that time. ‘

The movement of age-0 rainbow trout between habitat types is critical when
considering the effect of higher discharge on habitat, The catch-per-unit-effort data from

Last Chance indicated that the loss of age-0 rainbow trout, which likely included

movement, occurred in mid-winter. It is at this time that increasing the level of discharge
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will enhance ovérall survival.. As center channel macrophyte habitat becomes unsuitable
for winter survival and trout begin to move to bank habitat, increasing discharge will
provide more bank habitat in Box Canyon and some trout from other river ;ections will
move upstrearﬁ to find it.

Other studies have also identified flow-survival relations for salmonids. A
po.sitive relation between the méan dischérge in February and the survival of age-0
Atlantic salmon Salmo salar was observed 1n threé New Brunswick rivers and one
Newfoundland river (Gibson and Meyers 1988). A positive relation was‘ also found
between winter discharge and age-0 Atlantic salmon survival in Catamaran Brook, New
Brunswick (Cunjak et al. 1998). Unliice the streams in these studies, the Henrys Fork is a
regl.ﬂated river. Discharge can be controlled and used as a management tool to improve .
natural recruitment of rainbow trout in the Henrys Fork.

I showed that only h.i gher levels of discharge during the latter half of wiﬁter were
related to the number of age-0 rainbow trout surviving to age 1. Any incrcase in
discharge should coincide with the initiation of the loss of age-0 trout. The timing of the
1oss of age-0 trout was related to discharge in the first half of winter. When discha;ge
was relatively low in winter 1994-1995 (mean, 7.2 m’/s) the loss was ini_tiated between
November and December. When discharge was relatively high during the first half of the |
next four winters (means, 15.1-21.1 m’*/s) the loss was initiated one month later.

I recommend a high level of discharge (i.e.,>20m%s) during the latter half of -
winter to improve the recruitment of age-0 rainbow trout in the Henrys Fork. The water

stored in Island Park Reservoir is currently managed for multiple uses including power

production and irrigation. In past winters excess water has been released from the
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reservoir in early winter in anticipation of a large snow pack. This study showed that if
that water is released later in winter, more habitat along the banks in Box Canyon canbe
created ata critical time for age-0 trout survival. I also recommend continued monitoring
of age-0 trout abundance in Box Canyon in spnng to further validate the flow-survival

relation, whether discharge is high or low

»

Summary

| Age-0 rainbow trout were sampled from 1995 to 1998 to obtain river-wide
information on winter apparent survival, movement, and habitat use. Many age-0
rainbow trout were being produced in the Henrys Fork eaeh year, but recruitmént to the
ﬁshery was l1m1ted by poor surv1val during their first winter. I 1dent1ﬁed a ﬂow-survn/al
relatxon for age-0 trout in a river section with complex bank habltat The number of age-O
trout that survived their first winter in Box Canyon was related to hlgher dxscharge dunng
the latter half of winter. The higher discharge dunng the latter half of wmter created
more available habitat in the sect1on with complex bank habitat and corncrded with the
loss of age-0 trout from non-bank areas. Movement of age-O trout was detected from
river sections with simple bank habitat to sections Wlth complex bank habitat. I -
conducted a nver—wrde expenment in wmter 1998-1999 whereby discharge dunng the .
latter half of winter was malntamed ata relatrvely high level in an attempt to repeat the
successful recruitment prevxously observed under a similar dlscharge scenario. The mean
dlscharge in the latter half of winter 1998 1999 was less than during the same time period

of winter 1996 1997, but greater than durmg two other years. Likewise, the number of

age-0 trout surviving winter 1998-1999 in Box Canyon was less than the number
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surviving winter 1996-1997, but greater than the number surviving the two other years.
Therefore, the winter 1998-1999 discharge and survival data supported the flow-survival

relation.
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Table 6.1.—Discharge (mean, standard deviation, and mlmmum and maximum)
from Island Park Dam during winter.

Year Mean (m3/s) | (SD) Minimum | Maximum
1 November-31 March .
1994-1995 12 (0.5) 6.0 80
1995-1996 | 16.4 (1.2) 14.2 18.4
1996-1997 19.0 (4.6) 13.6 282
1997-1998 19.9 (2.7)' RETT 26.6
1998-1999 201 &) 168 23.5

1 November-14 January

1995-1996 15.6 ©.7) 147 17.1
1996-1997 51 a4 136 17.8
1997-1998 211 3.1) 18.4 26.6
1998-1999 196 2.0) - 168 235

15 January-31 March

1995-1996 17.1 (1.2) 14.2 18.4

1996-1997 22.8 (33) 177 282
1997-1998 187 (1.4) 158 21.6

1998-1999 20.5 (1.1) : 17.2 21.7
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Figure 6.1.— River sections of the Henrys Fork downstream of Island Park
Reservoir: Box Canyon, Last Chance, and Pinehaven-Riverside.
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Figure 6.2.—Total abundance and 95% confidence intervals (Cl) of age-0

rainbow trout in Box Canyon and Last Chance in autumns 1995-1997 (and Box Canyon
autumn 1998).
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Figure 6.3.—Total abundance and 95% confidence intervals (Cl) of age-0
rainbow trout in Box Canyon in autumns 1995-1998 and springs 1996-1999.
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Figure 6.6.—Mean number of age-0 rainbow trout per transect and 95%
confidence intervals (CI) for the center channel and the east and west banks in Box
Canyon and Last Chance in autumn: (A) 1996 (Box Canyon, N=80; Last Chance, N
=104), (B) 1997 (Box Canyon, N =80; Last Chance, N =72), and (C) 1998 (Box Canyon,
N =80). -
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Figure 6 7.—Mean number of age-0 rainbow trout per transect (N 10) and 95%
confidence intervals for the center channel and the east and west banks in Last Chance
for winters (A) 1994-1995, (B) 1996-1997, (C) 1997-1998, and (D) 1998-1999.
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Figure 6.9.—Relation between discharge (m3s) from Island Park Dam between
15 January and 31 March, and total abundance of age-0 rainbow trout in Box Canyon in

spring. Grey symbols indicate data from the initial study and the black symbol indicates
data from the validation study.
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transect) captured in Box Canyon and Last Chance in summers 1996 and 1997.
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.~ CHAPTER7
CONCLUSION

Summary

Samoli | Analysis Techai

Distance sampling was used, as an alternative to a traditional census, to sample
large-scale areas of the ﬁenrys Fork of the Snake River, Idaho, for rainbow trout
spawning redds. Distance sampling pfovided an unbiased approach to sampling large-
scale aréas in a river for redds and was robust to changes in detectability. Aé discharge in
the Henrys Fork iﬁcreased between sampling dates, detectability of redds decreased and
most observations were closer to the traﬁsects. The effective area saml.)led was smaller,
buf an increase in redd density was observed, indicating increased spawning activity and .
demonstrating the robustness of distance sampling to changes in detectability.

There were inherent difficulties in the sampling and analysis of vlarge abundances
of age-0 rainbow trout over a large spatial scale in the Henrys Férk. I developed and
rigorously evaluated sampling and analysis techniques for such situations and used these
results to quantify the age-0 rainbow trout production, apparent survival, movement,.and
habitaf use in the Henrys Fork.

| I developed and evaluated a mark-recapture sampling methodology for age-O trout
in the Hénrys Fork. Sampling was concentrated in 100-m sample areas to improve
capture efficiency and recapture rate and hence improve our ability to estimate abundance

for the purpose of monitoring the age class. Low levels of emigration of marked trout
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were observed in the Henrys Fork, but simulations indicated that some closed population
abundance estimators were robust to minor violations of the closure assumption. The
Chao Mtestlmator performed best in terms of b1as and coverage for srmulatrons of sparse
data generated under a temporal varlatlon model Capture dragnostrc statistics 1dent1f1ed
temporal variation in Henrys Fork data sets. I therefore used the Chao M, estxmator to
analyze rhark-recapture data from sample areas‘in the Henrys Fork and found 1consistent
trends in abundance for all river sectlons from year to year

I also developed and ngorously evaluated models to predxct abundance from |
smgle-pass removal data The mean capture probablllty model w1th log-odds predrctron
mtervals perfonned best for predlctrng abundance within a specific bank unit, in terms of
achlevrng the nomlnal coverage level, but precision was poor (log-odds 1ntervals were
about 7. 5 tlmes greater than three-pass removal mtervals) These models have the
_ greatest ut1llty for predlctmg total abundance ina large area from multlple samples thhxn
it. The models can be used to reduce data collection effort or reallocatlon of effort from
three-pass removal samplmg to 51ngle-pass samplmg can be used to increase the precision
of prediction mtervals. These models work partlcularly well for sampling large-scale
areas and may be used to obtaxn cstxmates of total abundance for a single stream or for all
streams in a watershed
| I used a maxrmum likelihood method originally developed for quantifying |
movement in an ocean ﬁshery to quantlfy movement (or lack thereof) of Juvemle trout
among sectlons of ariver that vaned by habltat type. This was a more rigorous approach
to the analysrs of movement data that complemented the trad1t10na1 quahtatrve approach

of showrng the drrectlon of movement by drawing arrows on maps.
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Although relatively few redds were observed in the Henrys Fork, estimates of
age-0 rainbow trout abundance indicated that spawning and production were not limitlng '
factors in recruitment. However,‘it was not possible to quantify the number of redds
produced during the entire spawning season because spawning coincided with spring
runoff, thereby making it difﬁcult to find redds. o

| The installat‘ion of a fish ladder in the Buffalo Riyer increased the availabi\lity of
spawning habitat for ralnbow trout in the Henrys Fork beginning in 1997. Trout may

have been able to pass the dam splllover in the Buffalo River pnor to 1997 during hrgh

| discharge, but the ﬁsh ladder now allows access dunng the spawning season when
drscharge is not high. Redd samplmg indicated that trout were hkely spawn1ng in the
Buffalo River rather than in the Henrys Fork after the rnstallatron of the ﬁsh ladder The
Buffalo RlVCI‘ has the potential to improve recruitment in the Henrys Fork lf some age-O
rambow trout remain in the Buffalo Rrver during their first winter. The Buffalo River is
spring fed and may therefore provide a more moderate aquatlc env1ronment dunng
winter. |

Ralnbow trout fry were con51stently captured along the east bank 1n Box Canyon |
downstream of the conﬂuence of the Henrys Fork and the Buffalo River each spring;
trout fry were rarely captured along the west bank at that time. Rainbow trout fry may
have hlstoncally drspersed from the Buffalo River upon emergence and probably will
continue to do so with the installation of the ﬁsh ladder There was no evrdence in this

‘'study that the ﬁsh ladder unproved recruitment in the Henrys Fork in the ﬁrst two years



237

vof its operation. Whether or not the fish ladder will improve recruitment in the Henrys
Fork is an open question that should be invésti gated.

