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Abstract: 22 

Fish escapement is generally monitored using non-replicated systematic sampling 23 

designs, e.g., via visual counts from towers or hydroacoustic counts.  These sampling 24 

designs support a variety of methods for estimating the variance of the total escapement. 25 

Unfortunately, all the methods give biased results, with the magnitude of the bias being 26 

determined by the underlying process patterns.  Fish escapement commonly exhibits 27 

positive autocorrelation and nonlinear patterns, such as diurnal and seasonal patterns.  For 28 

these patterns, poor choice of variance estimator can needlessly increase the uncertainty 29 

managers have to deal with in sustaining fish populations.  We illustrate the effect of 30 

sampling design and variance estimator choice on variance estimates of total escapement 31 

for anadromous salmonids from systematic samples of fish passage.  Using simulated 32 

tower counts of sockeye salmon (Onchorynchus nerka) escapement on the Kvichak 33 

River, Alaska, five variance estimators for non-replicated systematic samples were 34 

compared to determine the least biased.  Using the least biased variance estimator, four 35 

confidence interval estimators were compared for expected coverage and mean interval 36 

width.  Finally, five systematic sampling designs were compared to determine the design 37 

giving the smallest average variance estimate for total annual escapement.  For non-38 

replicated systematic samples of fish escapement, all variance estimators were positively 39 

biased.  Compared to the other estimators, the least biased estimator reduced bias by, on 40 

average, from 12% to 98%.  All confidence intervals gave effectively identical results.    41 

Replicated systematic sampling designs consistently provided the smallest average 42 

estimated variance among those compared.   43 
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Introduction 44 

Annual escapement for anadromous salmonids is often estimated from non-replicated 45 

systematic hourly counts (Seibel 1967), made either visually in clear rivers from elevated 46 

towers (tower counts; Cousens et al. 1982; Anderson 2000) or hydroacoustically in clear 47 

or turbid systems (see review by Ransom et al. 1998).  These escapement estimates are 48 

critical in determining reproductive success of a given brood year and in developing 49 

sustainable fishery management plans (Cousens et al. 1982; Eggers et al.1995; Fair 50 

2004).  Equally critical to sound management are variance estimates of the annual 51 

escapement, ideally ones that have low bias and are efficient.   52 

 53 

There are many variance estimators for non-replicated systematic sampling, yet all are 54 

biased (Yates 1948; Cochran 1977; Wolter 1985).  The best estimator depends on the 55 

process being sampled; an estimator inappropriate for the specific process can give highly 56 

biased or inefficient estimates (Wolter 1985; Skalski et al. 1993).  For example, the naïve 57 

variance estimator, which treats the observations as a simple random sample, pools both 58 

process variation and sampling variation in its estimate.  Simulation studies of processes 59 

exhibiting non-random patterns, such as stratification, autocorrelation, or linear trends, 60 

have shown this estimator can overestimate the true sampling variance by as much as 61 

300% (Wolter  1985, Table 7.3.5; Skalski et al. 1993).  The magnitude of the bias 62 

depends on the exact nature of the underlying process pattern, limiting general 63 

conclusions. 64 

  65 

Fish passage generally exhibits regular patterns in time due to processes such as diurnal 66 

movement behaviors, tidal fluctuations, the impact of commercial fisheries openings, or 67 

seasonal patterns in returns (Becker 1962).  Stratification has been used in attempts to 68 

remove this process variation in non-replicated systematic escapement counts.  One 69 

approach post-stratified observations by count magnitude at the end of the season then 70 

treated the sample as a stratified random sample to estimate sampling variance (Mathisen 71 

1957, referenced in Becker 1962).  This ignores uncertainty associated with estimating 72 

the population strata proportions and does not allow control of sampling effort to achieve 73 

a minimum sample size within each stratum or optimally efficient estimates (Overton and 74 
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Stehman 1996).   Another approach stratified by time, e.g., four or six hour blocks, then 75 

treated the sample as a (systematically) stratified sample to estimate sampling variance 76 

