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ABSTRACT 

Independent mark-recapture experiments were conducted annually at Florence Lake in Southeast Alaska 
from 1991 through 1994 to estimate abundance of potamodromous cutthroat trout Oncorhynchus clarki 
using models for closed populations (CP).  These data were recompiled to estimate abundance and survival 
using two Jolly-Seber (JS) experiments: a 4-event (annual) version and a 16-event (trip-by-trip) version.   

Estimated abundance from both versions of the JS experiment were about 24–64% lower than their 
comparable CP estimates for 1991 and 1992 and 63% lower to 6% higher in 1993 and 1994.  Estimated 
abundances from the 16-event version were relatively stable within 1991 and 1992, but dropped 
precipitously during sampling in 1993 and 1994.  Estimates of survival rates and surviving recruitment from 
the 16-event version implied unusually high turnover in the population during sampling in 1991 and 1992.  
In contrast, similar estimates in 1993 and 1994 indicated high loss to the population with no balancing 
recruitment.  We found little evidence for age or size-specific mortality or capture rates, tag loss, or effects 
of handling.  Evidence for some mortality related to dart tagging was present, but it could not explain the 
discrepant estimates. 

Discrepancies between CP and JS estimates resulted largely because of where sampling occurred in 1991 
and 1992, and when sampling occurred in later years.  Sampling in 1991 and 1992 was limited to littoral 
areas � 14 m in depth, but extended to depths � 30 m in 1993 and 1994.  Sampling dates changed also: from 
July and June in 1991 and 1992 to April and May in 1993 and 1994.  Bias in the early CP estimates was 
caused by simultaneous migrations between sampled and unsampled lake areas (depths) and bias in the later 
estimates resulted from fish leaving the lake temporarily to spawn, in streams where they were not subject to 
capture.  Procedures are recommended to provide accurate, efficient estimates of annual abundance, 
survival rates, and surviving recruitment for lacustrine populations of cutthroat trout. 

 
 

INTRODUCTION 

Independent mark-recapture experiments were 
conducted annually at Florence Lake (Figure 1) 
from 1991 through 1994 to estimate abundance of 
cutthroat trout Oncorhynchus clarki. The lake 
covers about 320 hectares, is about 7 km in 
length, and varies in width from about 0.4 to 0.8 
km.  About 60% of the lake is �14 m (45 ft) in 
depth and the maximum depth is 27 m.  Cutthroat 
trout in the lake are potamodromous, and support 
a sport fishery that harvested an estimated 464, 
175, 197, and 326 fish annually from 1991 
through 1994 (Jones et al. 1992; Jones 1993, 
1994, 1995).  
Each summer and/or spring, fish were captured 
during four 9- to-10-day sampling trips usually 
separated by 4 to 10 days. Traps baited with 
salmon eggs were the primary sampling gear 
(Figure 2), and hook and line sport fishing gear 
served as a secondary gear.  Fyke nets and hoop 
nets were also used occasionally in 1991, and an 
additional 9-day sampling trip preceded the 
usual series of (four) sampling trips in 1992. 

Beginning in 1992, weirs were also placed on two 
very small creeks discharging into Florence Lake 
to capture fish migrating to and from presumed 
spawning areas.  All unmarked cutthroat trout 
�180 mm FL captured in good condition were 
tagged with a uniquely numbered anchor T-bar 
tag, marked by complete excision of their 
adipose fin, measured for length, sampled for 
scales, and released.  All recaptured fish were 
inspected for missing fins, tag scars, and tag 
numbers, measured for length, sampled for 
scales, and released.  In 1991 and 1992, 
sampling was conducted in littoral areas with 
depths �14 m, and in 1993 and 1994 sampling 
was extended across the entire lake surface 
without regard to depth.  Sampling was advanced 
to earlier dates each year as researchers dis-
covered that catch rates were substantially greater 
earlier in the year.  The duration of sampling 
ranged from 50 to 78 days per year, and the 
mean dates of sampling were July 16 (1991), 
June 5 (1992), May 11 (1993), and May 5 (1994). 

In previous studies, Lincoln/Petersen and/or 
Darroch closed-population (CP) models (Seber 
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Figure 1.-Bathymetric map of Florence Lake on Admiralty Island, Southeast Alaska, showing location 
of the nine sampling areas in 1991-1994. 

1982:59,43 1) were used to estimate abundance. 
The estimator of choice depended on whether 
capture probabilities varied significantly by area 
(ends or middle) of the lake. Annual data for 
these CP analyses (excluding weir samples) were 
pooled to yield “marking” and “recapture” events 
separated by 6, 29, 7, and 10 days from 1991 to 
1994, respectively. Hypothesis that fish of 
different sizes were captured with equal probability 
was tested, and in 1991 and 1992 the population 
was stratified into two size classes (above or below 
about 210 mm FL) to reduce bias in the estimation 
procedure. Abundance estimates for 1991 to 1994 
were 8,924 (SE = 1,052), 10,586 (SE = 1,536), 
8,382 (SE = 818), and 10,787 (SE = 674), for fish 
2180 mm fork length (Jones et al. 1992; Harding 
and Jones 1993, 1994; Harding 1995). 

The primary objective of the analysis reported 
below was to estimate annual survival rates for 
the population of cutthroat trout in Florence Lake 
from mark-recapture data collected from 199 1 
through 1994. Jolly-Seber (JS) and log-linear 
models (LLMs) for open populations were applied 
to data pooled by sampling year to create a 4- 
event experiment, and to data segregated by 

sampling trip to create a 16-event experiment. 
However, abundance estimates from the JS 
experiments contrasted poorly with results from 
previously concluded CP models based on the 
same data (Jones et al. 1992; Harding and Jones 
1993, 1994; Harding 1995). The comparison 
revealed striking differences that we investigated 
with additional analyses sensitive to the under- 
lying assumptions of the JS and CP experiments. 
The results provide important insights into past 
and future sampling programs for cutthroat trout 
in Southeast Alaska. 