Many age-0 rainbow trout were found throughout Box Canyon, Last Chance, and
Harriman State Park during summer and autumn. Summer growth habitat was not
limiting the number of age-0 trout entering each winter. Macrophytes in particular
provided much of the summer growth habitat. More age-0 trout were captured in center
channel macrophytes in Last Chance than along the banks in Box Canyon in summer and
autumn.

First-winter survival is a limiting factor for rainbow trout recruitment in the
Henrys Fork.  The number of age-0 rainbow trout ’survivin’g their first winter in the
Henrys Fork was limited by the availability of winter habitat in the form of rocks and
woody debris along the banks. This type of complex habitat is found primarilyin Box
Canyon, and to a lesser extent in Pinehaven-Riverside, and is absent in Last Chance,
Harriman State Park, and Hain'man East.

Harriman East was generally not used by age-0 rainbow trout at any time of the |
- year. Age-0 trout were captured there each autumn, but they were likely there only
temporarily. No trout were ever recaptured in Harriman East the following spring, but
one marked in autumn was reéaptured downétream in Pinehaven-Riverside in spring.
Pinehaven-Riverside was the only river section in addition to Box Canyon that provided
suitable winter habitat for age-0 trout. Few age-0 trout were captured there in summer,
suggesting that age-0 trout moved to Pinehaven-Riverside from summer growth habitat in

other river sections upstream. More importantly, this suggests that age-0 trout were also
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moving downstream of Pinehaven-Riverside and contributing to recruitment in a 25-km
reach extending to Mesa Falls. |
I identified a flow-survival relation in which the number of age-0 rainbow trout .
- surviving winter in Box Canyon was related tb higher discharge in the létter half of
winter. Increasing discharge from Island Park Dam in the latter half of winter raises the
water level in Box Canyon and floods rocks ahd woody'debris aléng the banks, thereby
creating more available winter habitat at a critical time for survival. There is much
evidence to support this conclusion. 'i‘he loss of age-0 trout from Last Chance was
initiated during mid-winter in each yeaf of this study. The loss from Last Chance
occurred from center channel habitat (i.e., macrophytes) and there was relatively
consistent use of available bank habitat. Bank habitat was the primary habitat used by
age-0 trout in Box Canyon throughout the year. The loss of age-0 trout from Last Chance
- could not be attributed only to mortality. Trout marked in Last Chance in autumn were
recaptured in Box Canyon in spring, indicating winter movement from river sections with
simple bank habitat to river section:c, with complex bank habitat. - A plot of mean
discharge from Island Park Dam from 15 J anuary to 31 March versus the total abundance
of age-O rainbow trout along the banks in Box Canyon in springs 1996-1999 showed a
strong linear positive relation. ‘The large number of age-0 trout sui'viving winter 1996-
1997 was evident in agé-l catch-per-unit-effort data the following summer.
Production, as well as discharge, was related to the number of age-0 rainbow trout _
surviving winter in Box Canyon during the first three years of this study. Spring
abundance in Box Canyon was greater in 1997 than in 1996 or 1998; autumn abundance

was greater in 1996 than in 1995 or 1997. I believe this correlation was spurious. In the
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winter 1998-1999 validation study, autumn abundance was lower than abundances in the
three previous autumns and spring abundance was the second greatest recorded. This
supported higher discharge in the latter half of winter, rather than pre-winter production,

as the determinant of first-winter survival in Box Canyon.
Management Recommendations

- If excess water in Island Park Reservoir can be released during winter, I
recommend that it be released during the latter half of winter to improve the survival of
age-0 rainbow trout in Box Canyon and thereby improve recruitment to the Henrys Fork
rainbow trout ﬁshefy. Monitoring of age-0 trout should continue for the pﬁrpoée of
further validation of the flow-survival relation, whether discharge is high or low during
the latter half of winter. Estimating the abundance of age-0 rainbow trout in Box Canyon
in spring by sampling 50 bank units using a removél methodology and obtaining winter
discharge data from the U.S.G.S. gauging station at Island Park Dam would be sufficient

_toTurther evaluate the flow-survival relation. The mean capture probability (MCP)
model developed for the Henrys Fork in chapter three could be used to reduce data
collection effort. Rather than sampling 50 bank units by three-pass removal, they could
be sampled by single-pass removal and abundance could be estimated using the MCP
model. Alternatively, a poﬁion of bank units could be sampled by three—péss removal to
further calibrate the model for use with the single-pass removal data from the other bank
units. |

- If discharge will be purposely increased in the latter: half of winter to improve

age-0 rainbow trout survival in Box Canyon, I would caution that the timing of the -
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increase should coincide approximately with the initiation of loss of age-0 trout. The ,.

timing of the loss in Last Chance was related to discharge in the first half of winter. The

loss occurred between November and December at low dispharge (about 7 m3/s) and
between December and January at high discharge (> 15 m*/s). The catch-per-unif—effon-
- methodology used in Last Chance during winter could be used to confirm V\fhen the loss
was occurring. I recommend éampling ten random bank-to-bank transects in Last Chance
once per month until the loss of age-0 trout is detected. The sampling should b'egiﬁ in
October if autumn dischargé is low and in November if discharge is high.

If there is debate as to the imbortance 6f pre-winter age-0 trout production to

winter survival, I recommend estimating abundance in Box Canyon in October ﬁsing a
combination of mark-recapture sampliﬁg in sample areas and removal sampiing in bank
units. The two sample areas in lower Box Canyon should be sampled on four or five
days in about a ten-day period, preferably every other day. A different ﬁﬁ clibprshoﬁld be

used on each sampling date such that the data can be analyzed using estimators in
program CAPTURE. I recommend the use of the Chao-M( estimator, which was found to
perform best in simulations of data analogous to that obtained in the Henrys Fork. At
least ten bank units should be sampled in upper Box Canyon using three-pass or single-
pass removal sampiing as described earlier. |

This stﬁdy showed the importance of complex bank habitat, which provides

intgrétitial shelter, to winter survival of age-0 rainbow trout in the Henrys Fork. The
input of sediment into the Henrys Fork and into Box Canyon in particular should be
limited such that cdmplex bank habitat is ﬁreserved. There has been some discussion

about improving bank habitat in other river sections by planting willows, increésing the
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amount of woody debris, or installing artificial structures. I suspect that such efforts will -
have limited value to winter survival of age-0 trout. F reezing conditions during winter
would negate the utility of such habitat modifications in Harriman State Park énd
Harriman East. The embedded substrate and the inability of higher discharge to raise the
water level in Last Chance may negate habitat modifications in that river section. I
recommend managing winter discharge as the best approach to improving the recruitment

of age-0 rainbow trout in the Henrys Fork.
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Table A.1—Detection function model, value of probability distribution function

at 0 for the detection function (f(0)), probability of observing a redd in a river section (p)

effective strip width (ESW), and redd encounter rate (n/L or number per total length of
transects sampled) for 1995 and 1996 sampling in the river section between Island Park
Dam and the United States Geological Survey gauging station.

Mean 95% Confidence interval
- 27 April 1995
Model Half-normal/cosine
(o) 0.133 [0.086—0.204]
p 0.660 [0.429—1]
ESW 7.5m | [4.9—11.6]
n/L 0.031 [0.014—0.068]
9 April 1996
Model Half-normal/cosine .
(o) 0.150 [0.068—0.333]
P 0.803 [0362—1]
ESW 6.7m [3.0—14.8]

0.012 [0.003—0.040]



Table A.1—Continued.
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Mean 95% Confidence interval
14 April 1996
Model Half-normal/cosine
f(o) 0.080 [0.042—0.153]
P 1 [0;523—1]
ESW 125m . [6.5—23.9]
/L 0.020 [0.008—0.050]
21 April 1996
Model Half-normal/cosine
f(o) 0.150 [0.072—0.314]
p 0.900 [0.430—1]
ESW 6.7m [3.2—13.9]
/L 0.016 [0.007—0.033]




Table A.2.—Simulation results for comparing closed-populatlon abundance estimators (Lincoln-Petersen, Schumacher-
Eschmeyer, Schnabel, Null M,, Darroch M;, Chao M;, Chao M, and Chao My,,). Mark-recapture data were simulated under
model M, for 4 closed populations with average capture probabilities ranging from 0.02 to 0.106 (t=5 capture occasions; 1,000
replications). % cov. = percent coverage for 95% confidence mtervals ne = no estimate.

