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INTRODUCTION

Estimating the abundance of spawning salmon within a river system, termed escapement, is central
to ""lid salmon management throughout much of Alaska. The Constitution of the State of Alaska
mandates natural resources, including salmon populations, to be managed on a sustained yield basis.
The approach to salmon management has largely shifted from one designed to maintain a fixed
harvest rate to a more robust strategy to achieve fixed escapement goals (Eggers, 1993).
Commercial, sport, and subsistence salmon fisheries are all managed to achieve established
escapement goals. The Salmon Escapement Goal Policy of the Alaska Department of Fish and
Game (ADFG, 1992) provides guidelines for the establishment of escapement goals. Escapement
goals are intended, where possible, to maximize average arumal yields from the resource, and
otherwise sustain historic yields into the future. Occasionally, the Alaska Board of Fisheries will
modify a biological escapement goal, establishing an optimum escapement goal that takes socio­
economic factors into consideration. Nevertheless, the entire system of managing salmon within the
State of Alaska is designed to allow a specified number of salmon to escape fisheries and produce
future returns. This system requires that information on escapements be obtained to either support
management decisions while a fishery is occurring,. or evaluate management's effectiveness after a
fishery has concluded.

Information on escapements is obtained using a number of techniques. Aerial observations of
escapements are commonly employed in remote areas, or where the number of systems is too large
to permit assessment using other techniques (e.g., Bergstrom et al., 1998). Several types of sonar
systems are used in a number of rivers ranging in size from the Yukon River mainstem (Maxwell
and Huttunen, 1998) to much smaller tributaries (e.g., Vania, 1998). Mark-recapture techniques are
used in a number of locations (e.g., Hebert and Bruden, 1998). Weirs, which are becoming more
common in some areas of the State, can provide a complete enumeration of salmon passage in
locations where they can be used (e.g., Cappiello, 1998).

The 'Use of counting towers, raised platforms from which an observer counts migrating salmon, is
also relatively common in some areas of the state. Counting towers can be used on relatively small
clear-water rivers where the entire width of the river can be viewed from the platform. Projects
using a tower on each bank are occasionally implemented on slightly larger systems (e.g., Menard
and Caole, 1999). Where they can be used, towers provide a relatively cost-effective and
technologically simple method of estimating salmon escapement. Salmon passing a tower site are
rarely, if ever, counted continuously through time. Rather, a temporal sampling design, or counting
schedule, is adopted. The total number of salmon passing the site is estimated using a method based
on the temporal sampling design.

A variety of sampling designs have been employed-at counting tower projects. For example, Rob
(1999) describes a project in which salmon are countcd for 30 minutes of each hour, 24 hours a
day, and Rob (1995) describes one project in which 3 different temporal sampling designs were
employed during a single season. These temporal sampling designs are likely representative of
most, or all, of the designs currently in use. In many cases, sampling designs seem to be selected
for logistical or conceptual reasons. However, little work seems to have been done on the
statistical properties of the estimators stemming from the various sampling designs. The
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objective of this simulation study is to compare the performance of the sampling designs
described by Rob (1995, 1999).

SIMULATION STUDY DESIGN

Modeling Salmon Escapement

Escapements were modeled to occur over a 49-day period. Although only the relative abundance
of salmon over time is of interest, a fixed total escapement of 25,000 salmon was used in all
simulations to allow the study to be conducted with integer numbers of salmon. Mean
escapement per hour was constructed using a two-component model, a mean daily escapement
(OEM) model and a mean hourly escapement (HEM) model, given daily escapement.

Three OEM's were considered in the study; a symmetric uni-modal model, a skewed model, and
a bi-modal model. Variation about the mean daily escapement was introduced by multiplying the
mean escapement for each day by an independent uniform random variable (Stuart and Ord,
1994) distributed in the interval (l-k, 1+k). Three levels of daily variability (DV) were
considered in the simulation study. Setting k to 0 produced no variation from the mean daily
escapement, setting k to 0.25 produced daily escapements that were uniformly distributed within
25% of the mean, and setting k to 0.5 produced daily escapements that were uniformly
distributed within 50% of the mean daily escapement. Stochastic daily escapement was then
obtained by scaling these values in such a way that the value for each day was an integer, and all
values summed to 25,000. Figures 1 through 3 portray the mean daily escapement for the
symmetric, skewed, and bimodal models, respectively, along with the lower and upper limits of
the uniformly distributed deviations from the mean.

HEM's were used to distribute the escapement for a day across hours. Four HEM's, named to
reflect the presence and strength of daily patterns in the mean hourly escapement, were
considered in the study (Table I, Figure 4). The No Die! model represents mean relative
abundance that is constant for all hours of a day. The Slight Diel, Moderate Diel, and Strong Diel
models reflect cases in which an increasingly large proportion of the daily escapement occurs
during fewer hours of the day (Figure 4).

Variation about the HEM's was introduced using random multinomial vectors (Stuart and Ord,
1994). Four levels of hourly variability (HV) were considered. In the most variable case, random
multinomial vectors with mean proportions equal to the proportions of the HEM were generated
using a sample size of 50. This was taken as the reference level of variability, with reference
level I, and 3 less variable cases were considered by increasing the multinomial sample size.
Multinomial sample sizes of 90, 200, and 800 resulted in the standard deviations of the simulated
hourly escapement proportions being approximately 3/4, 1/2, and 1/4 that of the reference level,
respectively. The 4 HEM's are individually graphed in Figures 5 to 8, along with 95%
confidence limits for each of the four levels ofHV. For each day, the total daily escapement was
multiplied by hourly proportions from a stochastic multinomial vector. Hourly escapement was
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then obtained by rounding those values to integers such that their sum equaled the total daily
escapement.

A OEM and HEM, along with levels of variability about each, were used in combination to
model salmon passage per hour for the entire 49-day simulation period. All possible
combinations of the 3 OEM's, 3 levels ofOV, 4 HEM's, and 4 levels ofHV were considered in
the study, totaling 144 combinations.