METHODS 
COMPILING DATA 

We compiled capture histories for ink, Jidual 
cutthroat trout 2180 mm FL sampled from 1991 
through 1994 in four independent CP experiments 
into two Jolly-Seber (JS) experiments: a 4-event 
version and a 16-event version. In the 4-event 
version, each year’s CP experiment represents one 
sampling event. Data for this analysis included 
the small number of fish collected at weirs (1992- 
1994) and during the early-season sampling trip in 
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Figure 2.-Design of trap used at Florence Lake. 

1992. Cutthroat trout captured several times in a 
given year were treated as being caught only 
once. In the 16-event version, each sampling trip 
was treated as an event. Samples collected only 
occasionally with fyke nets and weirs (1 992-1 994) 
and during the early-season sampling trip in 1992 
were excluded from this analysis. Again, fish 
repeatedly recaptured within a sampling event were 
considered as being captured but once for analysis. 
Information on timing of spawning collected from 
weirs (1 992-1 994) and during the early-season 
sampling trip in 1992 was used in the analysis. 

Fork length measurements of all cutthroat trout 
captured were kept in the data to permit 
stratification based on fish size. Extensive error 
checking was performed to identify suspect 
records, insure accurate capture history records, 
and to eliminate data recording and entry errors. 
Incorrectly recorded length measurements were 
the most common error found, but frequently, this 
can be corrected with information from field notes 
or by comparing lengths when recaptured. In a 
very few instances, suspect records (tag numbers) 
were removed from the analysis or simple 

probability arguments were used to assign a miss- 
ing length when a better method was unavailable. 

MODEL AND ASSUMPTIONS 

The main objective of this research led to 
selection of the “full” Jolly-Seber model, which 
provides k-2 survival rate estimates and k-2 
abundance estimates (k = number of sampling 
events). The JS model requires the following 
assumptions (Seber 1982: 196,223; Pollock et al. 
1990: 18,24): 

all fish in the population at the time of the 
ith sample have the same probability of 
capture; - or 

marked and unmarked fish mix completely 
between sampling events; - and 

all marked fish in the population 
immediately after the ith sample have the 
same the probability of surviving until the 
(i + 1)th sample; - and 

fish do not temporarily leave the popula- 
tion (or become uncatchable) then return at 
a later time; - and 
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0 marks are not lost or overlooked; and 
0 sampling is instantaneous with animals 

being released immediately; 

and uses the following statistics: 

number of fish caught in sample i; 

number of marked fish caught in sample i; 

number returned to the population alive 
with marks from sample i; 

number caught in sample i which are 
recaptured later; and 

number not caught in sample i which 
were previously captured and are 
recaptured later. 

The JS and Lincoln-Petersen abundance 
estimators both assume that the proportion of 
marked fish in the sample is representative of 
that in the population. An intuitive basis for the 
JS model is found in the following formulas 
relating marked and unmarked contingents of the 
population (Seber 1982:200; Pollock et al. 
1990:20). The number of marked fish Mi 
immediately before the ith sample is estimated as 

Gi = mi+- Ri zi , i = 2, ..., k - 1 (1) 
Ti 

The total population size Ni immediately before 
the ith sample is estimated as 

hi = ni Mi , i = 2, ..., k - 1 
mi 

The survival rate between the ith and ( i +  1)th 
sampling event + i  is estimated as 

where 61 = f i 2  / R I .  The probability of capture 
pi during the ith sampling event is estimated as 

Recruitment Bi between the ith and ( i +  1)th 
sample that survives to the ( i+  1)th sample is 
estimated as 

Of primary interest in this analysis were the 
survival and abundance estimates, both of which 
depend on M , the estimated number of marked 
fish in the population. The survival rate 
estimator ii is formed as the ratio of M before 
sample i + 1 and after sample i. This estimator 
is somewhat robust to unequal catchability 
induced by differences in individual animal 
behavior or sampling techniques (Carothers 
1973), but applies to marked fish only. 

Thus the assumption of an equal survival rate for 
all fish marked and unmarked is necessary for 
making inferences about the population as a 
whole. Capture history matrices for the analyses 
were constructed using computer code written in 
the SAS language (SAS 1990). POPAN-PC 
(Arnason et al. 1992) was used to fit JS and log- 
linear models (LLMs) to capture histories and 
to calculate likelihood ratio GOF statistics. 
Program JOLLY (Pollock et al. 1990) was used 
to obtain contingency table GOF statistics, and 
RECAP (Buckland 1980) to obtain confidence 
intervals and constrained estimates of model 
parameters in special situations as noted in the 
text. 

TESTING MODEL ASSUMPTIONS 

Detecting Heterogeneous Capture and 
Survival Probabilities 

Two contingency table chi-square tests developed 
by Pollock et al. (1985) were used to evaluate 
goodness-of-fit (GOF) for both versions of JS 
experiments. As implemented in our analysis (see 
below), both tests have similar abilities to detect 
heterogeneous capture probabilities (Pollock et al. 
1990:24). The first portion of the two-component 
test (Figure 3 )  is equivalent to the Robson (1969) 
test for short-term mortality. Note that the 
nomenclature “short-term” refers to less than a one- 
year period in the 4-event version of the 
experiment and less than a few days for most 
instances in the 16-event version. Pollock et al. 
(1 990:24) report the second test component 
(Figure 4) to be the better of the two at 

4 



First captured 
before sample i 

Captured in sample i 
and recaptured later 

Captured in sample i 
and not recaptured later 

First captured 
in sample i 

Figure 3.-Diagram of contingency table for the first component 
of the goodness-of-fit test. There are k-2 such tables in each test. 

First captured 
before i-I and 

not captured in i-I 

Captured in sample i * 

Captured after i but * 
not in i 

First captured 
in i-I 

First captured 
before i -1, and 
captured in i -  1 

* * 

* * 

Figure 4.-Diagram of the second component of the goodness-of-fit test. There are k-3 such tables 
in each test. 

detecting heterogeneous survival probabilities 
among marked groups (newly marked and 
previously marked). A summation of the chi- 
squares from each component forms an omnibus 
test for violations of the first three assumptions 
listed above. Note that there are certain violations 
of these three assumptions these tests cannot 
detect; eg. ,  permanent trap response and 
permanent lowering of survival rate due to 
handling and marking (Pollock et at. 1985, 
1990:24). 