T



Average Average .

Average : interval % Average interval %

N - estimate (SE) length (SE) cov. estimate (SE) length (SE) cov.

" Lincoln-Petersen : Schumacher-Eschmeyer

1. p=0.01, p,=0.04, 1,000 861.0 (517.0) 1,296.5 (389.4) 874 ne ne ne ne ne
p3=0.02, p,=0.02, 1,500 1,401.0 (816.2) 2,449.6 (852.1) 93.7 ne ne - ne ne ne
ps=0.01 2,000 1,865.7 (1,054.8) 3,430.7 (1,481.6) 93.2 ne ne ne ne ne
[ P =0.02] 2,500 24157 (1,260.1) 4,4550 (2,227.4) 94.2 ne ne ne ne ne
» 3,000 2,894.0 (1,303.8) 5,189.3 (2,807.1) 95.2 ' ne ne ne ne ne
Schnabel estimator . Null M, .

1,000 ne ne ne ne ne 880.5 (162.3)  1,7327 (419.8) 970

1,500 ne ne ne ne ne 1,339.0  (207.0) 2,1069 (4324) 973

2,000 ne ne ne ne . ne . 18125 (2354) 2,4420 (421.2) 979

2,500 ne ne ne ne ne 2,2950  (268.1)  2,753.0 (422.6) 977

3,000 1,9953  (828.1) '9,247.7 (5,046.0) 85.4 2,7546  (3009) 3,000.0 (442.0) 98.3

Darroch M, : Chao M,

1,000 854.1 (178.3) 1,7385 (4940) 956 1,002.0 (6189) 2,621.0 (3,1349) 91.0

1,500 1,300.7 (231.0)  2,111.7  (520.0) 95.6 1,529.0  (850.0) 3,118.6 (3,752.7) 92.0

2,000 1,758.7  (268.2) 2,438.0 (519.6) 96.0 1,956.5 ~ (789.1)  3,146.5 (2,591.3) 93.8

2,500 2,232.7  (309.8) 2,7535  (528.5) 967 2,5288 - (973.0) 3,631.7 . (2,673.1) 938

3,000 2,6810 (350.8) 3,002.6 (558.1) 959 3,003.0 (968.3) 3,8245 (2,086.9) 934
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- Table A.2.—Continued.

Average Average
: Average interval % Average interval %
N estimate (SE) length (SE) cov, - estimate (SE) length (SE) cov.
Chao M,, Chao M,
1,000 ne - ne ne . ne ne " ne ne ne . ne ne
1,500 - ne ne - ne ne . ‘ne ne _ne ne , .ne ne
2,000 - ne ne © ne- ne ne ) ne ne - ne ne ne
2,500 3,866.7 (2,095.8) 6,4‘}0.0 (8,509.9) 88.0 3,401.0 (1,864.1) 5,759.0 (7,4455) 929
3,000 4,431.8 (1,689.5) 6,227.4 (4,0974) 88.0 3906.7 (1,552.2) 5,585.8 (3,8144) 933
‘ ; Lincoln-Petersen Schumacher-Eschmeyer
2. p=0.03, p2=0.03, 1,000 876.0  (273.3) 1,1322 (578.8) 89.3 ne ne . ne ne ne
p3=0.05, p,=0.05, 1,500 1,3298  (317.8) 1,351.8 (524.5) 90.0 . ne ne ne ne ne
ps=0.07 | 2,000 1,7506  (3746) 1,5088 (505.3) 86.9 ne ne ne ne ne
[ P =0.046) 2,500 2,215.1 (415.7)  1,692.1 (485.1) 884 ne ne . ne ne ne
3,000 2,6498 (4644) 1,838.7 (505.8) 87.2 ne ne ne ne ne
Schnabel ‘ Null M,
1,000 5910 (159.2) 1,8583 © (9284) 83.9 1,060.6  (2384) -~ 9178 (3462) 953
1,500 865.6 (180.1) 2,2264 (837.7) 702 1,588.8  (283.2) 11,0985 (3325) 951
2,000 1,1241  (199.1) 2,4933 (8102) 586 2,077.0 (3190) 1,2234 (3109) 945
2,500 14121 (229.7) 22,7952 (779.9) 463 2,6227  (367.7) f,377.9 (319.5)  93.1
© 3,000 1,682.5  (246.9) 13,0419 (810.6) 36.1 3,1244  (3979) 1,493.0 (3256) 943
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Table A.2.—Continued.

Avefage Average ,
Average interval % Average interval %
N estimate (SE) length (SE) cov. estimate (SE) length (SE) cov.
Darroch M, Chao M,
1,000 1,0304  (232.0) 8879 (336.8) 95.0 9948  (232.6) 899.0 (3429) 9349
.1,500 1,543.7  (274.1) 11,0628 (3223) 95.1 1,5033  (2749) 1,092.6 = (328.9) 95.1
2,000 2,0206 (310.0) 11,1852 (3020) 9318 1,986.0 (324.5) 11,2399 (328.5) 925
2,500 2,551.1 (3573) 1,3348 (3 10.1) 939 2,521.8  (373.7) 1,4083 (3342) 938
3,000 3,042.1 | (386.3) 1,447.8 (316.0) 955 3,011.,7  (411.1)  1,5322  (345.6) 946
Chao M,, Chao M,
1,000 1,288.0  (333.2) 1,2629 (517.5) 85.7 1,122.7  (2939) 1,098.0 (478.7) 940 .
1,500 19122  (381.3) 1,4874 (4716) 814 1,657.5  (3335) 1,287.7 (4453) 945
' 2,000 2,5004  (438.7) 1,660.5 (4549) 776 2,163.5 (3852) 1,4364 (4426) 93.1
2,500 3,1614. (499.3) 1,870.7 (455.1) © 68.1 2,730.2 (4379) 1,6195 (442.2) 913
3,000 3,760.0  (548.5) 2,022.3 (468.0) 66.2 32425 (4839) 1,7453 (458.2) 9238
Lincoln-Petersen ‘ Schumacher-Eschmeyer
3. p:,=0.08, p=0.07, 1,000 8233 (1449) - 6255 (174.4) 815 705.0 (101.0) 1,986.0 (15,686) 94.0
p3=0.10, p=0.06, 1,500 1,231.3 (167.2) 741.2 (162.0) 713 1,042.0 (114.0) 1,884.0 (1,172.0) 97.0
ps=0.08 2,000 1,637.9  (207.1) 821.8 (163.7) 58.1 1,377.0  (141.0)  2,300.0 (1,070.0) 97.0
[ p=0.078] 2,500 2,053.6 (226.7) 914.8 (151.2) 528 1,7180  (153.0) 2,850.0 (1,229.0) 99.0
3,000 2,4550  (244.1) 999.5 46.8 2,0500 (161.0) 3,300.0 (1,070.0) 99.0

(149.2)
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Table A.2.—Continued.

Average Average
Average interval % Average interval %
N estimate (SE) length (SE) cov. estimate (SE) length (SE) cov.
- Schnabel - NullM,
1,000 605.1 (82.2) ' 1,230.6  (333.2) 18.1 1,019.13 (115.2) 467.6 - (91.5) 95.7
1,500 899.0 (949) 1,458.7 (309.3) 33 1‘,525.0 (140.6) 566.1 (90.9) 95.6
2,000 1,192.8 .(1 18.1) 16222 (313.2) 12 2,021.0 (168.4) 646.8 (92.3) 94.6
2,500 1,488.5 (1284) 11,8082 (296.6) 0.1 2,529.7 (185.7) 720.5 (90.7) 95.2
3,000 1,777.7  (1344)  1,9793  (286.5) 0 3,0208  (196.6) 784.2 (89.1) 95.5
Darroch M, Chao M,
1,000 1,010.5 (114.0) 462.4 (90.4) 95.5 1,0029  (127.1) 512.6 (109.9) 96.0
1,500 1,512.5  (139.2) = 560.1 (89.9) 95.8 1,501.2  (154.2) 620.9 (108.1) 955
2,000 _2,005.6  (166.7) 640.4 (91.4) 94.3 1,998.8  (189.2) 715.6 (113.5) 94.5
2,500 2,5104 (184.2) 713.3 (89.9) 95.3 2,5049  (201.4) 798.6 (106.6) 95.7
3,000 29985 (194.7) A 776.8'  (88.2) 95.5 29917 (221.0) 869.8 (108.5) 94.7
Chao M, Chao M,,

1,000 1,198.9 (165.i) 663.8 (1464) 77.0 1,055.5  (146.0) 560.0 (148.1) 945
1,500 1,783.2  (198.0) 7955 (141.3) 675 1,562.2  (172.0) 666.8 (147.0) 943
2,000 23669 (2412) 911.8 (146.9) - 59.3 2,069.0  (208.8) 764.0 (156.6) 932
2,500 29613 (2552) 10146 (137.1) 515 2,585.6  (221.1) 848.7 (148.4) 922
3,000 3,531.7  (280. l>) 1,102.6  (139.1) 44.1 3,080.7 (2434) 918.5 (156.6) 934
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Table A.2.—Continued.

Average Average
Average interval % Average interval %

N estimate (SE) length (SE) cov. estimate (SE) length (SE) cov.