Temporal Sampling Designs

A total of 5 temporal sampling designs, similar to the models described by Rob (1995,1999) were
compared in the simulation study. Four levels of sampling inteqsity (SI) were considered for each
sampling design, corresponding to salmon being counted for 1/6, 1/4, 1/3, and 1/2 of the total time
in the 49-day simulation period. For a given level of SI, the total time salmon were counted was
equal for all the sampling designs, but the designs differed in how the counting time was allocated
among days and hours within days. Each level of SI was applied to each of the 144 combinations of
escapement per day and escapement per hour, resulting in a total of 576 simulations. .

In the Constant sampling design, salmon are counted for a fixed number of minutes during each
hour of each day. The four levels of SI correspond to 10, 15,20, and 30 minutes of counting each
hour (Table 2). Rob (1999) describes the estimation of the total escapement based on the observed
counts.

Two types of two-stage designs were considered in the simulation study. Under the Type I design,
counts are made during some portion of all days each week. For 6 days each week, salmon are
counted for a portion of the 18 hours of each day having the highest mean hourly escapement. On
one slay each week, salmon are counted for a portion ofeach hour of the day. The counting time per
hour for the Type I design under each level of SI is presented in Table 3. The Type II design is
similar to the Type I design, but counts are only made during 6 days each week (Table 4). Rob
(1995) describes the estimation of total escapement under the two-stage designs.

Two types of rotating designs were considered in the simulation study. In the rotating designs, each
day is divided into three 8-hour shifts. Under the Type I design, counts are made during a portion of
each hour during 2 of the shifts on one day, established to consist of the hours with the greatest
mean passage, and counts are made during the third shift on the following day. That counting
schedule is repeated every other day throughout the simulation period. The counting schedules for
the Type I design under each level of SI are presented in Table 5, In the Type II design, the 8 hours
having the greatest mean hourly passage comprise one shift, and counts are made during a portion
of each hour of that shift on every day. Counts during the other two shifts are rotated on a 3-day
basis. Counts are made during one of the rotating shifts on the ftrst day, counts are made during the
second rotating shift on the second day, and no counts are made during either rotating shift on the
third day. That counting schedule is repeated every three days throughout the simulation period. The
counting schedule for the Type II design under each level of SI is presented in Table 6. Rob (1995)
describes the estimation of total escapement under the rotating sampling designs.

3



Simulating Counting Tower Observations

The simulation of salmon escapement described above results in a stochastic model of escapement
for each hour of each day. Escapement per hour was equal for all sampling designs. For each level
of SI, a given number of minutes lII"e counted in each hour under each sampling design (Tables 2-6).
The number of salmon observed during the time counted was modeled as a binomial random
variable (Stuart and Ord, 1994). The sample size parameter of the binomial distribution was the
escapement during the hour, and the probability parameter was the proportion of time escapement
was observed. A binomial random variable was generated independently for each sampling design.
Therefore, each sampling design had the same sample size parameter, but differing probability
parameters.

The Computer Program

The simulation was performed using a computer program written in the FORTRAN programming
language. The program was compiled using the professional version of the Oigital Equipment
Corporationl Visual FORTRAN compiler. A total of 10,000 simulations were conducted for each of
the 576 combinations of a OEM, OV, HEM, and HV. The relative bias, coefficient of variation
(CV), and skewness coefficient of the 10,000 escapement estimates were computed for each of the 5
sampling designs.

RESULTS

A complete set of summary statistics is presented in Appendix A. Trends in the performance of the
sampling designs were very similar for all three OEM's. For that reason, only the results for the
symmetric OEM (Figure I) will be discussed further.

This simulation study examined the performance of the sampling designs under conditions arising
from the combination of 4 independent factors (DV, HEM, HV, and S1). Because we have found it
somewhat challenging to summarize the complexity of the results in a meaningful fashion, the
results have been divided into 2 sections. The first section presents the results from the perspective
of single factors. In the second section, we attempt to summarize trends observed across all 4
factors.

Single Factor Summaries

For a given factor, a summary was constructed by computing the average bias and CV of each
sampling design for each level of the factor, averaging across all levels of the other three factors.
This provides a relatively simplistic overview of the performance of the sampling designs with
respect to a single factor, but it masks interactions between factors that may exist. For that reason,

I Use of product names does not constitule endorsement by !he Alaska Department of Fish and Game.
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conclusions drawn only from these summaries, without consideration of possible interactions, could
possibly be misleading.

Variation about the DEM (DV) did not appear to affect the bias displayed by any of the sampling
designs (Figure 9). Similarly, the CV of the Constant, Two-Stage: Type I, and Rotating: Type II did
not vary with the level of DV, although the CV of the Constant design was markedly smaller than
that of the other designs. The CV of the Two-Stage: Type II and Rotating: Type 1 designs increased
as the level ofDV increased.

The Rotating: Type II sampling design was the only sampling design whose bias changed as a
function of the variability about the HEM (HV). This sampling design displayed a consistent
positive bias, which decreased as the level of variability decreased (Figure 10). The CV of the
Constant sampling design did not vary with HV, and was also smaller than the CV of the other
sampling designs. The CV ofall other sampling designs increased as the level of HV increased.

Bias of the Two-Stage: Type II and Rotating: Type II sampling designs varied among the HEM's,
while the other designs were relatively unbiased for all HEM's (Figure II). The Two-Stage: Type II
design displayed a negative bias, while the Rotating: Type II design displayed a positive bias
(Figure II). In both cases, the bias decreased as the diel pattern in the HEM became more
pronounced, and both sampling designs were essentially unbiased under the Strong Diel HEM. The
CV of the Two-Stage: Type I, Two-Stage: Type II, and Rotating: Type II sampling designs
decreased as the diel pattern in the HEM became more pronounced, while the CV of the Rotating:
Type 1design appeared to increase slightly. The CV of the Constant design was constant among the
HEM's, and nearly always smaller than the CV's of the other designs.

Sampling intensity (S1) did not appear to affect the bias of any sampling design, and the CV of all
designs decreased as SI increased (Figure 12). The CV of the Constant sampling design was
consistently smaller than that of the other designs at all levels of S1.,

Multiple Factor Summaries

For the symmetric DEM, there were 12 combinations of DV (3) and HEM (4). The simulation
results for these 12 combinations are graphically summarized in Figures 13-24. Within each of these
12 figures, the relative bias and CV of each sampling design are compared for each of the 16
combinations of HV (4) and SI (4). The performance of each sampling design is summarized using
two circles (e.g., Figure 13). The area of the solid-colored circles is proportional to the magnitude of
the bias, with black indicating positive bias and gray indicating negative bias. The area of the open
circles is proportional to the CV. Qualitatively, large circles indicate poor performance, and small
circles indicate superior performance. The size of the circles is standardized across all 12 figures.