(Table 1; Skalski et al. 1993).  77 

 78 

Tower and hydroacoustic counts of fish escapement are expected to exhibit 79 

autocorrelation and nonlinear patterns.  For such processes, a general review of variance 80 

estimators for non-replicated systematic samples  broadly recommended two estimators 81 

defined further below, termed V4 and V5, with the latter preferable for larger samples 82 

(Wolter 1984, 1985).  The estimators use differences among consecutive observations to 83 

remove short-term autocorrelation and local trends.  However, simulation studies 84 

specifically of fish passage over 2-3 days in dam bypasses comparing these and other 85 

estimators identified V4 and the time-stratified variance estimators as best, with 86 

comparable bias (Skalski et al. 1993).  Thus, the best estimator for a given context 87 

depends on the underlying process and the number of observations.   88 

 89 

Annual escapement is expected to be influenced by different processes than the short 90 

passage series investigated by Skalski et al. (1993).  We therefore compared five variance 91 

estimators for total annual escapement estimates  by simulating tower count samples 92 

using non-replicated systematic sampling (Table 1).  The study simulated non-replicated 93 

systematic samples of tower counts of Kvichak River sockeye salmon escapement in 94 

Bristol Bay, Alaska (Anderson 2000).  The five variance estimators were compared to 95 

find the least biased.  Four confidence interval estimators were also compared in terms of 96 

expected coverage and mean interval width (Table 2).   97 

 98 

Having identified the least biased variance estimator for non-replicated systematic 99 

sampling of tower counts, we then compared five systematic sampling designs to identify 100 

the one with the smallest expected variance estimate (Table 3).   101 

 102 

While focused on counting tower observations, our study methods are applicable to any 103 

systematic sampling context.  The specific conclusions depend on the nature of the 104 

underlying process, and hence directly apply only to systematic sampling of annual fish 105 
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escapement in comparable systems, such as hydroacoustic monitoring of salmon 106 

escapement (e.g. Eggers et al. 1995; Burwen and Bosch 1996).   107 

 108 

Methods 109 

Simulation Study Data 110 

Sampling was simulated on tower passage ‘censuses’ created from Kvichak River tower 111 

count observations of sockeye salmon at Igiugig in 1983 and 2002 (Yuen and Nelson 112 

1987, West 2003).  These years represent the extremes of escapement and catch rates 113 

within a single river system and allow comparison of variance estimators and sampling 114 

schemes on both large and small escapements.   The 1983 Kvichak run had an estimated 115 

harvest of 16.5 million fish and escapement of 3.57 million fish, with 79% exploitation 116 

rate (Yuen and Nelson 1987).  The 2002 run had zero estimated harvest and escapement 117 

of 0.70 million fish (West 2003).  118 

 119 

In 1983, hourly 10-minute tower counts were collected each and every hour from 1700 120 

hour on June 20 until the end of July 23. For the simulation study, a census of complete 121 

10-minute counts was generated using the observed counts from June 27 through July 23 122 

(Figure 1a), the first week of observations being excluded as they were predominantly 123 

zero.    In 2002, hourly 10-minute tower counts were collected each and every hour from 124 

0001 hour on June 21 until the end of July 18.  For the simulation study, a census of 125 

complete 10-minute counts was generated using the observed counts from June 27 126 

through July 18 (Figure 1b), the first days of observations being excluded as they were 127 

predominantly zero. 128 

 129 

Each census of complete 10-minute counts was generated by linearly interpolating 130 

between two consecutive observations then adding random error:  131 

(1) ( ) / 6   1  max 0,
6

census observed observed observed
time i k time i time i time i

k
y y y y ε+ +

� �= + − +� �
� �

 132 

where k= 1, …, 6  identified the 10-minute period (potential sampling event) after 133 

observation i for which a count was being generated, and  134 

(2)  1   1  ~ ( , )time i time i time i time iUniform y y y yε + +− − − . 135 
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 136 

Non-replicated systematic samples 137 

Each year’s census data was used as the basis for simulating two non-replicated 138 

systematic sampling designs: 10 minutes every hour and 20 minutes every 2 hours (Table 139 