‘ Lincoln-Petersen Schumacher-Eschmeyer
4. p=0.10,p,=0.13, 1,000 753.4 (95.8) 3923 (79.4) 36.9 658.i (67.7) 11,0499 (442.7) 96.2
p=0.08, p,=0.10, 1,500 1,130.6 (122.6) 477.0 (75.9) 224 979.0 (81.1) 1,5276 (503.9) 982
ps=0.12 2,000 1,497.6  (141.5) ‘544.8 (74.7) 143 1,298.3 (98.9) 11,9340 (487.8) 98.1
[ P =0.106] 2,500 1,8844  (160.7) 6139 (75.6) 94 1,627.2  (107.6) 2,4109 (564.0) 994
3,000 2,2482  (166.9) 667.7 7200 37 1,948.1  (111.1) 2,8723 (5783) 99.8

Schnabel Null M,
1,000 571.9 (57.4) 776.0 (147.2) 8.6 1,012.8 (79.8) 32.2.2 (46.5) 95.8
1,500> 851.6 (68.4) 9463  (140.8) 1.0 " 1,515.7  (100.1) 392.5 (47.5) 94.4
2,000 1,132.7 (84.1) 1,083.1  (138.9) 0.2 2,0122 (117.8) 448.4 (48.0) 94.0
2,500 .1,420.6 91.2) 1,220.2  (141.8) 0.0 25239  (131.8) 502.9 (47.2) 94.5
3,000 1,700.7 (94.0) 1,3303  (134.6) 0.0 3,020.7  (133.5) 548.3 (44.4) 96.1
_ Darroch M, Chao M,

1,000 1,005.2 (79.1) 318.8 (46.1) 96.3 1,001.9 (94.0) 366.4 (62.3) 95.1
1,500 1,504.9 (99.2) 388.5 (47.0) 95.0 1,499.3  (112.7) 4459 (60.0) 95.4
2,000 ‘1,998.3 (116.9) 4439 (47.5) 944 1,995.6 (136.4) 512.3 (62.8) 94.0
2,500 2,507.3  (130.7) 498.1 (46.8) 94.5 2,509.9 (149.2) - 5774 (60.5) 94.5
3,000 3,000.9 (1324) 543.1 (44.1) 96.3 3,0002  (159.2) 628.0 (59.4) 94.9
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Table A.2.—Continued.

Average A-verage
Average interval % Average interval %
N estimate (SE) length -~ (SE) cov. estimate (SE) length (SE) cov.
Chao M,, Chao M,,,
1,000 1,1624  (119.6) 466.9 (80.9) 68.6 1,040.2  (106.4) 388.2 (85.0) 92.7
1,500 1,733.6 | (142.2) 564.7 (77.0) 51.7 1,545.7  (123.5) 467.3 (84.1) 928
2,000 2,3034 (171.5) 646.8 (80.3) 46.4 2,051.7 (149.2) 534.7 (89.4) 92.6
2,500 2,8954  (186.6) 727.7 (77.0) 34.0 2,575.6  (164.5) 603.5 (90.1) 90.8
3,000 13,4579 (199.2) 790.6. (75.5) 284 3,074.1 (175.4) 653.6 (93.6) 92.4
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Table A.3.—Simulation results for comparing closed-population abundance estimators (Lincoln-Petersen, Schumacher-
Eschmeyer, Schnabel, Null M,, Darroch M,, Chao M,, Chao M, and Chao Min,). Mark-recapture data were simulated under
model M, for 4 open populations (i.e., permanent emigration of 5% of marked fish) with average capture probabilities ranging
from 0.02 to 0.106 (t=5 capture occasions; 1,000 replications). % cov. = percent coverage for 95% confidence intervals; ne = no
estimate. : R ' i
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- Average Average

. Average ! interval % Average interval %
N ‘estimate (SE) length (SE) cov. estimate (SE) length (SE) cov.
Lihcoln-Petersen . Schumacher-Eschmeyer
1. p=0.01,p,=0.04, - 1,000 . 8933 (530.0) - 1,3158 (382.6) 88.5 ne ne ne ne ne
ps=0.02, p,=0.02, 1,500 1,468.8 (868.2) 2,520.9 (849.3) 950 ne ne ne ne ne
p5=0.01 2,000 1,954.6 (1,136.7) 3,5702 (1,497.1) 943 ne ne ne ne ne
[ p=0.02] 2,500 2,541.5 (1,366.0) 4,701.4 (2,281.5) 958 ne ne  ne ne ne
3,000 3,062.1 (1,548.4) 5,5160 (2,907.7) 959 ne ne ne ne - ne
‘Schnabel estimator ) Null M,
1,000 ne ne ne ne ne " 890.4 (156.7) 1,7645 (401.2) 9738
1,500 ne ~ ne ne ne ne 1,356.1 (196.5) 2,150.6 (404.5) 98.0
2,000 . ne ‘ne ne . ne ne 1,833.8  (220.8) 2,4884  (385.6) 988
2,500 ne ne ne ne ne 23244  (248.6) 12,8104 (3789) 98.1
3,000 2,131.8  (933.1) 9,8294 (5,235.6) 82.8 2,7852 (271.7) 3,0549  (396.6) 98.8
Darroch M, Chao M,
1,000 866.0 (172.8) 1,777.8 (476.1) 96.5 | 1,046.9 (645.7) 2,8189 (3,313.2) 923
1,500 1,322.1  (220.3) 12,1676  (492.1)  96.7 1,612.5 (921.5) 3,4258 (4,187.0) 933
2,000 1,787.3 (254.2) 2,501.2 (486.1) 97.2 2,0454 (843.8) 3,386.6 (2,787.2) 949
2,500 2,271.7  (2879) 2,8306 (4823) 974 2,656.1 (1,049.5) 3,937.1 (2,986.7) 949

3,000 2,7240  (326.8) 13,0803 (5125) 974 3,1544 (1,037.3) 4,140.1 (2,299.4) 945
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Table A.3.—Continued.

Average 7 Average
Average interval % Average interval %
N estimate (SE) length (SE) cov. estimate (SE) length (SE) CoV.
Chao M, Chao M,
1,000 ne ne . ne ne ne ne ne ne B ne ne
1,500 ne ne ne ne ne ne - ne ne ne ne
2,000 ne ne ne ne ne ne ne ne ne ne
2,500 4,109.2 (2,331.3) 17,1769 _ (9,831.9) 85.0 3,609.6 (2,064.7) 6,367.1 (8,5634) 91.7
3,000 4,693.7 (1,8379) 6,8254 (4,617.8) 83.6 4,1342 (1,675.6) 6,107.7 (4,2439) 914
v Lincoln-Petersen Schumacher-Eschmeyer
2. p=0.03, p,=0.03, 1,000 9264  (301.1) 1,237.1 (655.2) 92.1 ne ne ne ne ne
p3;=0.05, p=0.05, 1,500 1,402.5 (344.0) 1,469.8  (591.1) 938 ne ne ne ne ne
ps=0.07 2,000 1,8480 (405.7) 1,640.1 (567.3) 908 ne ne ne ne ne
[ P =0.046] 2,5b0 2,339.1 (447.8) 1,839.0 (542.2) 934. ne ne ne ne ne
3,000 2,796.4 (498.2) 1,997.2 (5584) 919 ne ne ne ne ne
Schnabel Null M,
1,000 6269  (183.7) 2,0236 (1,050.5) 78.6 1,1140  (259.0) 998.0 (387.6) 947
1,500 913.1  (192.6) 24126 (943.3) 633 1,666.3  (303.0) _1,190.6 (365.0) 93.5
2,000 1,184.1  (2129) 2,701.4 (906.4) 49.7 2,176.9  (3433) 1,3243 (3439 927
2,500 1,489.4 (249.6) 3,0284 - (8715) 349 2,751.6  (3974) 14941 (3564) 90.7
3,000 1,7742  (263.9) 3,2939 (8944) 250 32788  (4249) 1,619.1 (357.6) 92.1
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Table A.3.—Continued.

Average , Average
Average interval % Average interval %
N estimate (SE) length (SE) cov. estimate (SE) length =~ (SE) cov.
Darroch M, Chao M,
1,000 1,082.7  (252.8) 1 966.5 (378.5) 953 1,043.2  (255.6) 973.0 (393.7) 949
1,500 1,619.5 (293.0) 11,1526 (353.3) 94.8 1,5745 (2930) 1,1783 (3604) 954
2,000 2,118.6  (333.6) 1,2839 (3339) 936 2,0786 - (3453) 1,335.0 (3579) 937
2,500 2677.5 (386.4) 14483 (3462) 92.0 2,643.1  (3989) 1,519.8 (365.9) 945
3,000 31936 (412.7) 1,571.1  (3472) 934 3,1542 (4347) 1,651.0 (3747) 943
Chao M, Chao M,,
1,000 . 13577 (370.5) 1,3744  (6074) 817 1,1812 (3242) 1,1919 (553.1) 928,
1,500 2,010.2 (408.7) 1,6085  (520.1) . 74.1 1,739.6  (357.3) 1,3919  (489.6) - 92.0
2,000 2,6250  (468.1) 1,791.1  (497.5)  67.7 2267.1 (4100) 1,547.6 (4815) 910
2,500 3,323.0 (534.0) 2,021.5  (499.5) 55.2 28634 (4662) 1,7482 (4799) 867
3,000 39482  (581.1) 2,1814  (508.7) 518 '3396.1  (510.5) 1,877.8 (492.7) 88.6
Lincoln-Petersen Schumacher-Eschmeyer .