The Constant design was essentially unbiased in all cases. The CV of this sampling design is also
quite stable, and appears nearly unchanged with respect to all factors involved in simulating salmon
escapement, with the exception of the SI. The CV decreased as the SI increased for all combinations
of DV, HEM, and HV, although the decrease was relatively slight. Overall, the Constant design

5



( consistently provided the best estimates, and it appears to be a very robust design across all factors
\ considered in this study.
\

The Two-Stage: Type 1 samp~ing design tended to have a larger CV than the Constant design, and
displayed a persistent positive bias. This design appears insensitive to variability about the DEM
(HV). For example, consider the results in Figures 13, 17, and 21. These figures represent the No
Diel HEM across the three levels of DV, and both the bias and CV are nearly identical in these 3
figures. When the level ofDV is held constant, the bias and CV decrease to the level of the Constant
design as the strength of the diel pattern in the HEM increases (e.g., Figures 13-16). For a given
combination ofDV and HEM, the bias and CV decrease as the level ofHV decreases and as the SI
increases (e.g., Figure 13).

The Two-Stage: Type II sampling design is also more variable than the Constant design. Unlike the
Type I design, bias was consistently negative. The Two-Stage-Type II design appears more
sensitive to DV than the Type I design (e.g., Figures 13, 17,21). When variability about the DEM
was low, the CV decreased as the level ofHV decreased and the SI increased (Figure 13). However,
as the level of HV increased, that trend disappeared and the CV became essentially constant (Figure
21). This effect was amplified as the diel pattern became increasingly pronounced (e.g., Figure 24).
The bias of this sampling design decreased as the strength of the diel pattern became more
pronounced (e.g., Figures 13-16), but the bias was relatively constant for any given combination of
DV and HEM. One unusual characteristic of this sampling design is that bias tended to increase as
the level ofHV decreased and the SI increased (e.g., Figure 18).

Like the Constant sampling design, the Rotating: Type I design appears to be essentially unbiased in
all situations considered in this study. However, the CV of this design is consistently greater than
that of the Constant design. Also, this design is not robust to DV. When the level ofDV is low (e.g.,
Figure 13), the CV decreases as the level of HV decreases and the SI increases. In addition, the CV
decr~ases as the strength of the pattern in the hourly escapement model increases (e.g., Figures 13­
16). However, like the Two-Stage: Type 2 sampling design, both of these trends disappear as the
level ofDV increases (e.g., Figures 16,20,24).

Trends in the results for the Rotating: Type II sampling design are nearly identical to those observed
for the Two-Stage: Type 1 design, but the bias of this design was consistently greater than the bias
of the Two-Stage: Type 1design.

DISCUSSIO

".-

(

Relatively simple models were used to simulate escapements through time, and there is no
guarantee that the simulations accurately mimic nature. The perfonnance of all the estimators would
most likely degrade under natural conditions, relative to the results obtained in this study. In
particular, the use of a binomial model to simulate tower observations almost certainly produced
observations with artificially reduced variability. In addition, aspects of operation such as observer
bias, visibility problems, species identification, etc. were not addressed in the simulation. However,
we believe the study results accurately reflect fundamental properties of the sampling designs,
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although the differences in the designs would likely be amplified in the field. For these reasons, we
believe the simulation results provide meaningful insights into the relative performance of the
sampling designs and can aid in the selection of a design for a particular application.

Temporal sampling designs in which a fixed number of minutes are counted each hour consistently
produced superior estimates in the simulation study. Moreover, the estimates were very stable
across the range of conditions considered in the simulation study. The most likely explanation for
this is that by monitoring escapements regularly over short time intervals, large scale changes in
escapement through time are likely to be observed; only low-level changes that occur over short
intervals are likely to be unobserved. If the statistical quality of escapement estimates is the only
consideration in selecting a sampling design, such a design is clearly the best choice among the
designs we considered.

There are conditions under which the two-stage and rotating designs perform well, and conditions
under which they perform poorly. The two-stage sampling designs are intended to exploit daily
patterns in escapement by concentrating counting effort at times when the escapement is expected to
be greatest. When escapements vary strongly among the hours of a day in a very stable and
predi'ctable manner, these designs can be effective. However, even in the conditions best suited for
these designs, the statistical properties of the estimator, in general, only approach that of the
Constant design. When no counts are made during one day each week, the variability of the
estimator increases with the variability in day-to-day escapements, and a negative bias appears to be
introduced. The rationale underlying the rotating designs is unknown to us, unless they were
primarily developed to be logistically convenient. In general, these designs appear to be more
sensitive to characteristics of the migration, and their performance might therefore be more difficult
to predict or understand. We would recommend that patterns in escapement through time, including
variability, be carefully considered before implementing a two-stage or rotating sampling design.

A tw\J-stage sampling design in which counts are made on.aI1 days displayed a consistent positive
bias, or over-estimate, while a design in which no counts are made one day each week displayed a
consistent negative bias, or under-estimate. As we had expected both designs to be positively
biased, this result was unexpected and its cause is unknown.

We offer no recommendations on the sampling intensity to employ in practice. In all cases
considered in this study, increasing sampling intensity when all other factors are held constant
largely serves only to increase precision, as would be expected. A relatively low sampling intensity
may be adequate in many cases, as long as very precise estimates are not required. Certain
characteristics of the escapement not considered in this study, such as extremely pulsed escapement
patterns, may argue for increasing sampling intensity in some applications. We would only urge
project leaders to acquire as much information as possible, particularly for new projects, so that
informed decisions can be made.