3).  Standard protocol for towers in Alaska is to count 10 minutes at the top of every hour 140 

for the duration of the run (Anderson 2000).  All six possible samples under each design 141 

were simulated. 142 

 143 

A sample observation consisted of both a left bank and a right bank component, but all 144 

calculations were based on their sum:   145 

(3) _ _ _  _   _time i time i time iy right count left count= + . 146 

Twenty-four-hour-a-day sampling was simulated. 147 

 148 

Variance Estimators 149 

Each variance estimator (Table 1) was applied to each season sample generated from 150 

each non-replicated systematic sampling design (Table 3).   151 

 152 

Let Ŷ denote the estimated total annual escapement and )ˆ(ˆ YVA  its estimated sampling 153 

variance using estimator A (e.g. ‘A’ = naïve, V2, …).  That is, )ˆ(ˆ YVA  is the square of the 154 

standard error for Ŷ .   Let )ˆ(ˆ YVA  be the expected sampling variance, i.e., the mean, 155 

across all possible samples, of the sampling variance estimates )ˆ(ˆ YVA .  Finally, let 156 

ˆ( )TrueV Y  be the true sampling variance, i.e., the actual variance of Ŷ  across all possible 157 

samples.  The bias of each variance estimator, 158 

(4) ˆ ˆ ˆ ˆ ˆ( ( )) ( ) ( )A A TrueBias V Y V Y V Y= − , 159 

was calculated from all possible samples under each design.   160 

 161 

Confidence Interval Estimators 162 

Four 95% confidence interval estimators were compared using the non-replicated 163 

systematic samples (Table 2).  Each interval estimator was calculated using each variance 164 
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estimator for each simulated annual sample, but only the results from the least biased 165 

variance estimator are reported. 166 

  167 

Interval estimators were compared in terms of their coverage and their mean width.  168 

Coverage was calculated as the percent of the possible samples, under a given sampling 169 

design, whose confidence interval estimates for total escapement actually contained the 170 

true total escapement.  Ideal coverage was 95%.  Interval estimator efficiency was 171 

assessed using the mean interval width, the difference between upper and lower bounds, 172 

across all possible samples for the sampling design. 173 

  174 

Other Systematic Sampling Designs 175 

Three other systematic sampling designs were investigated, each allowing for unbiased 176 

variance estimates: a stratified systematic sampling design and two replicated systematic 177 

sampling designs (Table 3).  All designs maintained a sampling effort of 10 minutes per 178 

hour.  In stratified systematic sampling, four 10 minute periods were randomly selected 179 

in each consecutive four hour period.  The total annual escapement and its variance were 180 

estimated using standard formulas for stratified random sampling (Table 1).     181 

 182 

One replicated systematic sampling design randomly selected four 10 minute periods in 183 

each consecutive four hour period.  These were the starting points of four independent 184 

systematic samples, each 10 minutes per four hours and each providing an estimate of 185 

total annual escapement.  The four estimates were averaged for the final estimated total 186 

annual escapement.  The variance of the four estimates was calculated using the naïve 187 

estimator (Table 1) for an unbiased estimate of Replicated Sys.
ˆ ˆ( )V Y .  Similar procedures held 188 

for the other replicated systematic sampling design of two systematic samples of 10 189 

minutes every two hours (Table 3).  190 

 191 

Design Comparisons 192 

Designs were compared for true sampling variance, ˆ( )TrueV Y , their bias (equation 4), and 193 

and the sample to sample variation of their variance estimates,  194 
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(5) ˆ ˆ( ( ))AVar V Y .  195 

 196 

For non-replicated systematic sampling designs, the variance estimator identified in the 197 

first stage of the study as being least biased was used. Quantities were estimated from all 198 

possible samples (Table 3).  199 

 200 

All simulations and calculations were conducted using S-Plus 6.2 (Insightful, Inc., 201 

Seattle, WA.) or the freeware R language and environment (http://www.r-project.org/).  202 

The variance and confidence interval estimators are available as R / S-Plus functions or 203 

