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Abstract:

Fish escapement is generally monitored using non-replicated systematic sampling
designs, e.g., via visual counts from towers or hydroacoustic counts. These sampling
designs support a variety of methods for estimating the variance of the total escapement.
Unfortunately, all the methods give biased results, with the magnitude of the bias being
determined by the underlying process patterns. Fish escapement commonly exhibits
positive autocorrelation and nonlinear patterns, such as diurnal and seasonal patterns. For
these patterns, poor choice of variance estimator can needlessly increase the uncertainty
managers have to deal with in sustaining fish populations. We illustrate the effect of
sampling design and variance estimator choice on variance estimates of total escapement
for anadromous salmonids from systematic samples of fish passage. Using simulated
tower counts of sockeye salmon (Onchorynchus nerka) escapement on the Kvichak
River, Alaska, five variance estimators for non-replicated systematic samples were
compared to determine the least biased. Using the least biased variance estimator, four
confidence interval estimators were compared for expected coverage and mean interval
width. Finally, five systematic sampling designs were compared to determine the design
giving the smallest average variance estimate for total annual escapement. For non-
replicated systematic samples of fish escapement, all variance estimators were positively
biased. Compared to the other estimators, the least biased estimator reduced bias by, on
average, from 12% to 98%. All confidence intervals gave effectively identical results.
Replicated systematic sampling designs consistently provided the smallest average

estimated variance among those compared.
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Introduction

Annual escapement for anadromous salmonids is often estimated from non-replicated
systematic hourly counts (Seibel 1967), made either visually in clear rivers from elevated
towers (tower counts; Cousens et al. 1982; Anderson 2000) or hydroacoustically in clear
or turbid systems (see review by Ransom et al. 1998). These escapement estimates are
critical in determining reproductive success of a given brood year and in developing
sustainable fishery management plans (Cousens et al. 1982; Eggers et al.1995; Fair
2004). Equally critical to sound management are variance estimates of the annual

escapement, ideally ones that have low bias and are efficient.

There are many variance estimators for non-replicated systematic sampling, yet all are
biased (Yates 1948; Cochran 1977; Wolter 1985). The best estimator depends on the
process being sampled; an estimator inappropriate for the specific process can give highly
biased or inefficient estimates (Wolter 1985; Skalski et al. 1993). For example, the naive
variance estimator, which treats the observations as a simple random sample, pools both
process variation and sampling variation in its estimate. Simulation studies of processes
exhibiting non-random patterns, such as stratification, autocorrelation, or linear trends,
have shown this estimator can overestimate the true sampling variance by as much as
300% (Wolter 1985, Table 7.3.5; Skalski et al. 1993). The magnitude of the bias
depends on the exact nature of the underlying process pattern, limiting general

conclusions.

Fish passage generally exhibits regular patterns in time due to processes such as diurnal
movement behaviors, tidal fluctuations, the impact of commercial fisheries openings, or
seasonal patterns in returns (Becker 1962). Stratification has been used in attempts to
remove this process variation in non-replicated systematic escapement counts. One
approach post-stratified observations by count magnitude at the end of the season then
treated the sample as a stratified random sample to estimate sampling variance (Mathisen
1957, referenced in Becker 1962). This ignores uncertainty associated with estimating
the population strata proportions and does not allow control of sampling effort to achieve

a minimum sample size within each stratum or optimally efficient estimates (Overton and
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Stehman 1996). Another approach stratified by time, e.g., four or six hour blocks, then
treated the sample as a (systematically) stratified sample to estimate sampling variance

(Table 1; Skalski et al. 1993).

Tower and hydroacoustic counts of fish escapement are expected to exhibit
autocorrelation and nonlinear patterns. For such processes, a general review of variance
estimators for non-replicated systematic samples broadly recommended two estimators
defined further below, termed V4 and V5, with the latter preferable for larger samples
(Wolter 1984, 1985). The estimators use differences among consecutive observations to
remove short-term autocorrelation and local trends. However, simulation studies
specifically of fish passage over 2-3 days in dam bypasses comparing these and other
estimators identified V4 and the time-stratified variance estimators as best, with
comparable bias (Skalski et al. 1993). Thus, the best estimator for a given context

depends on the underlying process and the number of observations.