Detecting Heterogeneity in Capture 
Probabilities Related to Size 

Capture probabilities were found to vary by fish 
size at Florence Lake during two of four CP 
experiments (1991 and 1992; Jones et al. 1992; 
Harding and Jones 1993). In our reworking of the 
CP experiments, data were stratified into size 
groups and estimates of abundance were 
compared. If the estimates were significantly 
different, we would assume the result from the 
stratified analysis to be more accurate. 

Because stratification confounds estimates of 
survival and recruitment for all but the largest size 
class, and can lead to declines in precision as 
within-strata sample sizes decline, we adopted a 
likelihood ratio goodness-of-fit statistic obtained 
by fitting LLMs to the mark-recapture data 
(Cormack 1989). The objective of this fitting 
procedure was to find cutpoints between size 
groups (large and small) which maximized total 
P-value from test statistics given a minimum P- 
value of O. 1 O across strata. If this criterion could 
not be met, we increased the number of strata and 
repeated the GOF procedure. 

Assumptions behind the LLMs are the same as 
those for the JS model described above. By 
modeling the log expected value of the count of 
animals with each capture history as a linear 
combination of GLIM (generalized linear model) 
parameters, LLMs can be fit through numerical 
maximization of a joint likelihood. This allows the 
straightforward calculation of a single likelihood 
ratio goodness-of-fit statistic, which we used to 
compare various length-stratification schemes, and 
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also for comparison to the GOF statistics obtained 
with the contingency table analysis. 

Detecting Heterogeneity in Survival 
Probabilities Related to Size/Age 
Because estimated ages of cutthroat trout sampled 
were not available for this analysis, we used size as 
a surrogate. Survival rates over time were estimated 
for size groups based on fish size at the time of the 
initial marking. If estimated survival rates varied 
significantly by size group, simulation could easily 
be conducted to investigate the relative magnitudes 
of biases on parameter estimates. Size groups for 
the analysis were adopted from results of the 
length-based testing described above. 

The analysis was implemented by building an 
(N x 4) capture history matrix for each size group 
of interest, where N represents the number of 
distinct fish marked during the four-year 
experiment. Capture histories of fish within a 
given size group first marked and released in 199 1 
were grouped without regard to size in 1992-1994 
to produce an (S x 4) matrix (S < N) with each 
row vector of the form (Ixxx), where 1 signifies 
a capture and x is either 1 or 0 (not captured). 
Note that each succeeding capture represents 
existence over an annual increment. 

Next, each fish identified in the former analysis 
was removed from the data, and capture histories 
of fish within the same size group first marked 
and released in 1992 were grouped without regard 
to size in 1993-1994 to produce an (T x 4) matrix 
(T < N) with each row vector of the form (Olxx). 
Additional repetition of the procedure yielded 
matrices with row vectors of the form (001x) and 
(0001). Concatenation of the matrices yielded a 
complete size/age-based capture history matrix 
for fish of one size group at the time of marking. 

Repetition of the entire procedure above yielded 
complete capture-history matrices for each size 
group at the time of marking. As size and age at 
the time of marking are related, comparing the k-2 
survival estimates produced in each analysis 
provides a test of the assumption that survival is 
not dependent on age or size group in the analysis. 

Detecting Effects Related to Handling 

summer, and many fish were caught two or more 
times during the same summer. We were concerned 
that stress from repeated trapping and handling 
could lower survival rates and cause a violation of 
the assumption of homogeneous survival rates. To 
investigate this concern, the entire capture history 
for each fish caught more than once in a year was 
deleted from the data, then the model for the 4- 
event version refit to the remaining data. If 
estimates were significantly different after deleting 
the multiple captures, a failure of the experimental 
assumptions would be indicated. 

Effects of Tag Loss 
All newly captured fish in this experiment were 
doubly marked so that fish that had lost their 
primary (dart) tags could still be identified. Since 
the original tagging date for fish with lost tags 
could not be determined, only estimates of the 
maximum annual rate of tag loss were possible. 
Tag loss for each summer was thus estimated by 
dividing the number of captured fish having only 
a missing ;adipose fin by the total number of fish 
recaptured from previous years that carried both 
marks. This provided a “worst-case” estimate, 
since newly tagged fish were excluded from the 
denominator. True annual rates of tag loss thus 
were surely lower than the estimates. 

Instantaneous Sampling 
Estimates of survival rate and surviving recruit- 
ment from the 16-event version of the JS 
experiment were contrasted with like statistics 
from the 4-event version. If sampling had been 
instantaneous relative to the dynamics of the 
population, there would be no appreciable 
mortality or recruitment within sampling each 
year in the 16-event experiment. 

RESULTS 
ESTIMATES 

Estimated abundance from both versions of the JS 
experiment (Table 1) was about 24-64% lower 
than comparable CP estimates for 1991 and 1992, 
and 63% lower to 6% higher in 1993 and 1994 
(Figure 5). Estimated abundance from the 16- 
event version was relatively stable within 1991 
and 1992, but dropped precipitously during 

Our data for Florence Lake cutthroat trout were 
collected during four 10-day sampling trips each 

sampling in 1993 and 1994. Estimates of survival 
rates and surviving recruitment (Figure 6; Table 1)  

6 









from the 16-event version implied unusually 
high turnover in the population during sampling 
in 199 1 and 1992. Recruitment between the 2nd 
and 4th sampling events in 1991 was estimated 
at 1,095 (= 484 + 611) over at most 32 days; 
estimated survival rate over that period was 0.7 1 
(= 0.83 0 0.85). Statistics for 1992 (events 5-6, 
6-7, and 7-8) are recruitment 4,639 (= 1378 + 
1129 + 2132) and survival rate 0.67 (= 0.85 0.79 
0 1.00) for the 78 days containing the sampling 
that year. In contrast, similar estimates in 1993 
and 1994 indicated high loss to the population with 
no balancing recruitment. Estimated survival rates 
during sampling are 0.42 (= 0.65 0.71 0.91) in 
1993 and 0.35 (= 0.83 0 0.42) in 1995, while no 
recruitment was detected at all (Table 1). 
Considering these statistics from the 16-event 
version, sampling over several weeks to collect 
data for a single annual sampling event was hardly 
instantaneous sampling. Estimates from fitting 
LLMs to capture histories are almost exactly the 
same as estimates obtained through more 
traditional methods (Table 1). 