Excel© (Microsoft, Inc, Redmond, WA.) macros from the first author.  204 

 205 

Results  206 

Variance Estimators for Non-replicated Systematic Samples 207 

All estimators were positively biased, with V5 the least biased for both high and low 208 

escapement years under both designs (Table 4).  Compared to the other estimators, using 209 

V5 reduced the bias, on average, from 12% (V4) to 98% (naïve) (Table 4). 210 

 211 

Confidence Interval Estimators 212 

Even using the least biased variance estimator, V5, all interval estimators achieved 100% 213 

coverage versus the nominal 95% coverage for both high and low escapement years 214 

under both non-replicated designs.  Note that this variance estimator was positively 215 

biased and there were only six possible interval estimates for estimating coverage.  While 216 

the interval endpoints differed, the mean interval width for a given year was the same to 217 

three significant figures regardless of interval estimator, hence are not reported.   218 

 219 

Systematic Sampling Designs 220 

Designs greatly differed in their true sampling variation, with the non-replicated designs 221 

performing best and stratified design worst (Table 5, Figure 2).  The general pattern was 222 

fairly consistent across both high and low escapement years (Figure 2). Designs greatly 223 

differed in their bias, with the replicated designs being unbiased and the non-replicated 224 

designs being most biased (Figure 2).  The general pattern of bias was consistent across 225 
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both high and low escapement years (Figure 2).  Designs differed in the sample to sample 226 

variation of their variance estimates, with the stratified and non-replicated designs 227 

varying the least (Table 5).  228 

 229 

Discussion 230 

Sound fisheries management requires accurate and precise estimates of both total 231 

escapement and its variance.  This study showed the large reduction in uncertainty in 232 

total annual escapement of Pacific salmon possible through either careful selection of 233 

variance estimators, in the context of the most common sampling design, or careful 234 

consideration of alternative sampling designs.    235 

 236 

Non-replicated Systematic Sampling 237 

 238 

The dominant sampling design for estimating escapement of Pacific salmon in Alaska is 239 

non-replicated systematic sampling, a design with no unbiased variance estimator 240 

(Cochran 1977).  For this design, the studies that do estimate variance generally employ 241 

either the naïve estimator, which ignores the process variation that can dominate fish 242 

escapement, or V2, which only removes linear process trends (Wolter 1985).   243 

 244 

This study reaffirmed the large bias of the naive variance estimator for nonlinear, 245 

autocorrelated processes such as annual salmon escapement.  However, the magnitude of 246 

the bias was noteworthy:  fishery managers currently using the naïve estimator could 247 

reduce their uncertainty by 97% simply by switching to the V5 estimator (Table 4).  248 

Perhaps more importantly is the finding that even studies using the V2 estimator could 249 

reduce their uncertainty by an average of 38% by switching to V5 (Table 4).  Given that 250 

calculations will be done on a computer, there seems little reason to purposely choose an 251 

estimator other than V5.    252 

 253 

Estimators V4 and V5 were specifically developed to account for autocorrelation and 254 

nonlinear trends in systematic samples (Wolter 1984, 1985).  The naïve estimator 255 

commingles this process variation into its estimate of sampling variation, thus 256 
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overestimating the true sampling variation (Table 4).  The V2 estimator removes only the 257 

linear component of this process variation.  The stratified variance estimator implicitly 258 

assumes a constant escapement process within each 4 hour period.  If the sampled 259 

process exhibits regular patterns within this time scale and they appear in the systematic 260 

samples, then this estimator will commingle that process variation with the sampling 261 

variation. 262 

 263 

When only a linear process trend occurs, estimators V4 and V5 remain effective.  264 

However estimator V2 has more associated degrees of freedom and hence is preferred at 265 

smaller samples (Wolter 1985).       266 

 267 

For managers using non-replicated systematic sampling for processes similar to seasonal 268 

salmon escapement, the V5 estimator is the clear choice for variance estimator (Table 1).  269 

The interval estimators were effectively identical in terms of both mean width and 270 

coverage, so we recommend the familiar normal interval (Table 2). 271 

 272 

These recommendations differ somewhat from a similar study focused on hydroacoustic 273 

counts of fish passages in dam bypasses over two to three day periods on Columbia River 274 