Annual escapement is expected to be influenced by different processes than the short
passage series investigated by Skalski et al. (1993). We therefore compared five variance
estimators for total annual escapement estimates by simulating tower count samples
using non-replicated systematic sampling (Table 1). The study simulated non-replicated
systematic samples of tower counts of Kvichak River sockeye salmon escapement in
Bristol Bay, Alaska (Anderson 2000). The five variance estimators were compared to
find the least biased. Four confidence interval estimators were also compared in terms of

expected coverage and mean interval width (Table 2).

Having identified the least biased variance estimator for non-replicated systematic
sampling of tower counts, we then compared five systematic sampling designs to identify

the one with the smallest expected variance estimate (Table 3).

While focused on counting tower observations, our study methods are applicable to any
systematic sampling context. The specific conclusions depend on the nature of the

underlying process, and hence directly apply only to systematic sampling of annual fish
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escapement in comparable systems, such as hydroacoustic monitoring of salmon

escapement (e.g. Eggers et al. 1995; Burwen and Bosch 1996).

Methods

Simulation Study Data

Sampling was simulated on tower passage ‘censuses’ created from Kvichak River tower
count observations of sockeye salmon at Igiugig in 1983 and 2002 (Yuen and Nelson
1987, West 2003). These years represent the extremes of escapement and catch rates
within a single river system and allow comparison of variance estimators and sampling
schemes on both large and small escapements. The 1983 Kvichak run had an estimated
harvest of 16.5 million fish and escapement of 3.57 million fish, with 79% exploitation

rate (Yuen and Nelson 1987). The 2002 run had zero estimated harvest and escapement

of 0.70 million fish (West 2003).

In 1983, hourly 10-minute tower counts were collected each and every hour from 1700
hour on June 20 until the end of July 23. For the simulation study, a census of complete
10-minute counts was generated using the observed counts from June 27 through July 23
(Figure 1a), the first week of observations being excluded as they were predominantly
zero. In 2002, hourly 10-minute tower counts were collected each and every hour from
0001 hour on June 21 until the end of July 18. For the simulation study, a census of
complete 10-minute counts was generated using the observed counts from June 27
through July 18 (Figure 1b), the first days of observations being excluded as they were

predominantly zero.

Each census of complete 10-minute counts was generated by linearly interpolating

between two consecutive observations then adding random error:

k

census observed observed observed

(D Viime i+k/6 — MaAX (0’ Yiimei T ( Viime iv1 ™ Viime i )g + gj

where k= 1, ..., 6 identified the 10-minute period (potential sampling event) after
observation i for which a count was being generated, and

(2) &~ Unlform(_|yzizne i1 ™ Viime 1] Viime is1 ~ Yiime i) -
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Non-replicated systematic samples

Each year’s census data was used as the basis for simulating two non-replicated
systematic sampling designs: 10 minutes every hour and 20 minutes every 2 hours (Table
3). Standard protocol for towers in Alaska is to count 10 minutes at the top of every hour
for the duration of the run (Anderson 2000). All six possible samples under each design

were simulated.

A sample observation consisted of both a left bank and a right bank component, but all
calculations were based on their sum:

3) Viime_i = right _ count

time _i

+ left _count

time _i *

Twenty-four-hour-a-day sampling was simulated.

Variance Estimators
Each variance estimator (Table 1) was applied to each season sample generated from

each non-replicated systematic sampling design (Table 3).

Let Y denote the estimated total annual escapement and \7A (Y) its estimated sampling
variance using estimator A (e.g. ‘A’ = naive, V2, ...). That s, VA (I? ) is the square of the
standard error for ¥ . Let VA (Y ) be the expected sampling variance, i.e., the mean,

across all possible samples, of the sampling variance estimates \7A ). Finally, let

VML,(); ) be the true sampling variance, i.e., the actual variance of ¥ across all possible

samples. The bias of each variance estimator,

(4) Bias(V,(Y)=V,(¥)-V,, (¥,

was calculated from all possible samples under each design.

Confidence Interval Estimators
Four 95% confidence interval estimators were compared using the non-replicated

systematic samples (Table 2). Each interval estimator was calculated using each variance
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estimator for each simulated annual sample, but only the results from the least biased

variance estimator are reported.

Interval estimators were compared in terms of their coverage and their mean width.
Coverage was calculated as the percent of the possible samples, under a given sampling
design, whose confidence interval estimates for total escapement actually contained the
true total escapement. Ideal coverage was 95%. Interval estimator efficiency was
assessed using the mean interval width, the difference between upper and lower bounds,

across all possible samples for the sampling design.