One important aspect of counting tower escapement estimates, the estimation of variance, was not
considered in this study. One of the original objectives of this study Vlas to compare the
performance of several variance estimators. However, it became clear during preliminary
investigations that none of the variance estimators being considered was performing acceptably. As

7



a result, effort was focused on a comparison of point estimators. With that effort now complete, we
may revisit variance estimation for COWlting tower escapement estimators at some future time.
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r Table 1. Mean relative abundance under the 4 hourly
escapement models (HEM) considered in the
simulation study.

No Slight Moderate Strong
Diel Diel Diel Diel

Hour Model Model Model Model

1 0.0417 0.0809 0.1200 0.1940
2 0.0417 0.0709 0.1000 0.1570
3 0.0416 0.0608 0.0800 0.1110
4 0.0417 0.0509 0.0600 0.0660
5 0.0417 0.0409 0.0400 0.0290
6 0.0416 0.0333 0.0250 0.0110
7 0.0417 0.0284 0.0150 0.0040
8 0.0417 0.0259 0.0100 0.0010
9 0.0416 0.0233 0.0050 0.0010
10 0.0417 0.0234 0.0050 0.0010
11 0.0417 0.0234 0.0050 0.0010
12 0.0416 0.0258 0.0100 0.0010
13 0.0417 0.0271 0.0125 0.0020
14 0.0417 0.0284 0.0150 0.0030
15 0.0416 0.0296 0.0175 0.0040
16 0.0417 0.0309 0.0200 0.0050
17 0.0417 0.0334 0.0250 0.0060
18 0.0416 0.0358 0.0300 0.0080
19 0.0417 0.0384 0.0350 0.0150
20 0.0417 0.0434 0.0450 0.0200
21 0.0416 0.0483 0.0550 0.0300
22 0.0417 0.0559 0.0700 0.0500
23 0.0417 0.0659 0.0900 0.0800
24 0.0416 0.0758 0.1100 0.2000

Totals 1.0000 1.0000 1.0000 1.0000

(
'.
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Table 2. Time counted in minutes-per-hour under
the Constant sampling design.

Sampling Intensity (SI)
Hour 1/6 1/4 1/3 1/2

1 10.0 15.0 20.0 30.0
2 10.0 15.0 20.0 30.0
3 10.0 15.0 20.0 30.0
4 10.0 15.0 20.0 30.0
5 10.0 15.0 20.0 30.0
6 10.0 15.0 20.0 30.0
7 10.0 15.0 20.0 30.0
8 10.0 15.0 20.0 30.0
9 10.0 15.0 20.0 30.0
10 10.0 15.0 20.0 30.0
11 10.0 15.0 20.0 30.0
12 10.0 15.0 20.0 30.0
13 10.0 15.0 20.0 30.0
14 10.0 15.0 20.0 30.0
15 10.0 15.0 20.0 30.0
16 10.0 15.0 20.0 30.0
17 10.0 15.0 20.0 30.0
18 10.0 15.0 20.0 30.0
19 10.0 15.0 20.0 30.0
20 10.0 15.0 20.0 30.0
21 10.0 15.0 20.0 30.0
22 10.0 15.0 20.0 30.0
23 10.0 15.0 20.0 30.0
24 10.0 15.0 20.0 30.0
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Table 3. Time counted in minutes-per-hour under the Two-Stage Type I sampling design. The
schedule, shown for the first 7 days, is repeated every 7 days throughout the entire
counting period.

Proportion of Time Counted
1/6 1/4 1/3 1/2

Hour Days 1-6 Day 7 Days 1-6 Day 7 Days 1-6 Day 7 Days 1-6 Day 7

1 12.73 12.73 19.09 19.09 25.45 25.45 38.18 38.18
2 12.73 12.73 19.09 19.09 25.45 25.45 38.18 38.18
3 12.73 12.73 19.09 19.09 25.45 25.45 38.18 38.18
4 12.73 12.73 19.09 19.09 25.45 25.45 38.18 38.18
5 12.73 12.73 19.09 19.09 25.45 25.45 38.18 38.18
6 12.73 12.73 19.09 19.09 25.45 25.45 38.18 38.18
7 12.73 12.73 19.09 19.09 25.45 25.45 38.18 38.18
8 0.00 12.73 0.00 19.09 0.00 25.45 0.00 38.18

w 9 0.00 12.73 0.00 19.09 0.00 25.45 0.00 38.18
10 0.00 12.73 0.00 19.09 0.00 25.45 0.00 38.18
11 0.00 12.73 0.00 19.09 0.00 25.45 0.00 38.18
12 0.00 12.73 0.00 19.09 0.00 25.45 0.00 38.18
13 0.00 12.73 0.00 19.09 0.00 25.45 0.00 38.18
14 12.73 12.73 19.09 19.09 25.45 25.45 38.18 38.18
15 12.73 12.73 19.09 19.09 25.45 25.45 38.18 38.18
16 12.73 12.73 19.09 19.09 25.45 25.45 38.18 38.18
17 12.73 12.73 19.09 19.09 25.45 25.45 38.18 38.18
18 12.73 12.73 19.09 19.09 25.45 25.45 38.18 38.18
19 12.73 12.73 19.09 19.09 25.45 25.45 38.18 38.18
20 12.73 12.73 19.09 19.09 25.45 25.45 38.18 38.18
21 12.73 12.73 19.09 19.09 25.45 25.45 38.18 38.18
22 12.73 12.73 19.09 19.09 25.45 25.45 38.18 38.18
23 12.73 12.73 19.09 19.09 25.45 25.45 38.18 38.18
24 12.73 12.73 19.09 19.09 25.45 25.45 38.18 38.18



Table 4. Tome counted in minutes-per-hour under the Two-Stage Type" sampling design. The schedule, shown for the first 7 days, is
repeated every 7 days throughout the entire counting.period.