(Skalski et al. 1983).   That study concluded that V4 and stratified estimators were best, 275 

the difference in recommendations arising for from the difference in underlying processes 276 

of interest and the differences in sample sizes available in each study – V4 being 277 

recommended over V5 for smaller sample sizes.     278 

 279 

Other Systematic Sampling Designs 280 

 281 

Of the five systematic designs investigated, the replicated systematic designs were the 282 

best overall, producing small, unbiased variance estimates (Table 5, Figure 2).    The 283 

stratified design, while showing only slight bias, cannot be recommended as its true 284 

variance was at least 70% larger than any other design (Table 5). The non-replicated 285 

designs, while exhibiting sample to sample variation on par with that of the replicated 286 

designs, cannot be recommended because of their bias (Table 5, Figure 2).  Managers 287 
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should consider whether the potential increase in precision and elimination of bias in 288 

variance estimation offered by replicated systematic designs warrants the slight increase 289 

in logistical effort.  290 

 291 

While the replicated designs clearly outperformed the others, no strong recommendation 292 

can be made regarding which replicated design performed best (Table 5, Figure 2).  The 293 

data sets themselves differed greatly in both process magnitude and sources of variation, 294 

e.g., harvest rates, thus the changing performance of the designs merely highlights the 295 

inherent tradeoff between number of replicates and frequency of sampling within a 296 

replicate.  The improvement from choosing either of the replicated designs outweighed 297 

the impact of which design was chosen.  Refinement as to which design could be 298 

investigated via a similar study using historic data for the process of interest.    299 

 300 

Different processes exhibit different patterns and different systematic designs support 301 

variance estimators having different bias and precision.  For processes similar to those 302 

investigated here, consider the recommendations given above; for other processes, apply 303 

the methods illustrated here to historic data or data from a similar study system.  To 304 

simply rely on the most widely employed estimator is to risk needlessly magnifying the 305 

uncertainty associated with your systematic sample estimate. 306 

 307 
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 388 

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

sample of n observations, {yj}, where j indexes observation sequence;  f is the proportion 390 

of the possible observations that were actually collected (f = 1/6 for all simulations in this 391 

study). 392 

Estimator )(ˆ yV  Assumed Design 

Naivea 2

1

(1 )(1 / ) ( ) /( 1)
n

j
j

f n y y n
====

− − −− − −− − −− − −����  
Simple random sample  

Stratifiedb 
 

2
2

1

(1 ) Strata i

i

k
s

i i n
Stratai

N f
=

−� ,  where 

21
,1

1

( )
i

i

n

Stratai i j Stratain
j

s y y−
=

= −�  

Stratified random 

sample  

V2� 2

2

(1 )(1 / ) /(2( 1))
n

j
j

f n a n
====

− −− −− −− −���� , where 

1j j ja y y −−−−= −= −= −= −   

Non-replicated 

Systematic sample 

 

V4c 2

3

(1 )(1 / ) /(6( 2))
n

j
j

f n b n
====

− −− −− −− −���� , where 

1 2 1 1 22 ( ) ( )j j j j j j j jb y y y y y y y− − − − −− − − − −− − − − −− − − − −= − + = − − −= − + = − − −= − + = − − −= − + = − − −  

 

V5� 2

5

(1 )(1 / ) /(3.5( 4))
n

j
j

f n c n
====

− −− −− −− −���� , where 

1 2 3 4/ 2 / 2j j j j j jc y y y y y− − − −− − − −− − − −− − − −= − + − += − + − += − + − += − + − +   

 

Note: The estimated variance of the total escapement, )ˆ(ˆ YV , is the product of )(ˆ yV  and 393 

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

 395 

                                                 
a Cochran (1977). 
b Suggested by Skalski et al (1993); ni units sampled from Ni total units in strata I; fi=ni/Ni 
c Wolter (1985) 
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Table 2.  Total escapement 95% confidence interval estimators for a non-replicated 396 

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

 

Interval 

 

 

Formula 

 