Other Systematic Sampling Designs

Three other systematic sampling designs were investigated, each allowing for unbiased
variance estimates: a stratified systematic sampling design and two replicated systematic
sampling designs (Table 3). All designs maintained a sampling effort of 10 minutes per
hour. In stratified systematic sampling, four 10 minute periods were randomly selected
in each consecutive four hour period. The total annual escapement and its variance were

estimated using standard formulas for stratified random sampling (Table 1).

One replicated systematic sampling design randomly selected four 10 minute periods in
each consecutive four hour period. These were the starting points of four independent
systematic samples, each 10 minutes per four hours and each providing an estimate of
total annual escapement. The four estimates were averaged for the final estimated total

annual escapement. The variance of the four estimates was calculated using the naive

estimator (Table 1) for an unbiased estimate of VR (I?) . Similar procedures held

eplicated Sys.
for the other replicated systematic sampling design of two systematic samples of 10

minutes every two hours (Table 3).

Design Comparisons
Designs were compared for true sampling variance, V, (Y), their bias (equation 4), and

and the sample to sample variation of their variance estimates,
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(5)  Var(V,(Y)).

For non-replicated systematic sampling designs, the variance estimator identified in the
first stage of the study as being least biased was used. Quantities were estimated from all

possible samples (Table 3).

All simulations and calculations were conducted using S-Plus 6.2 (Insightful, Inc.,
Seattle, WA.) or the freeware R language and environment (http://www.r-project.org/).
The variance and confidence interval estimators are available as R / S-Plus functions or

Excel© (Microsoft, Inc, Redmond, WA.) macros from the first author.

Results

Variance Estimators for Non-replicated Systematic Samples

All estimators were positively biased, with V5 the least biased for both high and low
escapement years under both designs (Table 4). Compared to the other estimators, using

V5 reduced the bias, on average, from 12% (V4) to 98% (naive) (Table 4).

Confidence Interval Estimators

Even using the least biased variance estimator, V5, all interval estimators achieved 100%
coverage versus the nominal 95% coverage for both high and low escapement years
under both non-replicated designs. Note that this variance estimator was positively
biased and there were only six possible interval estimates for estimating coverage. While
the interval endpoints differed, the mean interval width for a given year was the same to

three significant figures regardless of interval estimator, hence are not reported.

Systematic Sampling Designs

Designs greatly differed in their true sampling variation, with the non-replicated designs
performing best and stratified design worst (Table 5, Figure 2). The general pattern was
fairly consistent across both high and low escapement years (Figure 2). Designs greatly
differed in their bias, with the replicated designs being unbiased and the non-replicated

designs being most biased (Figure 2). The general pattern of bias was consistent across
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both high and low escapement years (Figure 2). Designs differed in the sample to sample
variation of their variance estimates, with the stratified and non-replicated designs

varying the least (Table 5).

Discussion

Sound fisheries management requires accurate and precise estimates of both total
escapement and its variance. This study showed the large reduction in uncertainty in
total annual escapement of Pacific salmon possible through either careful selection of
variance estimators, in the context of the most common sampling design, or careful

consideration of alternative sampling designs.

Non-replicated Systematic Sampling

The dominant sampling design for estimating escapement of Pacific salmon in Alaska is
non-replicated systematic sampling, a design with no unbiased variance estimator
(Cochran 1977). For this design, the studies that do estimate variance generally employ
either the naive estimator, which ignores the process variation that can dominate fish

escapement, or V2, which only removes linear process trends (Wolter 1985).

This study reaffirmed the large bias of the naive variance estimator for nonlinear,
autocorrelated processes such as annual salmon escapement. However, the magnitude of
the bias was noteworthy: fishery managers currently using the naive estimator could
reduce their uncertainty by 97% simply by switching to the V5 estimator (Table 4).
Perhaps more importantly is the finding that even studies using the V2 estimator could
reduce their uncertainty by an average of 38% by switching to V5 (Table 4). Given that
calculations will be done on a computer, there seems little reason to purposely choose an

estimator other than V5.