HETEROGENEITY IN SURVIVAL AND 
CAPTURE PROBABILITIES 

The overall GOF statistics (Tables 2 and 3) 
suggest there was some heterogeneity in survival 
and/or capture rates of cutthroat trout, but not a 
meaningful amount. Component 1 may be 
regarded as a test of Ho: newly tagged fish were 
recaptured at the same rate as previously tagged 
fish. This null hypothesis was rejected in the 4- 
event version for 1992 (Table 4, Panel A); fish 
tagged in 1991 were recaptured more often (0.26 
estimated probability) than expected while fish 
tagged in 1992 were recaptured less often (0.21). 
Examination of the individual chi-squares in this 
test shows cell 1,l contributes most to the overall 
statistic, i.e. recaptures in 1993 or 1994 of fish 
caught in both 1991 and 1992 were higher than 
expected (139 vs. 1 18, x2 = 3.9). Recaptures of 
fish first tagged in 1992 (cell 1,2) were lower than 
expected (400 vs. 421, x2 = 1.1). In contrast, the 
null hypothesis was not rejected for 1993 (Table 
4, Panel B) when estimated probabilities of 
recapture are 0.17 and 0.14 for previously and 
newly marked fish released that year. 

Component 2 of the GOF test also yields a 
significant result (x2 = 6.97, df = 2, P = 0.03, 
Table 5). Again, the majority of the test statistic 
was generated by one cell (2,2), which had the 
lowest count and expected value, but was 
responsible ( x2 = 4.59) for about 2/3 of the total. 
This cell (%,2) contains the count of fish caught in 
1994, which were also caught in both 1991 and 
1992, not unlike the contents of the “deviant” cell 
(1,l) in the previous test. Overall, the power of 
these GOF tests is generally high due to large 
sample sizes. Given that deviations in the two 
“deviant” cells are small (9-21 fish, 10-1 6%), the 
practical significance of these test results for the 
4-event version appears small relative to the 
magnitude of differences observed in the CP and 
JS abundance estimates. The GOF tests on the 
16-event version produced an irregular pattern of 
results with the null hypothesis (equal rates of 
recapture) rejected (a = 0.05) in I 1  of 14 
instances for component 1 and 6 of 13 instances 
for component 2 (Table 3). 

Residuals from fitting the LLM (Table 6) clearly 
show that capture histories for multiple recaptures 
yielded the largest deviations from expected 
values. For instance, the 107 fish caught in the 3 
consecutive years 1991-1993 exceeded the 
expected value (86) and produced the largest 
standardized residual (2.21). The count of 10 fish 
caught in 1991, 1992, and 1994 was lower than 
the 17 predicted by the model and led to the 
largest negative standardized residual (-1.60), 
similar to the result from the “deviant” cell (2,2) 
in the component 2 GOF test above. When the 
three captiires are consecutive, observed counts 
exceed the expected values, but if a year passes 
between two of the captures, observed counts are 
lower than expected. Similarly, the count of fish 
captured in all four years exceeded expectation. 

HETEROGENEITY IN CAPTURE 
PROBABILITIES BY SIZE 

Unequal catchability of cutthroat trout of different 
sizes does not appear to be an important factor in 
this experiment. Two-level stratification was 
rejected by our likelihood-based fitting criterion 
(Table 7). For example, stratification of the 
capture data at 210 mm FL provided good fit for 
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Table 2.-Summary of GOF tests to the model used 
in the 4-event version of the JS experiment from 
1991-1994 on cutthroat trout in Florence Lake. 

Test Degrees 
statistic of freedom P-vahe 

Component 1 1992 6.423 1 0.01 13 

1993 1.747 1 0.1863 

Component 2 I993 6.973 2 0.03 1 

Overall 15.143 4 0.004 

fish <210 mm FL (P = 0.706), but poor fit for fish 
2210 mm FL (P = 0.045). Splitting the popula- 
tion at 210 or 230 mm FL were the best options, 
but each scheme left one size class with GOF 
P-value <0.06. Testing of three-level stratifi- 
cation (Table 8) showed that cutpoints at 2 10 and 
235 mm FL provided the “best” fit of the model 

to the data. Total abundance from summing 
estimates of the three-level stratified analysis 
(5,191 and 4,665; Tables 9 and 10) was not 
significantly different from the unstratified JS 
analysis (5,481 and 5,629; see Tables 1 and 3) for 
1992 and 1993. The survival rate estimate for fish 
2 235 mm FL was similar to the estimate from the 
unstratified JS analysis for 1991 (0.50 vs. 0.52) 
and only slightly lower for 1992 (0.34 vs. 0.40). 

HETEROGENEITY IN SURVIVAL 
PROBABILITIES BY SIZE/AGE 

There is little evidence for age or size-specific 
mortality rates for cutthroat trout in our 
experiments (Table 1 1). Estimated survival rates 
from 1991 to 1992 were 0.49 and 0.51 for the 
smallest (180-209 mm FL) and largest (2235 mm 
FL) size groups, respectively, with the estimated 
rate for the mid-sized group (210-234 mm FL) 
marginally higher (0.57). Estimated survival rates 
from 1992 to 1993 ranged from 0.43 to 0.37. The 
average (1991-1992, 1992-1993) annual survival 

Table 3.-Summary of GOF tests to the model used in the 16-event version of the JS experiment from 
1991-1994 on cutthroat trout in Florence Lake. 