Assumptions 

Normal ˆ ˆ ˆY +/- 1.96 V(Y)  ˆ ˆY~Normal(Y, V(Y))  

Lognormal ( )2
ˆ ˆV(Y)

ŶŶ x exp +/- 1.96   2
ˆV(Y)

Y
ˆlog(Y)~Normal(log(Y), )  

Expanded 

Lognormala 
( )( )2 4

ˆ ˆ3V(Y)1
ˆ ˆY Y

ˆ ˆ ˆY x exp +/- 1.96 V(Y)  +  ( )2 4
ˆ3V(Y)1

Y Y
ˆ ˆlog(Y)~Normal(log(Y), V(Y) )+  

Square 

Rootb 
( )2

ˆ ˆV(Y)
ˆ4YŶ  +/- 1.96  ˆ ˆY ~Normal( Y, V(Y) 4Y)   

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

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

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

Design Daily mean  

escapement, y  

Expansiona  Possible 

Samplesb 

Stratified  

Systematicc 1

6
k

i
Strata i

y N
=

�  
6 x 24 x N 10626N 

Non-replicated 

Systematic  

20 m / 2 H 

1

n

i
i

y n
=
�  

6 x 24 x N 6 

 10 m / 1 H 

1

n

i
i

y n
=
�  

6 x 24 x N 6 

Replicated 

Systematic  

4 @ 10 m / 4 H 4

1 1

4
n

ij
j i

y n
= =

� �
� �
� �

� �  
24 x 24 x N 10626 

 2 @ 10 m / 2 H 2

1 1

2
n

ij
j i

y n
= =

� �
� �
� �

� �  
12 x 24 x N 66 

NOTE:  Total annual escapement is estimated by expanding the daily mean escapement: 401 

Ŷ =(Expansion) x y .  402 

 403 

                                                 
a units/hr x hrs/day x days 
b Number of possible samples given a sampling period of N consecutive days.  
c 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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Table 4.  Bias of non-replicated systematic sample variance estimators for total annual 404 

escapement, by data source year and sampling design.  405 

 1983 Series (units 108) 2002 Series (units 107)  

 10 m / 1 H 20 m / 2 H 10 m / 1 H 20 m / 2 H  

)ˆ(YV  3.4  0.4  9.1  7.9   

Estimator Bias Reduction by V5a  

Naïve 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 

                                                 
a Mean reduction in bias relative to V5 = mean of (1 –bias / biasV5). 
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Table 5.  Comparison of systematic sampling designs in terms of actual and expected 408 

sampling variance of the estimated total escapement and the sample to sample variation 409 

of the sampling variance estimate, by data source year.  410 

 411 

  1983 2002 

  )ˆ(YV  ˆ ˆ( )V Y  ˆ ˆ( ( ))Var V Y  )ˆ(YV  ˆ ˆ( )V Y  ˆ ˆ( ( ))Var V Y  

Design Units   108 108 1016 107 107 1014 

Stratified 4 @  

10 m / 1 H 

20.2 19.1 7.6 15.6 15.4 5.3 

20 m / 2 H 0.4 24.5 61.2 7.9 26.5 75.3 Non-   

Replicated 10 m / 1 H 3.4  12.9 9.6 9.1 11.6 14.2 

Replicated  4 @  

10 m / 4 H 

9.8 9.8 51.7 8.6 8.6 41.8 

 2 @  

10 m / 2 H 

8.4 8.4 86.6 9.4 9.4 140.3 
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Figures 412 

 413 

1. ‘Census’ of 10 minute counts for Kvichak River sockeye salmon escapement – (a) 414 

1983, (b) 2002, created from systematically sampled 10 m / H observations as described 415 

in text.  Noon on each day is marked along the horizontal axis; note change in vertical 416 

scale. 417 

 418 

2. True variance (open triangles) and average estimated variance (solid circles) of the 419 

total escapement estimate under each of the investigated systematic sampling designs 420 

(row), by year (column).  Columns differ in logarithmic horizontal scale (units fish2).  421 

The replicated systematic sampling designs provide unbiased estimates, hence the 422 

symbols overlap. 423 
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