Estimators V4 and V5 were specifically developed to account for autocorrelation and
nonlinear trends in systematic samples (Wolter 1984, 1985). The naive estimator

commingles this process variation into its estimate of sampling variation, thus
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overestimating the true sampling variation (Table 4). The V2 estimator removes only the
linear component of this process variation. The stratified variance estimator implicitly
assumes a constant escapement process within each 4 hour period. If the sampled
process exhibits regular patterns within this time scale and they appear in the systematic
samples, then this estimator will commingle that process variation with the sampling

variation.

When only a linear process trend occurs, estimators V4 and V5 remain effective.
However estimator V2 has more associated degrees of freedom and hence is preferred at

smaller samples (Wolter 1985).

For managers using non-replicated systematic sampling for processes similar to seasonal
salmon escapement, the V5 estimator is the clear choice for variance estimator (Table 1).
The interval estimators were effectively identical in terms of both mean width and

coverage, so we recommend the familiar normal interval (Table 2).

These recommendations differ somewhat from a similar study focused on hydroacoustic
counts of fish passages in dam bypasses over two to three day periods on Columbia River
(Skalski et al. 1983). That study concluded that V4 and stratified estimators were best,
the difference in recommendations arising for from the difference in underlying processes
of interest and the differences in sample sizes available in each study — V4 being

recommended over V5 for smaller sample sizes.

Other Systematic Sampling Designs

Of the five systematic designs investigated, the replicated systematic designs were the
best overall, producing small, unbiased variance estimates (Table 5, Figure 2). The
stratified design, while showing only slight bias, cannot be recommended as its true
variance was at least 70% larger than any other design (Table 5). The non-replicated
designs, while exhibiting sample to sample variation on par with that of the replicated

designs, cannot be recommended because of their bias (Table 5, Figure 2). Managers

10
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should consider whether the potential increase in precision and elimination of bias in
variance estimation offered by replicated systematic designs warrants the slight increase

in logistical effort.

While the replicated designs clearly outperformed the others, no strong recommendation
can be made regarding which replicated design performed best (Table 5, Figure 2). The
data sets themselves differed greatly in both process magnitude and sources of variation,
e.g., harvest rates, thus the changing performance of the designs merely highlights the
inherent tradeoff between number of replicates and frequency of sampling within a
replicate. The improvement from choosing either of the replicated designs outweighed
the impact of which design was chosen. Refinement as to which design could be

investigated via a similar study using historic data for the process of interest.

Different processes exhibit different patterns and different systematic designs support
variance estimators having different bias and precision. For processes similar to those
investigated here, consider the recommendations given above; for other processes, apply
the methods illustrated here to historic data or data from a similar study system. To
simply rely on the most widely employed estimator is to risk needlessly magnifying the

uncertainty associated with your systematic sample estimate.

Acknowledgements

This research was supported by the U.S. Fish and Wildlife Service, National Wildlife
Refuges; U. S. Geological Survey, Alaska Science Center; and the Alaska Department of
Fish and Game Division of Commercial Fisheries. The manuscript was greatly improved
thanks to insightful reviews from Julie Meka, Karen Oakley, Scott Raborn, Dan Reed,
and Mark Udevitz.

11



314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344

to appear in: C. A. Woody, ed Sockeye salmon ecology, evolution, and management. American Fisheries
Society, Symposium No. 54, Bethesda, Maryland. 20 October 2006

References
Anderson, C. J. 2000. Counting tower projects in the Bristol Bay area, 1955-1999.
Alaska Department of Fish and Game, Division of Commercial Fisheries.

Regional Information Report No. 2A00-08. Anchorage, AK.

Becker, C. D. 1962. Estimating red salmon escapements by sample counts from
observation towers. U.S. Fish and Wildlife Service Fishery Bulletin 192 (61):
355-369.

Burwen, D. and D. Bosch. 1996. Estimates of Chinook salmon abundance in the Kenai
River using split-beam sonar, 1995. Alaska Department of Fish and Game

Fishery Data Series No. 96-9, Anchorage, Alaska.

Cochran, W. G. 1977. Sampling Techniques. John Wiley & Sons. New York, NY.

Cousens, B. F., G. A. Thomas, C. G. Swann, and M. C. Healey. 1982. A review of
salmon escapement estimation techniques. Canadian Technical Report of

Fisheries and Aquatic Sciences No. 1108.

Eggers, D. M., P. A. Skvorc, II, and D. L. Burwen. 1995. Abundance estimates of
Chinook salmon in the Kenai River using dual-beam sonar. Alaska Fishery

Research Bulletin 2(1):1-22.