Component 1 - Component 2 

Year Period Test statistic P-value Test statistic P-value 

1991 2 7.78 0.0053 

- ___ -~~ 

11 3 25.86 ~0 .0001 9.98 0.0068 
4 11.30 0.0008 28.30 <0.0001 11 

1992 
11 

$ 1  

I, 

1993 
I ,  

I ,  

5 
6 
7 
8 

9 
10 
11 
12 

47.85 
2.46 
8.01 
0.34 

20.24 
4.2 1 
7.34 
1.90 

<0.0001 
0.1 17 
0.0047 
0.562 

<0.0001 
0.040 
0.0067 
0.169 

5.91 
74.46 
13.24 
0.0766 

0.052 
<o.ooo 1 

0.0013 
0.9624 

1.903 
0.3541 
5.237 

32.47 

0.3863 
0.8377 
0.0729 

<0.0001 

1994 13 5.98 0.0145 1.33 0.515 
14 4.57 0.0326 13.88 0.0010 
15 9.44 0.0021 2.45 0.294 

9 1  

f !  
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Table 4.-Breakdown for 1992 and 1993 of statistics for component 1 of the GOF tests to the model used 
in the 4-event version of the JS experiment on cutthroat trout in Florence Lake. (p = probability of capture 
for each group of tagged fish). 

PANEL A: TEST FOR 1992 First captured in First captured in 
1991 1992 

Captured in 1992 and recaptured later 
Expected value 

139.00 
117.55 

400.00 
42 1.45 

Captured in 1992 and not recaptured later 
Expected value 

394.00 l,5 11 .OO 
415.45 1,489.55 

2 
X = 6.42, 1 df, P = 0.01 1 i j +  0.26 0.2 1 

PANEL B: TEST FOR 1993 First captured First captured in 
before 1993 1993 

Captured in 1993 and recaptured later 94.00 304.00 
Expected value 84.07 313.93 

Captured in 1993 and not recaptured later 470.00 1,802.00 
Expected value 479.93 1,792.07 

2 
X = 1.75, 1 df, P = 0.186 i j +  0.17 0.14 

Table 5.-Breakdown for 1993 of statistics for component 2 of the GOF tests to the model used in the 4-event 
version of the JS experiment on cutthroat trout in Florence Lake. (p = probability of capture for each group 
of tagged fish). 

Captured in Captured in First captured 
1991. not in 1992 1991 and 1992 in 1992 

Captured in 1993 
Expected value 

122.00 129.00 339.00 
126.43 119.55 344.02 

Captured in 1994, not in 1993 
Expected value 

25.00 10.00 61.00 
20.57 19.45 55.98 

2 
X = 6.97,2 df, P = 0.03 1 b +  0.17 0.07 0.15 

rates for fish 180-209 mm FL (0.46, SE = 0.02), 
210-234 mm FL (0.49, SE = 0.03), and fish 2235 
mm FL (0.44, SE = 0.03) are not significantly 
different. Although the omnibus test for 
heterogeneity in survival and capture rates 
showed statistically significant differences for 
models describing large fish (a = 0.05 in Table 
1 I ) ,  these differences are too slight to explain 
differences between statistics from the CP and JS 
experiments. 

EFFECT OF HANDLING 

Deleting fish captured more than once a year 
from the data reduced the number of fish in the 
analysis by 18.8% (from 8,607 to 6,993) but 
yielded only minor changes in the estimates 
(Table 12). Estimated abundance from the 
4-event version increased from 5,48 1 to 6, I45 
for 1992, but other estimates are very close to 
those from the full data set; agreement between 
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Table 6.-Residuals from the fitting the log- 
linear model (LLM) to capture histories for the 
4-event version of the JS experiment from 1991- 
1994 on cutthroat trout in Florence Lake. 

Capture Expected Resid- Standardized 
history Count value ual residual 

1 1 1 1  

1110 

0111 

1101 

101 1 

001 1 

1100 

01 10 

1010 

1001 

0101 

0100 

0010 
1000 

000 1 

22 

107 

56 

10 

16 

3 04 

396 

283 

I06 

25 

61 

1,511 

1,804 

1,649 

2,257 

14.96 

86.44 

53.43 

16.50 

18.65 

3 10.97 

417.11 

308.75 

107.78 

20.57 

58.93 

1,489.89 

1,797.04 

1,649.00 

2,257.00 

7.04 

20.56 

2.57 

-6.50 

-2.65 

-6.97 

-21.11 

-25.75 

-1.78 

4.43 

2.07 

21.11 

6.97 

0.00 

0.00 

1.82 

2.2 1 

0.35 

-1.60 

-0.61 

-0.39 

-1.03 

-1.47 

-0.17 

0.98 

0.27 

0.55 

0.16 

0.00 

0.00 

log-linear and JS estimates is also very good. 
Once again, no overlap of confidence intervals 
with CP abundance estimates was achieved 
(Table 13). The most notable change was a 
dramatic improvement in GOF test statistics, 
where P-values increased from 0.004 to 0.203 for 
the JS model and from 0.015 to 0.5 for the LLM. 

In general, the deletion of multiple recaptures 
within years decreased the magnitude of “noisy” 
residuals from the full analysis and produced a 
lesser effect on residuals from fish caught only 
once or twice during the experiment (Table 14). 
The largest effect was on fish caught in all four 
years, although substantial reductions in counts 
and in the magnitude of standardized residuals 
also occurred for fish caught in three of the four 
years. For instance, the count of fish caught in 
1991, 1992, and 1993 decreased from 107 to 39, 
which lowered the log-linear residual from 2.21 
to 0.99. 

Table 7.-Results of likelihood ratio tests from log- 
linear models to test two-level length-stratification 
in the 4-event version of the JS experiment from 
1991-1994 on cutthroat trout in Florence Lake. 
The goal was to maximize total stratum P-value while 
keeping minimum within-stratum P-value >O. 10. 
Asterisks indicate the “best” fit by this criteria. 