3. p=0.08, p,=0.07, 1,600 870.5  (160.2) 682.1 (1974) 88.7 743.0 111.0 21360 162420 95.0
p+=0.10, p,=0.06, 1,500 1,208.4  (181.1) 807.9  (179.0) 823 1095.0 122.0 2004.0 13480 98.0
ps=0.08 2,000 1,7299  (223.1) 897.2 (186.8) 753 1447.0 153.0 2423.0 11040 98.0
[ p =0.078] 2,500 2,168.5 (2449) 9936 (1689) 73.5 1805.0 166.0 3033.0 14190 990

3,000 2,588.5 67.8 2150.0 171.0 34950 1163.0 99.0

(259.4) 10828  (162.0)
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Table A.3.—Continued.

Average Average
Average interval % Average interval %
N estimate (SE) length (SE) cov. . estimate (SE) length (SE) cov.
Schnabel . } Null M,
1,000 636.6 (909) 1,3355 (375.6) 119 1,066.7  (127.8) 508.4 (1049) 94.0
1,500 943.7 (101.8) 1,581.9 (3404) 17 1,593.7 (151.0) 613.6 (100.5) 92.6
2,000 1,252.1 (127.3) 1,7620 (356.4) 0.3 2,113.0  (183.7) 701.7 (103.8) 91.2
2,500 1,562.0 (1389) 19544  (330.1) 26437 (201.0) 7810  (101.4) 88.8
3,000 1,8622  (143.4) 21336  (310.0) 3,153.8 (210.1) 8485 (97.5) 902
Darroch M, Chao M,
1,000 1,057.2  (1264) 502.7 (103.7) 941 1,0482  (138.9) 553.7 1227y 953
],500 1,580.5 (149.5) 607.2 (99.4) 934 1,568.4 (166.1) 670.1 (1 19..5) 94.7
2;000 2,096.6 (181.7) 694.8 (102.7) - 915 2,0889  (204.8) 7725  (125.7) 928
2,500 26232  (199.3) 7733 (100.5)  90.0 26167 (2177) 8614  (1186) 91.6
3,000 3,130.1  (208.1) 8404 (965) 91.8 31205 (2344) 9356  (117.6) 926
Chao M, ChaoM,,

1,000 1,258.5  (180.8) 718.‘4\ (163.8) 654 1,1049  (158.8) . 607.6 (164.3) 91.0
1,500 : },8.70.3 (213.7) 859.6 - (156.4) 49.6 1,634.1 (186.0) 720.2 (1624) 89.5
2,000 2,4829  (261.6) 9854  (163.0) 422 22,1639  (225.8) 827.2 (171.6) 883
2,500 31045 (2764) 1,954  (1527) 306 27022 (239.1) 9160  (1624) 859
3,000 3,6964  (297.3) 1,187.1  (1509) 24.1 32139  (256.7) 989.2 (167.9) 883
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Table A.3.—Continued.

Average Average
Average . interval . % Average interval %
N estimate (SE) length (SE) cov. estimate (SE) length (SE) cov.
Lincoln-Petersen Schumacher-Eschmeyer
4. p=0.10, p,=0.13, 1,000 798.8  (104.2) 4309 (91.1) 54.5 1 691.4 (73.5) 1,112.6  (490.1) 98.2
p3=0.08, p=0.10, 1,500 1,1989  (132.8) 5204 (84.8) 429 1,028.6 (874) 1,619.2 (569.1) 98.9
ps=0.12 2,000 1,587.4  (151..7) 594.0 (82.7) 283 1,362.8  (106.0) 2,036.3  (520.8) 99.0
[ P =0.106) 2,500 1,997.3 (171.8) 669.4 (83.6) 248 1,707.7  (1154) 2,536.8 (6234) 99.6
3,000 2,3823  (180.3) 727.6 (80.3) .16.0 2,044.1  (1203) 3,023.9 (629.4) 100
Schnabel flull M,
1,000 600.1 (62.2) 8440 (168.2) 4.0 1,056.1 (87.3) 350.1 (52.6) 90.6
1,500 8934 (73.3)  1,0221  (156.2) 0.1 1,580.2 (107.9) 426.3 (52.8) 88.7
2,000 1,187.5 (90.0) 1,169.6  (153.5) 2,0964 (127.2) 486.4 (53.4) 86.3
2,500 1,489.1 (97.3) 1,3180 (1564) 2,629.2  (140.5) 5453 (51.9) 84.0
3,000 1,782.2  (101.3) 14356  (149.5) 3,147.3  (144.9) 594.8 (49.7) . 846
. Darroch M, Chao M,
1,000 1,048.1 (86.5) 3464 (52.0) 92.3 1,044.1  (101.3) 395.8 . (68.3) 930
1,500 1,568.8  (107.0) 422.0 (52.9) 90.7 1,563.0 (122.1) 482.0 (66.6) 93.1
2,000 2,081.8 (126.2) 481.6 (53.0) 88.3 2,079.6  (145.5) 553.3 (68.6) 90.4
2,500 2,611.6 (139.2) 540.2 (51.9) 87.3 2,6134 ‘ (158.9) 622.5 (66.1) 88.5
3,000 3,1264  (143.7) 589.2 (49.2) 88.1 3,1252 (171.4) 677.8 (65.4) 89.1



Table A.3.—Continued.

Average Average
Average . interval % Average - interval %
N estimate (SE) length (SE) cov. estimate (SE) length (SE) cov.
Chaé M, Chao M,

1,000 1,2168  (129.1) 505.0 (88.9) 53.1 1,084.7  (113.8) 4214 (93.2) 884
1,500 1,815.1  (154.4) 611.1 (85.6) 363 1,612.7  (133.9) 506.8 (93.8) 864
2,000. 24105  (183.2) 699.3  (87.7) 26.6 2,139.0 (158.8) 579.8 (98.7) 835
2,500 3,027.0  (199.3) 7853 (84.2) 14.7 2,683.0 (1746) . 6515 (99.3) 794
3,000 3,616.6  (214.8) 853.9 (83.2) 9.3 3,202.8  (188.0) 7073 (102.1) 80.8
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Table A.4.—Simulation results for comparing closed-population abundance estimators (Lincoln-Petersen, Schumacher-
Eschmeyer, Schnabel, Null M,, Darroch M,, Chao M,, Chao M;, and Chao Mi,). - Mark-recapture data were simulated under
model M for 4 open populations (i.e., permanent emigration of 10% of marked fish) with average capture probabilities ranging
from 0.02 to 0.106 (t=5 capture occasions; 1,000 replications). % cov. = percent coverage for 95% confidence intervals; ne =no

estimate. '
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Average . Average

Average interval : % Average interval %
N estimate (SE) length (SE) cov. estimate (SE) length (SE) cov.
. Lincoln-Petersen ' Schumacher-Eschmeyer
1. p;=0.01, p,=0.04, 1,000 9179 (539.3) i.335.8 (374.6) 899 ' ne ne ne ne ne
p3=0.62, p=0.02, 1,500 - 1,5233 (891.9) 2,580.3 (844.7) 96.0 ne ne ne ne ne
ps=0.01 2,000 2,045.1 (1,205.1) 3,721.3 (1,501.9) 959 ne ne ne ne ne
1p=002] . 2,500 2,6769 (1,455.0) 49624 (2,312.5) 96.7 ne ne ne ne ne
3,000 3,191.1  (1,597.0) . 5802.0 (2,979.0) 96.6 ne ne ne ne ne
Schnabel estimator ' Null M,
1,000 ne ‘ne ne ne ne 9009 .(1489) 11,7984 (3766) 982
1,500 ~ne ne ne ne ne 1,371.5 (186.5) 2,189.7 (3729) 983
2,000 ne ne ne ne ne 1,853.7 (204.3) 2,533.0 (346.0) 995
2,500 ne ne . ne ne ne 2,344.1 (232.8) 2,8514 (3440) 9838
3,000 2,2850 (1,163.0) 10,334 (5,363.0) 80.0 2,809.8  (252.8) 3,099.9 (349.0) 99.2
Darrech M, - Chao M,
1,000 8794  (1654) 1,822.1 (452.1) 974 1,095.3 (682.6) 3,0434 (3,568.0) 93.8
1,500 1,340.6  (209.5) 22155 (459.9) 975 1,682.2 (965.3) 3,6704 (4,479.2) 944
2,000 1,8129  (2369) 2,559.2 (4459) 981 2,1484  (900.0) 3,6689 (2,999.5) 96.2
2,500 2,3026 (269.6) 2,8944 (4432) 98.1 2,800.8 (1,117.3) 42880 (3,233.7) 956

3,000 27578 (3005) 3,1424  (463.5) 984 3,307.3  (1,132.6) - 4,486.2 (2,675.0) 955
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Table A.4.—Continued.