Proportion of Tome Counted
1/6 1/4 1/3 1/2

Hour Days 1-5 Day6 Day 7 Days 1-5 Day 6 Day 7 Days 1-5 Day 6 Day 7 Days 1-5 Day 6 Day 7
1 14.74 14.74 0.00 22.11 22.11 0.00 29.47 29.47 0.00 44.21 44.21 0.00
2 14.74 14.74 0.00 22.11 22.11 0.00 29.47 29.47 0.00 44.21 44.21 0.00
3 14.74 14.74 0.00 22.11 22.11 0.00 29.47 29.47 0.00 44.21 44.21 0.00
4 14.74 14.74 0.00 22.11 22.11 0.00 29.47 29.47 0.00 44.21 44.21 0.00
5 14.74 14.74 0.00 22.11 22.11 0.00 29.47 29.47 0.00 44.21 44.21 0.00
6 14.74 14.74 0.00 22.11 22.11 0.00 29.47 29.47 0.00 44.21 44.21 0.00
7 14.74 14.74 0.00 22.11 22.11 0.00 29.47 29.47 0.00 44.21 44.21 0.00
8 0.00 14.74 0.00 0.00 22.11 0.00 0.00 29.47 0.00 0.00 44.21 0.00
9 0.00 14.74 0.00 0.00 22.11 0.00 0.00 29.47 0.00 0.00 44.21 0.00

10 0.00 14.74 0.00 0.00 22.11 0.00 0.00 29.47 0.00 0.00 44.21 0.00
11 0.00 14.74 0.00 0.00 22.11 0.00 0.00 29.47 0.00 0.00 44.21 0.00
12 0.00 14.74 0.00 0.00 22.11 0.00 0.00 29.47 0.00 0.00 44.21 0.00
13 0.00 14.74 0.00 0.00 22.11 0.00 0.00 29.47 0.00 0.00 44.21 0.00

A 14 14.74 14.74 0.00 22.11 22.11 0.00 29.47 29.47 0.00 44.21 44.21 0.00
15 14.74 14.74 0.00 22.11 22.11 0.00 29.47 29.47 0.00 44.21 44.21 0.00
16 14.74 14.74 0.00 22.11 22.11 0.00 29.47 29.47 0.00 44.21 44.21 0.00
17 14.74 14.74 0.00 22.11 22.11 0.00 29.47 29.47 0.00 44.21 44.21 0.00
18 14.74 14.74 0.00 22.11 22.11 0.00 29.47 29.47 0.00 44.21 44.21 0.00
19 14.74 14.74 0.00 22.11 22.11 0.00 29.47 29.47 0.00 44.21 44.21 0.00
20 14.74 14.74 0.00 22.11 22.11 0.00 29.47 29.47 0.00 44.21 44.21 0.00
21 14.74 14.74 0.00 22.11 22.11 0.00 29.47 29.47 0.00 44.21 44.21 0.00
22 14.74 14.74 0.00 22.11 22.11 0.00 29.47 29.47 0.00 44.21 44.21 0.00
23 14.74 14.74 0.00 22.11 22.11 0.00 29.47 29.47 0.00 44.21 44.21 0.00
24 14.74 14.74 0.00 22.11 22.11 0.00 29.47 29.47 0.00 44.21 44.21 0.00



Table 5. Time counted in minutes-per-hour under the Rotating Type I sampling design. The
schedule, shown for the first 2 days, is repeated every 2 days. throughout the entire
counting period.

Proportion of Time Counted
1/6 1/4 1/3 1/2

Hour Day 1 Day 2 Day 1 Day 2 Day 1 Day 2 Day 1 Day 2
1 19.86 0.00 29.80 0.00 39.73 0.00 59.59 0.00
2 19.86 0.00 29.80 0.00 39.73 0.00 59.59 0.00
3 19.86 0.00 29.80 0.00 39.73 0.00 59.59 0.00
4 19.86 0.00 29.80 0.00 39.73 0.00 59.59 0.00
5 19.86 0.00 29.80 0.00 39.73 0.00 59.59 0.00
6 19.86 0.00 29.80 0.00 39.73 0.00 59.59 0.00
7 0.00 19.86 0.00 29.80 0.00 39.73 0.00 59.59
8 0.00 19.86 0.00 29.80 0.00 39.73 0.00 59.59

;:;; 9 0.00 19.86 0.00 29.80 0.00 39.73 0.00 59.59
10 0.00 19.86 0.00 29.80 0.00 39.73 0.00 59.59
11 0.00 19.86 0.00 29.80 0.00 39.73 0.00 59.59
12 0.00 19.86 0.00 29.80 0.00 39.73 0.00 59.59
13 0.00 19.86 0.00 29.80 0.00 39.73 0.00 59.59
14 0.00 19.86 0.00 29.80 0.00 39.73 0.00 59.59
15 19.86 0.00 29.80 0.00 39.73 0.00 59.59 0.00
16 19.86 0.00 29.80 0.00 39.73 0.00 59.59 0.00
17 19.86 0.00 29.80 0.00 39.73 0.00 59.59 0.00
18 19.86 0.00 29.80 0.00 39.73 0.00 59.59 0.00
19 19.86 0.00 29.80 0.00 39.73 0.00 59.59 0.00
20 19.86 0.00 29.80 0.00 39.73 0.00 59.59 0.00
21 19.86 0.00 29.80 0.00 39.73 0.00 59.59 0.00
22 19.86 0.00 29.80 0.00 39.73 0.00 59.59 0.00
23 19.86 0.00 29.80 0.00 39.73 0.00 59.59 0.00
24 19.86 0.00 29.80 0.00 39.73 0.00 59.59 0.00
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Table 6. Time counted in minutes-per-hour under the Rotating Type II sampling design. The schedule, shown for the first 3 days, is
repeated every 3 days throughout the entire counting period.

Proportion of Time Counted
1/6 1/4 1/3 1/2

Hour Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day2 Day 3 Day 1 Day 2 Day 3
1 17.93 17.93 17.93 26.89 26.89 26.89 35.85 35.85 35.85 53.78 53.78 53.78
2 17.93 17.93 17.93 26.89 26.89 26.89 35.85 35.85 35.85 53.78 53.78 53.78
3 17.93 17.93 17.93 26.89 26.89 26.89 35.85 35.85 35.85 53.78 53.78 53.78
4 17.93 17.93 17.93 26.89 26.89 26.89 35.85 35.85 35.85 53.78 53.78 53.78
5 17.93 0.00 0.00 26.89 0.00 0.00 35.85 0.00 0.00 53.78 0.00 0.00
6 17.93 0.00 0.00 26.89 0.00 0.00 35.85 0.00 0.00 53.78 0.00 0.00
7 0.00 17.93 0.00 0.00 26.89 0.00 0.00 35.85 0.00 0.00 53.78 0.00
8 0.00 17.93 0.00 0.00 26.89 0.00 0.00 35.85 0.00 0.00 53.78 0.00
9 0.00 17.93 0.00 0.00 26.89 0.00 0.00 35.85 0.00 0.00 53.78 0.00
10 0.00 17.93 0.00 0.00 26.89 0.00 0.00 35.85 0.00 0.00 53.78 0.00
11 0.00 17.93 0.00 0.00 26.89 0.00 0.00 35.85 0.00 0.00 53.78 0.00
12 0.00 17.93 0.00 0.00 26.89 0.00 0.00 35.85 0.00 0.00 53.78 0.00
13 0.00 17.93 0.00 0.00 26.89 0.00 0.00 35.85 0.00 0.00 53.78 0.00