Total Minimum 
FL stratum stratum 

(mm) n P-value P-value P-value 

<200 2,779 0.645 
1200  5,995 0.012 0.657 0.012 

<205 3,470 0.824 

1205  5,337 0.009 0.833 0.009 

<210 4,111 0.706 

2210 4,864 0.045 0.751 0.045 

1215  4,737 0.747 

2215 4,084 0.012 0.759 0.012 

<220 5,285 0.877 

2220 3,672 0.006 0.877 0.006 

< 225 5,780 0.491 

2225 3,149 0.031 0.522 0.03 1 

<230 6,185 0.501 

2230 2,710 0.066 0.567* 0.066* 

< 235 6,567 0.058 

2235 2,295 0.197 0.255 0.058 

< 240 6,840 0.013 

2240 1,989 0.462 0.475 0.013 

245 7,154 0.006 

2245 1,641 0.704 0.710 0.006 

TAG Loss 

Because tag loss was estimated at less than 7.5% 
in all years under the worst-case scenario 
described above, we discounted tag loss as a 
significant problem. Although a CP estimate of 
abundance would be biased high as a result of 
undetected tag loss, Arnason and Mills (1981) 
show that tag loss does not affect JS abundance 
estimates if the probability of loss is the same for 
each member of the tagged population. 
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Table 8.-Results of likelihood ratio testing of three- 
level stratification by size in 4-event version of the 
JS experiment from 1991-1994 on cutthroat trout 
in Florence Lake. Asterisks indicate “best” fit. 

stratum Year N i B fia 

Sum of Minimum 
FL(mm) n P-value P-values P-value 

N i B 

<200 2,779 0.645 

2 235 2,295 0.197 

i 2 0 5  3,470 0.824 

2 235 2,295 0.197 

<210 4,111 0.706 

2 235 2.295 0.197 

200-234 4,188 0.062 0.904 0.062 

205-234 3,510 0.011 1.032 0.01 1 

210-234 2,857 0.304 1.207* 0.197* 

<210 4,111 0.706 

2 240 1,989 0.462 

<215 4,737 0.747 

2 235 2,295 0.197 

<215 4,737 0.747 

2 240 1.989 0.462 

210-239 3,154 0.041 1.209 0.04 1 

215-234 2,199 0.113 1.057 0.1 13 

215-239 2,502 0.006 1.215 0.006 

<220 5,285 0.871 

2 240 1,989 0.462 
220-239 1,925 0.002 1.335 0.002 

DISCUSSION 

The discrepancies between CP and JS estimates 
arise largely as a result of where we sampled in 
1991 and 1992, and when we sampled in 1993 
and 1994. During 1991 and 1992, we sampled 
depths 514 m, leaving about a third to half the 
lake unsampled. Any fish in deeper waters 
would have a relatively low chance of being 
caught. Because fish were routinely captured in 
waters to 30 m in 1993 and 1994, and at other 
lakes in Southeast Alaska, indications are that 
fish were present in the unsampled area in 1991 
and 1992. These statistics are far too dramatic to 
be caused by the progress of natural and fishing 
mortality and by growth recruitment. More 
likely their drama comes from some partial, 
random mixing of fish across the boundary 
between sampled and unsampled areas. This is 
just the behavior that has been detected in other 
lakes for the genetically similar species, rainbow 
trout 0. rnykiss (Havens et al. 1992:10,31). 
Under these conditions: 

0 abundance estimates for 1991 and 1992 from 
the 16-event and 4-event versions of the JS 
experiment would be accurate, but only for 
fish residing in the sampled areas; 

Table 9.-Estimates of cutthroat trout abundance, survival rate, surviving recruitment, and probability 
of capture from Jolly-Seber and log-linear models, 1991-1994 study at Florence Lake: data stratified by 
fork length (millimeters). P-values for GOF tests in each stratum were (JS model) 0.574, 0.120, and 0.128; and 
(log-linear model) 0.706, 0.304, and 0.197. 

180-209 1991 0.2343 
1992 1,900 0.20 18 1,700 0.5217 
1993 2,083 0.6222 

0.235 1 
1,923 0.2027 1,718 
2,107 

210-234 1991 0.4098 
1992 1,75 1 0.1923 93 1 0.4067 
1993 1,346 0.6397 

~~ ~~ 

2235 1991 0.5028 
1992 1,540 0.3367 76 1 0.4966 
1993 1,236 0.4472 

~~ ~~ 

0.4122 
1,775 0.1938 1,026 
1,370 

0.5050 
1,552 0.3437 768 
1,30 1 

a Capture probability calculated as ni/Ni . 
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Table 10.-Estimated cutthroat trout abundance and survival rates at Florence Lake, 1991-1994, and 
associated analytical standard errors SEA, bootstrap standard errors SE,, and bootstrap confidence 
intervals (CI) for the 4-event JS experiment, optimally stratified by fork length in millimeters. 

Length stratum A,,,, SEA SEB 95% cra 
180-209 1,900 287 301 (1,309, 2,458) 
2 10-234 1,75 1 270 313 (1,273, 2,556) 

2235 1,540 142 139 (1,208, 1,756) 
Sum 2180 5,191 419 456 (3,790, 6,770 )b 

Length stratum %993 SEA SEB 95% CI 

180-209 2,083 339 355 
210-234 1,346 257 268 

173 
~ 

2235 1,236 176 

Sum 2180 4,665 460 477 

(1,511,2,811) 

(877, 1,525) 

(3,347, 6,347) 

(959, 2,011) 