Average Average
Average interval : % Average interval %
N estimate (SE) length (SE) cov. estimate (SE) length - (SE) cov.
Chao M,, Chao M,
1,000 ne © ne ne ne ne ne ne ne ne ne
1,500 ne ne ne ne ne ne‘ ne ne ne ne
2,000 ne ne ne ne ne ne ne . ne ne ne
2,500 43840 (2,524.0) 7970.0 (10,850) 82.0 3,8457 (2,2225) 17,0255 (9,1332) 89.7
3,000 49690 (2,088.0) 7,526.0 (5,866.0) 80.0 4,371.7 (1,884.8) 6,708.6 (5,2384) 89.2
Lincoln-Petersen Schumacher-Eschmeyer
2. p;=0.03, p,=0.03, 1,000 .~980.5 l (324.6) 1,3514 - (7189) 938 ne ne ne .ne ne
p3=0.05, p=0.05, 1,500 1,481.8  (378.0) 1,604.2_ (696.8) 95.7 ne ne ne ne ne
ps=0.07 2,000 19582  (444.6) 1,794.7 (656.3) 935 ne ne ne ne ne
[ P =0.046] 2,500 2,479.3  (4853) 2,009.5 (610.9) 96.0 ne ne ne ne ne
| 3,000 2,950.8 (532.2) 2,167.0 (6103) 949 ne ne ' - ne ne ne
" Schnabel Null M,
1,000 -666.6  (208.0)  2,203.1 (1,145.4) 73.1 1,172.6  (278.3) * 1,089.0 (4309) 934
1,500 ' | 966.8 (2104) 2,6254 (1,1084) 54.1 1,7521  (3239) 1,295.7 (402.8) 90.6
2,000 1,252.6  (235.8)  2,946.7 (1,047.2) 39.0 2,289.7 (373.5) 1,441.7  (385.5) 89.3
2,500 1,5753  (270.5) 3,298.2 ‘ (979.9) 24.6 2,8958 (429.8) 1,627.7 (3989) 863
3,000 1,868.5  (282.5) 3,562.6 (976.1) 15.7 3,4386  (451.0) 1,7529 (389.0) 86.1
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Table A.4.—Continued.

Average Average
Average interval % Average interval %
N estimate (SE) length (SE) cov. estimate (SE) length (SE) cov.
Darroch M, " Chao M,
1,000 1,1404  (2729) 1,0559 (423.6) 94.0 1,0962  (281.2) 1,056.7- (456.8) 94.6
1,500 1,703.6  (313.5) 12552  (3904) 933 1,6522  (314.1) 11,2745 (400.2) 94.6 A
2,000 2,229.4 (363.9) 1,398.9 ' (376.1) 915 2,1834  (3772) 1,446.1  (4045) 932
2,500 2,8189 (4184) 1,5788  (387.7) 889 2;779.8 (4274) 1,648.7 (403.1) 914
3,060 3,3506  (4393) 1,702.1  (379.5) 902 3,3056  (4625) 1,7803  (408.6) 924
Chao M, Chao My,
1,000 1,434.8  (413.7) 1,502.2 (726.1) 749 1,2448 (3585) 1,2958 (646.7) 91.0
1,500 2,117.6  (4409) 11,7453  (582.6) 64.1 1,828.2 (384.6) 11,5085 (541.2) 893
2,000 2,766.7  (513.3) 19442 (565.6) 55.1 2,382.8 - (446.1) 1,676.5 (535.6) 86.5
2,500 3,505.5 (573.1) 2,1963 (551.5) 43.0 3,0142 (497.1) 1,898.0 (523.6) 80.5
3,000 4,1485  (619.9) 23550 (556.5) 374 3,560.6  (544.0) 2,023.9 (537.0) 829
Lincoln-Petersen Schumacher-Eschmeyer
3. p=0.08,p,=007, 1,000 9199  (178.7) 7438 (233.5) 934 7830  (122.0) 1,116.0 (13,871) 96.0
p:=0.10, p4-;—0.06, 1,500 1,372.9 (1’97.0) 884.1 (198.8) 913 1,1550 (135.0) 2,161.0 (1,579.0) 99.0
ps=0.08 2,000 1,831.8  (2404) 985.7 (213.0) 876 1,5240 (165.0) 2,600.0 (17,377.0) 99.0
[ P =0.078) 2,500 2,297.0 (267.5) 1,084.8 (192;9) 87.6 1,9020  (181.0) - 3,221.0 (1,470.0) 100
3,000 2,7430 (284.6) 1,182.1 (1835) 859 2,2640  (188.0) 3,693.0 (1,264.0) 100
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Table A.4.—Continued.

Average Average
Average interval % Average interval %
N estimate (SE) length (SE) cov. estimate (SE) length (SE) cov.
Schnabel Null M,
1,000 669.8 (98.3)' 14488  (440.6) 7.7 1,117.3 (1388)  553.1 (118.0) 872
1,500 994.7 (112.3) 1,7229 (376.9) 0.9 1,671.6 - (167.2) 669.2 (115.2) 838
2,000 13177 (137.2)  1,9263 (404.7) 0.2 2,2148  (198.6) 764.1 (116.0) | 81.2
2,500 1,644.5  (150.8) 2,123.3 (374.1) 2,771.5  (219.2) 850.7 (1147) 749
3,000 1,959.7 ( 156.9). 23175  (350.0) 3,3046  (230.5) 9234 (110.6) 73.6
Darroch M, Chao M,
1,000 1,107.3  (137.3) 5469  (116.6) 88.3 1,097.4  (149.5) 5993  (1362) 923
1,500 1,657.6  (165.5) 662.2 (114.0) 85.6 1,643.2  (180.1) 7260 (132.8) 88.5
2,000 2,1974  (196.6) 756.6 (114.8) 834 2,187.8  (220.0) 8363 (138.5) 86.3
2,500 2,749.7  (217.3) 842.3 (113.7) 769 2,7419 (2379 9335  (133.5) 82:3
3,000 3,2794  (2284) 914.6 (169.5) 77.3 32719  (2549) 1,0150 (131.5) 81.6
' Chao M, Chao M,,

1,000 1,323.4  (195.3) 779.3  (182.6) 529 1,158.0 (171.)) 6584  (1823) 845
1,500 1,967.3  (232.3) 9328 (1742) - 354 1,713.9  (2004). 7813  (177.9) 80.2
2,000 2,6103  (281.5) 1,0682 (179.8) 259 ' 2,267.8 . (242.) 898.0 (186.5) 786
2,500 3,265.2  (302.8) 1,1883  (172.1) 132 2,8344  (2612) 9957 (1833) 727
3,000 3,890.1  (323.8) 1,289.1 (168.9) 94 3,372.7 (2779) 1,076.8 ) (185.7) 715

£9¢



Table A.4.—Continued.

Average Average
Average interval % Average . interval %
N estimate (SE) length (SE) cov. estimate (SE) length (SE) cov.
' “ Lincoln-Petersen Schumacher-Eschmeyer

4. p;=0.10, p,=0.13, 1,000 8499  (112.8) 4771 (103.9) 735 728.7 (79.3) 1,189.1  (5704) 98.7

p3=0.08, p,=0.10, 1,500 1,273.8  (144.6) ° 569.6 (958) 645 1,083.0 (958) 1,715.1  (626.9) 99.6

ps=0.12 2,000 1,687.5  (165.7) 650.6 (934) 55.0 1,4352  (1155) 2,1492  (570.1) 995
[ P =0.106] 2,500 2,1239  (189.0) 733.7 (95.3) 499 1,7984  (1264) 2,688.9  (689.1) 100

3,000 | 2,5325 (197.0) 7969 - (90.8) 409 2,151.5  (131.8) .3,190.7 (697.1) 100

Schnabel ' Null M,

1,000 6315 . (66.8) 9256 (191.2) 1.3 1,104.4 (93.6) 382.0 (58.4) 806

1,500 939.5 (80.7) 1,108.6 (175.6) 0 1,6508  (118.7) 464.2 (60.1) 739

2,000 1,249.0 97.7) 1,269.1 (173.0) 0 2,191.1 (1387 530.2 (60.3) 67.5

2,500 1,566.0 (106.2) 14315 (177.5) 0 2,7474  (1534) 594.2 (58.8) 58.5

3,000 1,873.7  (110.6) 1,557.7  (168.1) 0 3,2883  (15%9.0) 647.9 (56.2) 54.5

Darroch M, . Chao M,

1,000 1,095.9 92.7) 378.0 (57.9) 83.6 1,092.2  (108.6) 430.1 - (75.7) 86.9
1,500 1,638.7 (117.6) 459.6 (59.5) 76.6 1,633.7  (133.6) 5229 (74.7) 82.7

2,000 2,175.6  (137.5) 525.0 (59.8) 71.8 2,173.7  (156.7) 600.3 (75.6) 78.0

2,500 © 02,7289  (152.1) 588.6 (583) 63.7 2,7314 (1723) 675.2 (73.6) 70.1

3,000 3,266.2 (157.6) 6419 (55.7) 60.3 3,267.6  (187.0) 7356  (73.2) 67.9
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Table A.4.—Continued.