Fair, L. F., B. G. Bue, R. A. Clark, and J. J. Hasbrouck. 2004. Spawning escapement
goal review of Bristol Bay salmon stocks. Alaska Department of Fish and Game,
Division of Commercial Fisheries. Regional Information Report No. 2A04-17.

Anchorage, AK.

Mathisen, O.A. 1957. A stratified sampling program for visual tower counting, 1957.
University of Washington, Fisheries Research Institute, Seattle, WA.

12



345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375

to appear in: C. A. Woody, ed Sockeye salmon ecology, evolution, and management. American Fisheries
Society, Symposium No. 54, Bethesda, Maryland. 20 October 2006

Overton, W. S., and S. V. Stehman. 1996. Desirable design characteristics for long-term
monitoring of ecological variables. Environmental and Ecological Statistics 3(4):

349-361.

Ransom, B. H., S. V. Johnston, and T. W. Steig. 1998. Review on monitoring adult
salmonid (Oncorhynchus and Salmo spp.) escapement using fixed-location split-

beam hydroacoustics. Fisheries Research 35:33-42.

Seibel, M. C. 1967. The use of expanded 10-minute counts as estimates of hourly salmon
migration past counting towers on Alaskan rivers. Alaska Department of Fish and

Game Informational leaflet 101, Juneau, AK.

Skalski, J. R., A. Hoffmann, B. H. Ransom, and T. W. Steig (1989). A Monte Carlo study
of sampling precision and confidence interval construction for hydroacoustic

passage indices. Chelan County, PUD No. 1, Wenatcheee, WA. 140 p.

Skalski, J. R., A. Hoffmann, B. H. Ransom, and T. W. Steig. 1993. Fixed-location
hydroacoustic monitoring designs for estimating fish passage using stratified
random and systematic sampling. Canadian Journal of Fisheries and Aquatic

Sciences 50(6):1208-1221.
West, W. F. 2003. Abundance, age, sex, and size statistics for Pacific salmon in Bristol
Bay, 2002. Alaska Department of Fish and Game, Division of Commercial

Fisheries. Regional Information Report No. 2A03-23. Anchorage, AK.

Wolter, K. M. 1984. An investigation of some estimators of variance for systematic

sampling. Journal of the American Statistical Association 79(388): 781-790.

Wolter, K. M. 1985. Introduction to Variance Estimation. Springer-Verlag. New York,
NY.

13



376
377
378
379
380
381
382
383
384
385
386
387

to appear in: C. A. Woody, ed Sockeye salmon ecology, evolution, and management. American Fisheries
Society, Symposium No. 54, Bethesda, Maryland. 20 October 2006

Yates, F. 1948. Systematic Sampling. Philosophical Transactions of the Royal Society
of London, Series A 241 (834): 345 - 377.

Yuen, H.J. and M.L. Nelson. 1987. 1983 Bristol Bay salmon (Oncorhynchus sp.) - a
compilation of catch, escapement, and biological data. Alaska Department of
Fish and Game, Division of Commercial Fisheries. Technical Data Report 191.

Juneau, AK.

Footnotes
a. Current address: NOAA/ NMFS FRAM Division, 2725 Montlake Blvd. E, Seattle,
WA 98112. Nancy.Gove@noaa.gov, ph: 206-302-2413, FAX: 206-860-6792

14



to appear in: C. A. Woody, ed Sockeye salmon ecology, evolution, and management. American Fisheries
Society, Symposium No. 54, Bethesda, Maryland. 20 October 2006

388

389  Table 1. Estimators for variance of total estimated escapement,V(Y) , from a systematic

390  sample of n observations, {y;}, where j indexes observation sequence; fis the proportion
391  of the possible observations that were actually collected (f = 1/6 for all simulations in this

392 study).

Estimator V(y) Assumed Design

Naive® Simple random sample

A= 1A WYy, =57 M =1)

Stratified” &, o 2 Stratified random
Z N; (l_f,)—n , where

Stratai=1

n; ,
_ | =
SSiratai = n;—1 Z (yi,j yStratui)
Jj=1

sample

V2° LB, Non-replicated
a- f)(l/n)Zaj /(2(n—1)), where
=2 Systematic sample
a,=y;=JYja
Y "
a- f)(l/n)ij /(6(n—2)), where
j=3
bj =); _2yj—1 Yo =(yj _yj_l)_(yj_l _yj_z)
V5¢

a- f)(l/n)i c? /(3.5(n—4)), where

;=Y 12=y, 4y, =Yty /2

393  Note: The estimated variance of the total escapement, ‘7(? ), is the product of V(i) and

394  the square of an expansion factor dictated by the sampling design (see Table 3).
395

* Cochran (1977).
b Suggested by Skalski et al (1993); n; units sampled from A; total units in strata I; f;=n/N;
“ Wolter (1985)
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396  Table 2. Total escapement 95% confidence interval estimators for a non-replicated

397  systematic sample {y;} of n observations (from Skalski et al. 1989, 1993).