a- 14 0.00 17.93 0.00 0.00 26.89 0.00 0.00 35.85 0.00 0.00 53.78 0.00
15 17.93 0.00 0.00 26.89 0.00 0.00 35.85 0.00 0.00 53.78 0.00 0.00
16 17.93 0.00 0.00 26.89 0.00 0.00 35.85 0.00 0.00 53.78 0.00 0.00
17 17.93 0.00 0.00 26.89 0.00 0.00 35.85 0.00 0.00 53.78 0.00 0.00
18 17.93 0.00 0.00 26.89 0.00 0.00 35.85 0.00 0.00 53.78 0.00 0.00
19 17.93 0.00 0.00 26.89 0.00 0.00 35.85 0.00 0.00 53.78 0.00 0.00
20 17.93 0.00 0.00 26.89 0.00 0.00 35.85 0.00 0.00 53.78 0.00 0.00
21 17.93 17.93 17.93 26.89 26.89 26.89 35.85 35.85 35.85 53.78 53.78 53.78
22 17.93 17.93 17.93 26.89 26.89 26.89 35.85 35.85 35.85 53.78 53.78 53.78
23 17.93 17.93 17.93 26.89 26.89 26.89 35.85 35.85 35.85 53.78 53.78 53.78
24 17.93 17.93 17.93 26.89 26.89 26.89 35.85 35.85 35.85 53.78 53.78 53.78
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above and below the average bias.
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Figure II. Average bias and coefficient of variation (CV) of escapement estimates under the
symmetric daily escapement model (DEM) versus the hourly escapement model
(HEM), averaging over all other factors. The "+" symbol represents zero bias, the
open circle denotes the average bias, and the error bars reflect I CV above and

fl'" below the average bias.
\
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Figure 12. Average bias and coefficient of variation (CY) of escapement estimates under the
symmetric daily escapement model (DEM) versus the sampling intensity (SI),
averaging over all other factors. The "+" symbol represents zero bias, the open
circle denotes the average bias, and the error bars reflect 1 CY above and below the
average bias.

28



( Relative Prorrrtion Sampling Designs
Standard o Time
Deviation Counted Two-Stage Two-Stage Rotating Rotating

(HV) (SI) Constant Type I Type 2 Type I Type 2

1/6 0 0 @ 0 •1/4 0 (!) @ 0 (I)
1/3 0 (!) @ 0 (I)
1/2 0 0 @ 0 (I)

3/4 1/6 0 0 @ 0 ~
3/4 1/4 0 G @ 0 (j)

3/4 1/3 0 G @ 0 (j)

3/4 1/2 0 G @ 0 (j)
1/2 1/6 0 0 @ 0 @
1/2 1/4 0 8 • 0 @

1/2 1/3 0 0 • 0 @

1/2 1/2 0 8 0 @

1/4 1/6 0 0 • 0 @

1/4 1/4 0 0 0 @

1/4 1/3 0 0- 0 @

1/4 1/2 0 0 0 0 0

ISize Key: 1% 0 3% 0 6% 01

Figure 13. Bias and coefficient of variation (CV) of total escapement estimates under the
symmetric daily escapement model (OEM), with ± 0% variation (DV) from the
mean, and the No Diel hourly escapement model (HEM). The area of filled circles
is proportional to bias, with black representing positive bias and gray representing
negative bias, while the area of the open circles is proportional to the CV.
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Relative Pr0f-0rtion Sampling Designs
Standard o Time
Deviation Counted Two-Stage Two-Stage Rotating Rotating

(HV) (SI) Constant Type I Type 2 Type I Type 2

1/6 0 0 (!) 0 @
1/4 0 G (!) 0 @
1/3 0 G @ 0 @
1/2 0 0 @ 0 @

3/4 1/6 0 0 @ 0 @

3/4 1/4 0 0 @ 0 @

3/4 1/3 0 0 @ 0 @

3/4 1/2 0 0 @ 0 @

1/2 1/6 0 0 @ 0 @

1/2 1/4 0 0 @ 0 @

1/2 1/3 0 0 @ 0 @

1/2 1/2 0 0 @ 0 ®
1/4 1/6 0 0 @ 0 @

1/4 1/4 0 (!) 8 0 (!)

1/4 1/3 0 0 ® 0 0

1/4 1/2 0 0 0 0 0

ISize Key: 1% 0 3% 0 6% 01

Figure 14. Bias and coefficient of variation (CV) of total escapement estimates under the
symmetric daily escapement model (OEM), with ± 0% variation (DV) from the
mean, and the Slight Diel hourly escapement model (HEM). The area of filled
circles is proportional to bias, with black representing positive bias and gray
representing negative bias, while the area of the open circles is proportional to the
CV.
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Relative Pr0f-0rtion Sampling Designs
Standard o Time
Deviation Counted Two-Stage Two-Stage Rotating Rotating

(HV) (SI) Constant Type 1 Type 2 Type 1 Type 2.