Average v Average
Average interval % Average " interval %
N estimate (SE) length (SE) cov. estimate (SE) length (SE) - cov.
o 7 ChaoM, . - . . Chao M, -
1,000 1,279.0 (138.8)> ! 549.6 (98.6) 34.5 1,1359  (122.7) 459.6 (104.1)  78.0
1,500 1,905.7  (169.3) 663.8 (96.2) 19.1 1,687.4 (1v46.8) 551.6 (1049) 71.8°
2,000 2,530.5  (197.7) 759.4 | (96.8) 113 2,237.2  (171.1) 631.6 (107.7)  65.6
2,500 ' 3,177.1 (216.6) 8524 (93.9) 4.7 2,8049  (189.1) 708.2 (111.2) 556
3,797.5  (234.9) 927.6 (93.2) 21 3,3509  (205.8) 773.0 (113.2) 533

3,000
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Table A.5.—Mark-recapture statistics for Henrys Fork age-0 trout data for Box Canyon, Last Chance, and Harriman State
Park sample areas. Sample areas were 100 m long and extended bank-to-bank. T = number of capture occasions; Mt+1 = number
of individual trout captured at least once; n(T) = total number of captures; f{¢) = number of trout captured ¢ times (i.e., capture
frequencies); z(f) = number of trout captured only on capture occasion #; p, = estimated capture probability for capture occasion
t; LB and UB = lower and upper bounds of log.-based 95% confidence interval; Capt. eff. = capture efficiency (i.e., {n(T)/

N }-100 (%)); and Recap. rate = recapture rate (i.e., {{f(2)+(3)-2+f(4)-3+£(5)-4}/n(T)}-100 (%)).
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f1)  f(2) f(3? f4)  £5)
2) 2 z3) oz «5) Capt. . Recap.
+ A ~ ’ A A~ A ~ A 3 .‘
Year » Mt+1 .n(T) b 2 Ps Pa Ps Prcan X (SE) [LB—UB] eff. rate
Box Canyon—sample area 1—Summer
1995 182 186 178 4 0 2,264 (983.6) [1,047—5,200] "82% 2.2%
70 46 62
003 0.02 0.03 0.027
1996 420 454 389 28 3 0 0 2,497 (442.0) [1,796—3,557] 182% 7.5%
88 89 80 71 61
004 004 004 003 003 0.036
1997 313 331 295 18 0 0 0 2,126 (468.4) [1,415—3,296] 156% 5.4%
74 55 64 38 64
004 003 003 002 003 0.03
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Table A.5—Continued.

iy 2 ) {4 5
z(1) z(2) z(3) z(4) z(5) Capt.  Recap.
Year Mt+1 n(T) b, b, D, . Da Ps  Prean N (SE) [LB—UB]‘ eff. rate
Box Canyon—sample area 2—Summer
1995 244 259 230 13 1 1,496 (375.0) [950—2,468] 173% 5.8%
78 86 66
0.06 007 005 " 0.06
1996 236 243 230 5 1 - 3,117 (1,237.6) [1,522—6,689] 78% 2.9%
98 69 63
0.03 0.02 0.02 0.023 .
1997 258 267 249 9 0 0 0 ) 2,717 - (839.3) [1,541—4,971] 98%  3.4%
67 41 50 43 48 '
0.03 002 002 002 002 0.022
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Table A.5 .——Continued.

1) 2 f3) (@) K5 .
z(1) z(2) z(3) z(4) z(5) : , Capt.  Recap.

Year T Mit+1 n(T) ﬁn 132 f’s ]34 bs ﬁmm N (SE) [LB—UB] eff. rate

Last Chance—sample area 1—Summer

1995 4 294 310 278 16 0 0 ‘ 1,988 (460.2) [1,298—3,151] 156% 5.2%

65 86 61 66

0.04 005 004 0.04 0.043

1996 5 493 506 481 11 1 0 0 8,175 (2,3272)  [4,791—14,223]  62%  2.6%
112 82 103 82 102

0.01 0.1 001 0.1 0.01 0.01

1997 S 373 386 361 . 11 1 0 0 4,668 (1,321.7) [2,756—8,117] 83% 3.4%

102 70 60 62 67

002 °0.02 001 001 002 0.016

697



Table A.5.—Continued.

f3) f4) fO5)

(1) (2)
z(1) z(2) z(3) z(4) z(5) Capt.  Recap.
Year T M+l n(T) b P, P, Da Ps  Pueon N (SE) [LB—UB] eff. rate
Last Chance—sample area 2—Summer
1995 3 145 146 144 1 0 3,496 ' (2,435.7) [1,080—12,155] 42%  0.7%
49 62 33
001 0.02 001 0.013
1996 4 276 287 266 9 1 0 2,919 (897.9) [1,659—5,327] 9.8%  3.8%
77 68 57 64 |
003 002 002 002 0.018
1997 5 202 207 198 3. 1 0 0 4,075 (2,014.2) [1,687—10,306] 51%  2.4%
33 34 53 31 47
0.01

0.01

0.01 0.01 0.01 0.01
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Table A.5.—Continued.

f(1) f(2) f(3) f(4) £(5)
z2(1)  #z2) z23) 24 5 Capt. Recap.
Year T Mt+1 n(T) ﬁu i’z .;’3 [34 i)s f’mn N (SE) [LB—UB] eff. rate
Harriman State Park-—Summer
1995 /
1996 S 99 162 96 3 0 'O 0 1,008 (492.0) [436—2,553] 10.1% 2.9%
7 17 14 21 27
0.02 0.02 0.01 0.02 0.03 0.02
1997 5 i70 178 162 8 ) 0 0 1,252 (401.1) [706—2.356] 14.2% 4.5%
19 22 36 20 65
0.02 0.02 0.03‘ 0.02 0.06 0.03
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Table A.5.—Continued.

(1) f2) f3) 49 K5
z(1l) - z(2) z(3) z(4) 2(5) Capt.  Recap.
Year Mt+1 n(T) ﬁ: 1’*,2 ]33 }34 f’s ﬁmean | N (SE) [LB—UB] eff. rate
Box Canyon—sample area 1—Autumn
1995 287 322 256 27 4 Y 0 1,205 (210.3) [877—1,716] 26.7% 10.9%
69 52 60 49 26
0.07 0.06 0.06 0.05 0.03 0.054
1996 542 598 491 46 5 0 0 2,555 (348.5) [1,980—3,361] 234%  9.4%
79 119 141 77 75
004 005 007 004 0.03 0.046
1997 365 399 334 28 3 0 1,716 (294.4) [1,251—2,425] 23.3% 8.5% .
141 8 59 46
009 006 0.05 0.058

0.03
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Table A.5.—Continued.

) ) i@ 1

z(1) z(2) z(3) z(4) z(5) Capt. Recap.
Year T Mt+l n(T) ﬁn }32 133 ‘54 1'*,5 ﬁmm N (SE) [LB—UB] eff. .rate
1998 5 495 638 376 98 18 3 0 1,022 (79.7) [888—1,202] 624% 22.4%

148 89 64 . 50 25

0.21 012 009 005 0.126

0.16
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Table A.5.—Continued.

f3) 4 A5

1) f2)
z(1) 22) 23) 24 z(5) Capt.  Recap.
Year T Mt+l n(T) i’n ﬁz i’; ﬁ.; i’s ﬁmm ]\A/ (SE) [LB—UB] eff. rate
Box Canyon—sample area 2—Autumn
1995
N
~J
N
1996 5 472 505 441 29 2 0 0 3,031 (529.6)  [2,185—4,294] 16.7% 6.5%
126 88 74 -85 68
0.05 003 003 003 003 0034
1997 4 - 336 364 308 28 0 0 1,514 (259.5) [1,105—2,141) 240% 1.7%
120 78 55 55
009 006 004 005 0.06



Table A.5.—Continued.

) f2 f3) f4 105

z(1) z(2) z(3) z(4) z(S) Capt.  Recap.
Year T Mt+l n(T) ﬁx ﬁz 1_33 134 135 ﬁmean N (SE) [LB—UB] eff. rate
1998 5 278 322 235 42 1 0 0 778 (103.0) [614—1,023] 414% 13.7%

61 69 40 34 31

0.11 007 0.06 0.06 0.084

0.12
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Table A.5.—Continued.

f3) 4 £05)

() f2)
z(1) z(2) z(3) z(4) z(5) Capt.  Recap.
Year T Mt+l  n(T) 2 P, Ps P Ps Poen N (SE) [LB—UB] eff. rate
Last Cf:ance—sample area 1—Autumn
1995 5 578 - 642 . 517 58 3 0 0 2,383 (286.8) [1,903—3,037] 26.9% 10.0%
128 93 107 93 96
0.07 0.05 0.05 0.05 0.05 0.054 N
[=))
1996 5 848 916 783 62 3 -0 0 4,705 (562.3) [3,751—5,972)] 195% 7.4%
201 181 146 136 119
0.05 0.04 . 0.04 0.03 0.03 0.038
1997 4 479 502 457 21 1 0 4,005 (823.4) [2,725—6,018] 125% 4.6%
142 111 116 88
0.04 0.03 0.03 0.02 0.03



‘Table A.5.—Continued.

) 2 ) [ 15
A1) z22) 23 z24)  «5) Capt. *Recap.
+ A A ~ A ~ A ~ .
Year Mt+1 n(T) 22 P, Ps Da Ps Prcan N (SE) [LB—UB] eff. rate
Last Chance—sample area 2—Autumn

1995 370 395 345 25 0 0 0 2,183 (407.9) [1,543—3,172]  18.1% 63%
8 80 .76 S0 55
004 004 004 003 003 0036

1996 499 536 464 33 2 0 0 3,024 (495.0) [2,225—4,193]  17.7%  6.9%
108 75 93 9 , 92
0.04 003 003 004 004 0036

1997 312 326 298 14 0 0 " 2,505 (622.7) [1,583—4,097]  13.0% 4.3%
9 68 66 65
004 003 003 0.03 0.033

LLT



Table A.5.—Continued.