Interval Formula Assumptions

Normal ¥ +- 1,96V (%) Y~Normal(Y, V(Y))

Lognormal ¢ exp( +/-1.96 v(%z) log(Y)~Normal(log(Y), V(%z)

Expanded ¢ exp( +/-1.96 \/\A,(?)( 2 +3Vo‘%4)) log(Y)~Normal(log(Y), V(ﬁ?)( o +3V<%4))
Lognormal®

Squatr)e ( 85 +/-1.96 wf%{)z Y ~Normal (WY, V(¥)/4Y)

Root

398 Note: Log-transformations suggested by right-skewed observations.

 Skalski et al. (1993)
b Skalski et al. (1989)
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399  Table 3. Systematic sampling designs investigated for estimating total sockeye salmon

400  escapement from tower counts (see Becker 1962, Anderson 2000).

Design Daily mean Expansion”  Possible
escapement, y Samplesb
Stratified ko 6x24x N 10626"
Z y: [6N
Systematic® Stratai=1
Non-replicated 20m/2H Z": / 6x24xN 6
Yi/n
Systematic i1
10m/1H U 6x24xN 6
z Yi/n
i=1
Replicated 4@10m/4H

4 (o 24 x 24 x N 10626
z y; /n|/4
Systematic PN
2@10m/2H 2 (& 12x24 x N 66
2\ 2y /n /)2

j=1\i=l

401  NOTE: Total annual escapement is estimated by expanding the daily mean escapement:
402 Y =(Expansion) x y.
403

* units/hr x hrs/day x days

" Number of possible samples given a sampling period of N consecutive days.

¢ Simple random sample of four 10 m counts from each consecutive 4 hour period, proposed by Skalski et
al. (1993). This design uses the sample mean escapement of each consecutive four hour observation strata.
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404  Table 4. Bias of non-replicated systematic sample variance estimators for total annual

405  escapement, by data source year and sampling design.

1983 Series (units 108) 2002 Series (units 107)
10m/1H 20m/2H 10m/1H 20m/2H

V(Y) 34 0.4 9.1 7.9
Estimator Bias Reduction by V5*
Naive 233.6 1878.6 111.9 934.1 97.5%
Stratified 18.6 39.6 7.9 22.1 40.8
V2 12.6 39.6 5.9 31.1 37.8
V4 9.6 29.6 3.9 20.1 11.9
V5 9.6 24.6 2.9 19.1
406
407

# Mean reduction in bias relative to V5 = mean of (1 —bias / biasys).
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Table 5. Comparison of systematic sampling designs in terms of actual and expected

sampling variance of the estimated total escapement and the sample to sample variation

of the sampling variance estimate, by data source year.

1983 2002
V) vy VarV{E) V) v@) Var(V(Y)
Design Units  10° 10° 10" 107 107 10"
Stratified 4@ 202 19.1 76 156 154 5.3
10m/1H
Non- 20m/2H 04 245 61.2 79 265 75.3
Replicated I0m/1H 34 12.9 9.6 9.1 11.6 14.2
Replicated 4@ 98 98 51.7 8.6 8.6 41.8
10m/4H
2@ 84 8.4 86.6 9.4 9.4 140.3
10m/2H
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Figures

1. ‘Census’ of 10 minute counts for Kvichak River sockeye salmon escapement — (a)
1983, (b) 2002, created from systematically sampled 10 m / H observations as described
in text. Noon on each day is marked along the horizontal axis; note change in vertical

scale.

2. True variance (open triangles) and average estimated variance (solid circles) of the
total escapement estimate under each of the investigated systematic sampling designs
(row), by year (column). Columns differ in logarithmic horizontal scale (units fish?).
The replicated systematic sampling designs provide unbiased estimates, hence the

symbols overlap.
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