1/6 0 0 0 0 @

1/4 0 0 0 0 @

1/3 0 0 0 0 @

1/2 0 0 0 0 @

3/4 1/6 0 0 0 0 @

3/4 1/4 0 0 0 0 @

3/4 1/3 0 0 @ 0 @

3/4 1/2 0 0 0 0 @

1/2 1/6 0 <::) 0 0 0
1/2 1/4 0 0 0 0 0
1/2 1/3 0 0 0 0 0
1/2 1/2 0 0 @ 0 0

1/4 1/6 0 0 @ 0 0
1/4 1/4 0 0 0 0 0

1/4 1/3 0 0 @ 0 0

1/4 1/2 0 0 9 0 0

ISize Key: 1% 0 3% 0 6%. 01

Figure IS. Bias and coefficient of variation (CY) of total escapement estimates under the
symmetric daily escapement model (DEM), with ± 0% variation (DY) from the
mean, and the Moderate Diel hourly escapement model (HEM). The area of filled
circles is proportional to bias, with black representing positive bias and gray
representing negative bias, while the area of the open circles is proportional to the
CY.
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Relative Proportion Sampling Designs
Standard OfTime
Deviation Counted Two-Stage Two-Stage Rotating Rotating

(HV) (SI) Constant Type I Type 2 Type 1 Type 2

1/6 0 0 0 0 0
1/4 0 0 0 0 0
1/3 0 0 0 0 0
1/2 0 0 0 0 0

3/4 1/6 0 0 0 0 0
3/4 1/4 0 0 0 0 0

3/4 1/3 0 0 0 0 0

3/4 1/2 0 0 0 C> 0

1/2 1/6 0 0 0 0 0

1/2 1/4 0 0 0 0 0

1/2 1/3 0 0 0 0 0

1/2 1/2 0 0 0 0 0

1/4 1/6 0 0 0 0 0

1/4 1/4 0 0 0 0 0

1/4 1/3 0 0 0 0 0

1/4 1/2 0 0 0 0 0

ISize Key: 1% 0 3% 0 6% 01

Figure 16. Bias and coefficient of variation (CV) of total escapement estimates under the
symmetric daily escapement model (OEM), with ± 0% variation (DV) from the
mean, and the Strong Diel hourly escapement model (HEM). The area of filled
circles is proportional to bias, with black representing positive bias and gray
representing negative bias, while the area of the open circles is proportional to the
CV.
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Relative Proportion Sampling Designs
Standard OfTirne
Deviation Counted Two-Stage Two-Stage Rotating Rotating

(HY) (SI) Constant Type I Type 2 Type 1 Type 2

1/6 0 0 @ 0 •1/4 0 0 @ 0 (I)
1/3 0 0 @ 0 (I)
1/2 0 0 @ 0 •3/4 1/6 0 (!) @ 0 ~

3/4 1/4 0 G @ 0 (j)

3/4 1/3 0 G @ 0 (j)

3/4 1-/2 0 G @ 0 @
1/2 1/6 0 0 @ 0 @
1/2 1/4 0 0 @ 0 @

1/2 1/3 0 0 ~ 0 @

1/2 1/2 0 0 ~ 0 @

1/4 1/6 0 0 • 0 @

1/4 1/4 0 0 • 0 @

1/4 1/3 0 0 0 (!)

1/4 1/2 0 0 0 0

ISize Key: 1% 0 3% 0 6% 01

Figure 17_ Bias and coefficient of variation (CY) of total escapement estimates under the
symmetric daily escapement model (DEM), with ± 25% variation (DY) from the
mean, and the No Diel hourly escapement model (HEM). The area of filled circles
is proportional to bias, with black representing positive bias and gray representing
negative bias, while the area of the open circles is proportional to the CY_
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Relative Prof°rtion Sampling Designs
Standard o Time
Deviation Counted Two-Stage Two-Stage Rotating Rotating

(HV) (Sl) Constant Type I Type 2 Type I Type 2

1/6 0 0 0 0 @
1/4 0 0 ® 0 @
1/3 0 0 ® 0 @
1/2 0 8 ® 0 @

3/4 1/6 0 8 ® 0 @

3/4 1/4 0 0 @ 0 @

3/4 1/3 0 0 @ 0 @

3/4 1/2 0 0 @ 0 @

1/2 1/6 0 0 @ 0 @

1/2 1/4 0 0 @ 0 ®
1/2 1/3 0 0 @ 0 @
1/2 1/2 0 0 @ 0 ®
1/4 1/6 0 0 @ 0 ®
1/4 1/4 0 0 @ 0 e
1/4 1/3 0 0 @ 0 0

1/4 1/2 0 0 (j) 0 0

ISize Key: 1% 0 3% 0 6% 01

Figure 18. Bias and coefficient of variation (CV) of total escapement estimates under the
symmetric daily escapement model (OEM), with ± 25% variation (DV) from the
mean, and the Slight Diel hourly escapement model (HEM). The area of filled
circles is proportional to bias, with black representing positive bias and gray
representing negative bias, while the area of the open circles is proportional to the
CV.
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Relative Prof-onion Sampling Designs
Standard o Time
Deviation Counted Two-Stage Two-Stage Rotating Rotating

(HV) (Sl) Constant Type I Type 2 Type 1 Type 2

1/6 0 8 0 0 @

1/4 0 0 0 0 @

1/3 0 0 0 0 @

1/2 0 0 8 0 @

3/4 1/6 0 0 0 0 ®
3/4 1/4 0 0 8 0 @

3/4 1/3 0 0 0 0 0
3/4 1/2 0 0 0 0 0
1/2 1/6 0 0 8 0 0
1/2 1/4 0 0 0 0 0
1/2 1/3 0 0 0 0 0
1/2 1/2 0 0 0 0 0

1/4 1/6 0 0 0 0 0
1/4 1/4 0 0 0 0 0

1/4 1/3 0 0 0 0 0

1/4 1/2 0 0 0 0 0

ISize Key: 1% 0 3% 0 6% 01

Figure 19. Bias and coefficient of variation (CV) of total escapement estimates under the
symmetric daily escapement model (OEM), with ± 25% variation (OV) from the
mean, and the Moderate Diel hourly escapement model (HEM). The area of filled
circles is proportional to bias, with black representing positive bias and gray
representing negative bias, while the area of the open circles is proportional to the
CV.
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Relative Proportion Sampling Designs
Standard OfTime
Deviation Counted Two-Stage Two-Stage Rotating Rotating