0.06

0.045

f(1) 1(2) f(3) f(4) £(5)
z(1) z(2) z(3) z(4) z(5) Capt.  Recap.
Year Mt+1 n(T) i’l ﬁz P, ﬁ.‘ : ﬁs ﬁmean‘ N ~ (SE) [LB—UB] eff.  rate-
Harriman State Park—Autumn
1995 226 242 211 14 1 0 1,329 (324.5) [853—2,165] 182% 6.6%
56 61 38 56
0.05 0.05 0.03 0.05 0.045
1996
1997 228 240 216 12 0 1,380 (358.1) [864—2,317] 174%  5.0%
97 70 49
0.08 0.04

8.7
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Table A.6.—Bias and interval statistics for three-pass estimates (normal and log,
95% confidence intervals), simple linear regression (SLR) model predictions (normal and
log. 95% prediction intervals), and mean capture probability (MCP) model predictions
(normal and log-odds 95% prediction intervals) for 10 groups of known size (n) ranging

from 10 to 100 (1,000 replications). # = mean estimated size of group; LB and UB =
lower and upper bounds of intervals. ~

Mean SE
Mean SE Percent Mean Mean interval interval
n 7 bias bias  coverage = LB UB length  length

. Three-pass estimates (normal 95% confidence intervals)

10 938 -0.2 0.6 96.4 8.3 11.3 3.0 29

20 196 -04 13 94.5 175 220 46 . 59
30 296 04 2.1 942 270 327 57 93
40 394 .06 1.7 93.8 367 425 58 61

50 495 05 37 945 465 534 69 116
60 592 08 21 946 560  63.0 7.1 6.7
70 693  -07 26 047 654 137 83 94
80 793 07 28 956 751 841 89 109
9 892 ° 08 38 933 847 942 95 139

100 99.3 -0.7 3.8 94.5 94.9 104.3 93 12.6
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Table A.6.—Continued.

Mean SE

Mean SE Percent Mean Mean interval interval

n 7 bias bias coverage LB UB length  length

Three-pass estimates (log. 95% confidence intervals)

10 98 02 06 93.5 97 115 19 48
20 19.6 -0.4 1.3 92.0 19.4 23.8 4.4 9.8
30 29.6 -0.4 21 93.0 29.1 354 _ 6.3 203

40 39.4 -0.6 1.7 92.1 389 449 .59 8.6
50 49.5 -0.5 3.7 93.2 48.7 56.8 8.1 36.0
60 592 -0.8 21 | 93.7 584 . 66.1 76 - 8.7
70 702 _ -0.8 25 ' 95.3 69.1 78.2 92 112
80  79.3 -0.7 2.8 943 77.9. 88.0 .~ 10.1 13.2
90 89.2 -0.8 3.8 95.4 87.6 98.1 | 10.6 16.8
100 99.3 -0.7 3.8 94.2 97.7 108.0 10.3 14.9

SLR model predictions (normal 95% prediction intervals)

10 92 -08 23 994 39 179 140 18
20 18.9 -1.1 3.8 97.5 10.7 - 30.0 19.3 1.9



Table A.6.—Continued.
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Mean SE

Mean SE Percent . Mean Mean interval interval

n i bias bias coverage LB UB length. length
30 28.7 -1.3 5.4 95.3 18.5 42.0 235 21
4OA 385 -1.5 6.7 94.9 26.6 53.5 26.9 23
50  48.1 -1.9 8.1 94.5 34.7 64.6 299 2.5
604 57.6 24 9.4 91.7 42.8 75.4 326 2.7
70 66.5 35 11.2 88.4 50.5 85.7 35.1 3.1
80 76.1 -3..9 127 .87.5 588 96.4 37.6 33
90 85.9 -4.1 144 84.8 67.5 107.5 40.0 3.6
100 96.4 -3.6 14.8 85.9 76.8 119.2 424 35

i SLR model predictions (log. 95% prediction intervals)

10 9.2 -0.8 23 100 74 31.9 24.4 1.0
20- 189 -1.1 3.8 98.4 15.1 | 42.8 27.7 1.1
30 287  -13 54 957 235 543 309 18
40 385 -1.5 6.7 96.1 31.8 65.3 335 | 1.8

50 48.1 -1.9 8.1 93.4 40.3 76.2 36.0 2.1
60 57.6 24 9.4 943 48.6 86.9 384 24
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Table A.6.—Continued.

Mean SE

Mean SE Percentt Mean Mean interval interval

b
N>

bias bias coverage LB UB length  length

70 665 35 112 - 896 565 970 405 2.7
80 761 39 127 902 650 1077 426 29
9 859 41 144 856 738 1186 448 32

100 96.4 -3.6 14.8 817.7 83.2 130.3 47.0 3.1
MCP model predictions (normal 95% prediction intervals)

10 9.9 -0.3 22 94.8 5.8 13.7 8.0 0.9
20 19.2 -~ -0.8 3.8 85.3 139 | 246 10.7 1.0
30 29.1 -0.9 54 77.5 22.7 35.5 12.8 1.2
40 38.8 -1.2 6.7 78.8 315 46.1 14.6 1.3
50 484 -1.6 8.0 753 40.3 '56.6 16.3 14
60 57.9 -2.1 94 70.6 49.1 66.7 17.7 14
70 66.9 -3.1 11.2 62.1 574 76.3 18.9 1.6
80 76.4 -3.6 12.7 59.6 663 86.5 20.2 1.8
90~ 86.2 -3.8 144 554 75.5 9.9 214 1.9

100 9.7 -33 149 554 854 1081 227 1.8
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Table A.6.—Continued.
Mean VSE
Mean  SE Percent Mean  Mean intervél inteﬁéi
n P bias bias  coverage LB UB length l(ength

MCP model predictions (log-odds 95% predicﬁon intervals)

10 97 03 22 94.8 7.4 15.9 8.4 1.7
20 192 08 38 938 155 312 157 28
30 201 .09 54 94 27 470 233 41
40 388 12 67 940 317 625 308 51
SO 484 <16 80 ° 942 397 779 381 62
60 579 21 04 963 476 929 453 72
0 669 31 112 957 550 1073 523 86
80 764 36 127 957 629 124 595 o8
9% 862 38 144 955  7L1 1381 671 110

100 96.7  -33 149 956 79.8 154.9 75.1 11.4
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Table A.7.—Estimated total abundance of age-0 rainbow trout for five river
sections in summer (1995-1997), autumn (1995-1997), and spring (1996-1998). Captures
is the total number of age-0 trout used to obtain a mark-recapture abundance estimate and
the number of trout captured in the first pass for three-pass removal estimates. Effort is
the number of kilometers sampled by electrofishing for mark-recapture and the first pass
for three-pass removal. LB and UB = lower and upper bounds of a 95% confidence
interval. NE = no estimate.

Year N [LB—UB] | Captures Effbrt
Summer
Box Canyon
1995 48,730 [27,959—69,501] 500 3.9 km
1996 74,488 [55,038-93,937] 842 5.2km
1997 64,923 : [47,954—81,893] 715 6.4 km
Last Chance
- 1995 109,680 | [48,100—171,260] 456 53km
1996 o 221,880 [19,870—423,890] 793 6.8 km
1997 174,860 [143,890—205,830] - 593 7.6 km

Harriman State Park
1995 - NE NE 72 2.1km
1996 10,080 [7,030—13,130] 102 3.2km

1997 12,520 [10,033—15,006] 178 32km
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Table A.7.—Continued.

Year N [LB—UB] Captures Effort
Harriman East
1995 NE NE 19 3.0km
1996 NE NE 51 9.0 km
1997 NE NE 1 9.0 km
- Pinehaven-Riverside
1995 NE NE 150 15.1 km
1996 742 [243—2,603] 60 30.0 km
1997 NE NE 6 30.0km
Autumn
Box Canyon

‘1995 34,353 [29,781—38,924] 489 3.3km
1996 81,165 [61,858—100,471] 1,431 | 6.5km
1997 45,723 [37,335—54,110] 944 5.2km



Table A.7.—Continued.

286

Year N [LB—UB] Captures Effort
Last Chance

1995 91,320 [82,520—100,120] 1,037 7.6 km

1996 154,580 [90,020—2 19,140] 1,452 7.6 km

1997 ‘ 130,800 [72,180—188,220] 828 6.1 km
Harriman State Park

1995 13,290 [»l 1,278—15,302] 242 2.6 km

1996 13,130 [9,596—16,664] 143 19km

1997 13,800 [11,580—16,020] 240 1.9 km

Harriman East

1995 14,957 [4,532—27,194] 344 12.0 km

1996 2,752 . [1,228—6,881] 236 12.0 km

1997 9,820 [4,027—24,734] 348 18.0 km
Pinehaven-Riverside

1995 NE NE 42 3.0km

1996 NE NE 59 12.0km

1997 NE NE 9N 18.0 km



Table A.7.—Continued.

287

Year N [LB—UB] Captures Effort.
Spring
Box Canyon
1996 7,903 [5,608—10,197] 188 0.25 km
1997 14,788 [11,835—17,740] 684 0.55 km
1998 9,730 [7,372—12,082] - 652 0.71 km
Last Chance
1996 NE NE 31 -+ 2.3km
1997 NE "NE 18 1.2 km
1998 NE NE 63 0.6 km
Harriman State Park
1996 NE - NE 5 15.6 km
1997 NE NE 1 12.0 km
1998 NE NE 8 15.0 km
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Table A.7.—Continued.
Year % [LB—UB] Captures Effort
Harriman East

1996 NE NE 2 15.0 km
1997 NE NE 0 120km
1998 NE NE 4 13.0 km

Pinehaven-RiV'erside -

1996 NE NE 104 30.4 km
1997 3,538 [1,303—10,154] 164 30.3 km
1998 4,100 205 30.0 km

[1,697—10,372]