A 

Length stratum 01991 S E A  SEB 95% CI 
~~~~ 

180-209 0.2343 0.0353 0.0380 (0.1755, 0.3201) 
2 10-234 0.4098 0.0599 0.0630 (0.2999, 0.5564) 

2235 0.5028 0.0450 0.04 15 (0.4248, 0.5896) 
n 

Length stratum 01992 SEA SEB 95% cI 
~ 

180-209 0.2018 0.0341 0.0344 (0.1349, 0.2677) 
210-234 0.1923 0.0388 0.0376 (0.1274, 0.2806) 

223 5 0.3367 0.0479 0.0481 (0.2 154, 0.4084) 

a “Minimum length” bootstrap confidence intervals from RECAP. 

C1 from summing lower and upper bounds of the strata “minimum length” bootstrap confidence intervals. 

estimates of “survival” rates and recruitment 
in 1991 and 1992 would be compromised 
(confounded) with movements within the 
lake; and 

abundance estimates for 1991 and 1992 from 
the CP experiment would also be germane to 
the sampled areas; however, they would be 
biased high as noted below. 

Note that bias in a CP estimate from simultaneous 
recruitment and “mortality” is recruitment divided 
by the “survival” rate. For 1992, that estimated 
bias would be 6,924 fish (= 4,63910.67) and is of 
sufficient size to explain the discrepancy between 
the JS abundance estimate for all 1992 (5,481) 
and the CP estimate ( I  1,563). The same com- 

parison for 1991 falls short because there is no 
estimate for surviving recruitment between the 
first two events of the 16-event version. 

Sampling in the later years ( 1993 and 1994) was 
spread out to cover the lake, but timing was 
advanced to straddle the spawning season. The 
dramatic declines in estimated abundance in the 
later years of the 16-event version of the JS 
experiment (7,745 to 3,230 in 1993 and 11,655 
to 4,066 in 1994), along with the dramatically low 
“survival” rates 0.42 (= 0.65 0 0.71 0.91) in 1993 
and 0.35 (= 0.83 0.42) in 1994 clearly suggest 
that fish were leaving the lake to spawn in 
streams where they were no longer subject to 
capture. The lack of surviving recruitment in 1993 
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Table 14.-Comparison of standardized residuals from log-linear models of cutthroat trout capture 
histories at Florence Lake in the 4-event version of the 1991-1994 JS experiment between the full 
(original) analysis and the analysis after all fish captured more than once within a year were deleted. 

Capture Original Deleted Decrease Original std. Deleted std. 
history count count (% 1 resid. resid. 

1 1 1 1  
1110 
0111 
1101 
101 1 
001 1 
1100 
01 10 
1010 
1001 
0101 
0100 
0010 
1000 
000 1 

22 
107 
56 
10 
16 

3 04 
396 
283 
106 

25 
61 

131  1 
1,804 
1,649 
2,257 

5 
39 
28 
4 

10 
165 
22 1 
195 
70 
19 
44 

1,375 
1,483 
1,375 
1,960 

77.3 
63.6 
50.0 
60.0 
37.5 
45.7 
44.1 
31.1 
34.0 
24.0 
27.9 

9.0 
17.8 
16.6 
13.2 

1.82 
2.21 
0.35 

- 1.60 
-0.61 
-0.39 
-1.03 
- 1.47 
-0.17 
0.98 
0.27 
0.55 
0.16 
0.00 
0.00 

0.57 
0.99 
0.89 

0.46 
-1.19 

-0.52 
-0.24 
-0.58 
-0.50 
0.74 
0.03 
0.10 
0.18 
0.00 
0.00 

and 1994, save for the exceptionally large 8,425 
fish between years, is in stark contrast to estimates 
for earlier years when only part of the lake was 
sampled. The exception of 8,425 fish represents 
the spawning population returning to the lake in 
late 1993 after sampling that year had ended, plus 
some bonaJide growth recruitment. By sampling 
across the spawning season: 

abundance estimates for 1993 and 1994 from 
the 16-event and 4-event versions of the JS 
experiment would be accurate, but only for fish 
subject to being sampled (most likely those 
fish remaining in the lake); 

estimates of survival rates and recruitment in 
1993 and 1994 would be compromised 
(confounded) with movements between the 
lake and tributaries and by any transient 
changes in behavior associated with spawning 
that would reduce the probability of capture 
(an exception exists for estimates from fall 
1992 to spring 1993, as noted below); and 

abundance estimates for 1994 and maybe 1993 
from the CP experiment would be accurate 

and germane to all fish above the minimum 
size (1 80 mm FL) in the population. 

Note the similarity between estimated abundance 
for the first event in the JS experiment in 1994 
(1 1,655) and the CP estimate for that year 
(10,948). Both estimates are accurate. Sampling 
that year was spread out uniformly across the 
lake. Early sampling that year (1 1-20 April and 
perhaps 26 April-5 May) occurred prior to the 
spawning season, when all fish in the population 
were still in the lake to be sampled. The equal- 
probability condition was met for both 
experiments at a time when all fish were present. 
As noted in Seber (1982:71), removal of fish from 
the population for any reason will not bias 
estimated abundance, so long as the removal is a 
random process. Most likely this occurred as 
both marked and unmarked fish left the lake 
later to spawn. Under these conditions, the 
abundance estimate for the CP experiment is 
germane to a combination of the first two 
sampling events. There is similarity between 
estimates in 1993, as well; however, the later start 
of sampling that year (first event 25 Apr i l4  May) 
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may have been too late to catch all the 
population in the lake. Of available survival 
statistics, the survival (0.7 1) and recruitment 
(2,054) estimates for fall 1992 to spring 1993 
are accurate since the entire lake was sampled 
in 1993, if all fish were available for sampling 
during the first sampling trip of 1993. Note, 
however, that these estimates are not annual 
statistics, because significant recruitment and 
mortality (related to spawning, for example) 
probably occurred between the May and 
August sampling trips in 1992. 

The shift to earlier sampling in the later years 
also explains the unusual frequency of multiple 
captures that triggered significance in the GOF 
tests in the JS experiment. Fish marked in 1991 
were subject to capture in 1992 when sampling 
occurred after the spawning season. In 
contrast, fish marked in 1992 and 1993 were 
exposed to recapture only during sampling that 
straddled spawning seasons. Considering that 
most marked cutthroat trout were not exposed 
to capture during much of 1993 and 1994, little 
wonder that the probability of recapturing fish 
marked in 1991 was higher overall, setting up 
the relatively high frequency of multiple 
captures. This situation also explains the 
residuals seen in the log-linear models of 
capture histories. Because so many fish marked 
in 1991 were recaptured in 1992, not being 
recaptured that year would lower the frequency 
of capture histories involving these fish. 
Expectations being averages, these lower 