(HV) (SI) Constant Type I Type 2 Type I Type 2

116 0 0 0 0 0
1/4 0 0 0 0 0
1/3 0 0 0 0 0
1/2 0 0 0 0 0

3/4 1/6 0 0 0 0 0

3/4 114 0 0 0 0 0

3/4 113 0 0 0 0 0

3/4 1/2 0 0 0 0 0

1/2 116 0 0 0 0 0
1/2 114 0 0 0 0 0

1/2 113 0 0 0 0 0

1/2 1/2 0 0 0 0 0

1/4 116 0 0 0 0 0

1/4 114 0 0 0 0 0

114 113 0 0 0 0 0

1/4 1/2 0 0 0 0 0

ISize Key: 1% 0 3% 0 6% 01

Figure 20. Bias and coefficient of variation (CY) of total escapement estimates under the
symmetric daily escapement model (DEM), with ± 25% variation (DY) from the
mean, and the Strong Die! hourly escapement model (HEM). The area of filled
circles is proportional to bias, with black representing positive bias and gray
representing negative bias, while the area of the open circles is proportional to the
CY.
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Relative Proportion Sampling Designs
Standard Of Time
Deviation Counted Two-Stage Two-Stage Rotating Rotating

(HV) (SI) Constant Type I Type 2 Type 1 Type 2

1/6 0 C!) ® 0 •1/4 0 C!) ® 0 •1/3 0 C!) ® 0 •1/2 0 C!) @ 0 (fJ
3/4 1/6 0 0 @ 0 (I)
3/4 1/4 0 0 @ 0 (j)
3/4 1/3 0 0 @ 0 (j
3/4 1/2 0 0 @ 0 (j
1/2 1/6 0 0 @ 0 @
1/2 1/4 0 0 @ 0 @

1/2 1/3 0 8 @ 0 @

1/2 1/2 0 8 @ 0 @

1/4 1/6 0 8 @ 0 @

1/4 1/4 0 0 @ 0 @

1/4 1/3 0 0 @ 0 @

1/4 1/2 0 0 @ 0 @

ISize Key: 1% 0 3% 0 6% 01

Figure 21. Bias and coefficient of variation (CV) of total escapement estimates under the
symmetric daily escapement model (DEM), with ± 50% variation (DV) from the
mean, and the No Diel hourly escapement model (HEM). The area of filled circles
is proportional to bias, with black representing positive bias and gray representing
negative bias, while the area of the open circles is proportional to the CV.
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Relative Prof°rtion Sampling Designs
Standard o Time
Deviation Counted Two-Stage Two-Stage Rotating Rotating

(HV) (SI) Constant Type I Type 2 Type I Type 2

1/6 0 0 0 0 @
1/4 0 0 0 0 @
1/3 0 0 0 0 @
1/2 0 0 0 0 @

3/4 1/6 0 G 0 0 @
3/4 1/4 0 8 @ 0 @

3/4 1/3 0 8 @ 0 @

3/4 1/2 0 8 @ 0 @

1/2 1/6 0 0 @ 0 @

1/2 1/4 0 0 @ 0 ®
1/2 1/3 0 0 @ 0 ®
1/2 1/2 0 0 @ 0 ®
1/4 1/6 0 0 @ 0 ®
1/4 1/4 0 0 @ 0 0
1/4 1/3 0 0 @ 0 0

1/4 1/2 0 <:) @ 0 <:)

ISize Key: 1% 0 3% 0 6% 01

Figure 22. Bias and coefficient of variation (CV) of total escapement estimates under the
symmetric daily escapement model (OEM), with ± 50% variation (OV) from the
mean, and the Sligh~ Oiel hourly escapement model (HEM). The area of filled
circles is proportional to bias, with black representing positive bias and gray
representing negative bias, while the area of the open circles is proportional to the
CV.
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Relative Proportion Sampling Designs
Standard OfTirne
Deviation Counted Two-Stage Two-Stage Rotating Rotating

(HV) (SI) Constant Type 1 Type 2 Type 1 Type 2

1/6 0 0 8 0 @
1/4 0 0 8 0 @
1/3 0 0 8 0 ®
1/2 0 0 0 0 ®

3/4 1/6 0 0 0 0 @

3/4 1/4 0 0 0 0 (!)

3/4 1/3 0 0 0 0 (!)

3/4 1/2 0 0 0 0 (!)

1/2 1/6 0 0 0 0 (!)

1/2 1/4 0 0 0 0 0
1/2 1/3 0 0 8 0 0
1/2 1/2 0 0 0 0 0

1/4 1/6 0 0 8 0 0
1/4 1/4 0 0 8 0 0

1/4 1/3 0 0 0 0 0

1/4 1/2 0 0 0 0 0

ISize Key: 1% 0 3% 0 6% 01

Figure 23. Bias and coefficient of variation (CV) of total escapement estimates under the
symmetric daily escapement model (DEM), with ± 50% variation (DV) from the
mean, and the Moderate Diel hourly escapement model (HEM). The area of filled
circles is proportional to bias, with black representing positive bias and gray
representing negative bias, while the area of the open circles is proportional to the
CV.
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Relative PrOf°rlion Sampling Designs
Standard o Time
Deviation Counted Two-Stage Two-Stage Rotating Rotating

(HV) (SI) Constant Type I Type 2 Type 1 Type 2.

1/6 0 0 0 0 0
114 0 0 0 0 0
113 0 0 0 0 0
1/2 0 0 0 0 8

3/4 116 0 0 0 0 0
3/4 114 0 0 0 0 8

3/4 113 0 0 0 0 0

3/4 1/2 0 0 0 0 0

1/2 116 0 0 0 0 0

1/2 1/4 0 0 0 0 0

1/2 113 0 0 0 0 0

1/2 1/2 0 0 0 0 0

1/4 116 0 0 0 0 0

1/4 1/4 0 0 0 0 0

114 1/3 0 0 0 0 0

1/4 1/2 0 0 0 0 0

[Size Key: 1% 0 3% 0 6% 01

Figure 24. Bias and coefficient of variation (CV) of total escapement estimates under the
symmetric daily escapement model (OEM), with ± 50% variation (DV) from the
mean, and the Strong Diel hourly escapement model (HEM). The area of filled
circles is proportional to bias, with black representing positive bias and gray
representing negativ bias, while the area of the open circles is proportional to the
CV.
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