frequencies would be below expectation. Trap 
happiness would be an alternative explanation 
for this phenomenon; however, that explanation 
is not supported by ancillary results gathered in 
1996 at McKinney Lake, where sampling was 
conducted with two types of gear, including the 
same traps fished in 1994 at Florence Lake 
(Harding et al. In prep). 

The slightly lower probability of capturing 
newly marked vs. previously marked was 
consistent throughout the experiment, even 
though this difference would not have explained 
the trends seen in the abundance and survival 
statistics. Possible explanations are: 

Tag loss in the short term; 
Higher mortality rates in smaller fish; or 

Tag-induced mortality that occurred just 
after release. 

The low rate of tag loss in general argues 
against quick tag loss as a major cause for the 
discrepancy between recapture rates. 
Considering that related species such as 
Y ellowstone cutthroat and sea-run cutthroat 
trout experience high rates of mortality 
associated with spawning (Sumner 1962; 
Gresswell et al. 1994) and that length limits in 
the fishery target larger fish, a higher mortality 
rate for younger fish is also an unlikely cause. 
Tag-induced mortality is the most likely 
explanation, so long as that mortality is realized 
shortly after a newly tagged fish has been 
released. Unfortunately, the spatial and 
temporal patterns in sampling over the four 
years blur conclusions that may be drawn on 
this matter. 

Slight problems in tag-induced mortality as 
evidenced in our study can be solved by using 
an innocuous mark or by basing calculations on 
previously marked cutthroat trout. In the first 
solution, there is no tag-induced mortality. 
Unfortunately, innocuous marks are usually 
batch marks that do not carry enough 
information for more complicated experiments, 
such as JS experiments. If tagging-induced 
mortality is rapid and occurs well before the 
next sampling event, recapture and subsequent 
release of previously marked fish should be 
unaffected. However, estimates from only 
previously marked fish would (potentially) be 
far less precise, as well as less biased. JS 
experiments would also have to be stretched to 
four events to obtain the first unbiased 
estimates of abundance and survival. 

RECOMMENDATIONS 
After four years of sampling, some procedures 
can be recommended to provide accurate, 
efficient estimates of annual abundance, 
survival rates, and surviving recruitment for 
lacustrine populations of cutthroat trout. There 
is more than one way to design an experiment; 
however, one rule is common to all designs: 
fishing effort during each sampling event 
must be spread uniformly ucross the lake 
regardless of the design used. The specific 
options are: 
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THE SPAWNING SEASON STRADDLE 

A two-event CP experiment can produce 
accurate abundance estimates of lacustrine 
cutthroat trout by sampling as soon as possible 
after ice-out (first event) and then later during or 
shortly after the spawning season (second 
event). TheJirst event should be scheduled well 
ahead of the spawning season. Experience at 
Florence Lake is that there will be no growth 
recruitment to the population at that time, 
making the abundance estimate germane to the 
first event. Delaying the second sampling event 
into summer runs the risk of growth recruitment 
biasing the estimate. Efficient sampling (high 
catch rates) is the advantage to straddling the 
season. Experience has been that catch rates 
will be high, and cool water and air 
temperatures in spring reduce stress on captives. 
Marking should be restricted to innocuous 
procedures, like shallow excisions or punched 
holes on finned rays. A JS experiment could 
also straddle the season; however, all statistics 
except early abundance would be useless. Size- 
selective sampling may be indicated during the 
second sampling event under this method, 
because fish not spawning during event 2 are 
likely to be smaller than those spawning. This 
result would be ignored in the analysis, and only 
fish captured during the first sampling event 
would be used to estimate age/length 
composition. Obviously, though, this option 
requires confidence that gear is not size- 
selective. 

THE SUMMER STRATEGY 

A two-event CP experiment can also produce 
accurate abundance estimates if sampling is 
restricted to a short span of time in the summer 
well after the spawning season. However, if 
spawning fish suffer significant mortality during 
or just after spawning, this strategy would not 
reflect that fact. The sampling schedule in 1991 
at Florence Lake is typical of this strategy (so 
long as fishing effort is spread evenly over the 
lake). Sampling events should be close enough 
together to keep mortalities and recruitment 
between events to negligible levels (unlike the 
long duration of the experiment in 1992). 
Relative to straddling the spawning season, 
sampling during the summer is inefficient. 
Catch rates are low, and warm water and air 

temperatures increase stress on captives. Again, 
marking should be restricted to innocuous 
procedures; our evidence is that dart tags cause 
some, but detectable, mortality of marked 
cutthroat trout. 

THE SPRING STRETCH 

A multiple-event JS experiment with a single 
event each spring for at least three years would 
produce accurate estimates of abundance and 
annual survival rates. Sampling must be 
completed well before the spawning season 
begins (the time when the first fish stop 
feeding in preparation for migration to natal 
streams). Sampling would be efficient for the 
same reasons given above for the spawning 
season straddle: high catch rates and cool 
temperatures. Individually numbered tags 
would be used, and if they are dart tags, 
statistics may be biased. Unbiased estimates 
could be obtained by tabulating capture histories 
based on only recaptured fish, but precision of 
estimates would suffer greatly. If the increased 
imprecision from the solution is greater than the 
bias from the problem, living with the bias 
might be a better choice. Four or more 
consecutive years of sampling would also 
produce estimates of surviving recruitment. 

A multiple-event JS experiment with annual 
events in the summer probably would not work 
well. Individually numbered tags would be 
used, and if tagging-induced mortalities result, 
there would be little chance of recovery. Catch 
rates would keep the marked population low, 
and warm temperatures would probably 
exacerbate the tagging-induced mortality. 
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