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1.  Introduction 

 In recent years, salmon escapements to various watersheds on the West Coast of 
Vancouver Island (WCVI) have been systematically monitored to provide indices of production 
by Conservation Unit (CU) for all Pacific salmon species using various watersheds for rearing 
and spawning purposes. Escapements to streams lacking large production hatcheries and 
permanent enumeration structures are now monitored mainly via visual surveys conducted 
periodically during the fall when mature salmon occupy the streams. Survey records for the last 
10 years consists mainly of live fish and carcasses observed by 2 or more technicians 
swimming down each stream with snorkelling gear. In some cases, additional information on the 
spawning populations and the accuracy/precision of the survey results was obtained via 
complementary investigations such as direct enumeration, mark-recapture operations, aerial 
counts, stream walks, and bio-sampling. When this recent survey program was initiated, the 
overall objective was to use survey data and ancillary information to determine escapements by 
means of the Area-Under-the-Curve (AUC) procedure (see English et al. 1992 for basic 
description). Since then, new escapement estimators using visual survey data have been 
developed, others were improved, and methods were proposed to determine confidence 
intervals. The objectives of the present investigation are to (i) identify and use scientifically 
defensible procedures to provide estimates of escapement and uncertainty for selected WCVI 
watersheds surveyed in recent years, (ii) determine the potential benefits of complementary 
surveys proposed for 2010-2013 in terms of potential gains in accuracy and precision of future 
escapement estimates, and (iii) assess the merits of alternative survey designs to provide total 
escapements to conservation units (CUs) in terms of accuracy and precision given the mixture 
of monitoring procedures used. 

The objectives outlined above were to be met my first compiling the pertinent DFO 
survey records. Then, following a literature review of escapement estimators using visual survey 
data, produce a software program (or model template) to generate estimates and crude 
measures of uncertainty using the available records and assumptions about ‘key’ parameters 
that cannot be determined from these. Then modify the template to use data from 
complementary surveys to gain more insight into the potential improvements that could be 
obtained. And finally, given additional input from DFO staff on recent escapement levels to 
various watersheds (natural, with enumeration facilities, or with large production facilities, and 
etc.), determine the levels of accuracy and precision of the total CU escapement estimate that 
could be obtained using alternative monitoring programs. 

The present report describes the investigation results associated with the project 
objectives i-ii only (Parts I-II, as noted in the title). At the time of this writing, the author had still 
not received all the data records required to complete the investigation associated with objective 
iii. That investigation is currently underway, and the results are to be provided shortly in a 
separate, complementary report (Title, Part III), once the missing figures have been analysed. 
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2.  Datasets and Sources 

2.1 WCVI Chinook AUC survey procedures and records 

 The Department of Fisheries & Oceans (DFO) maintains a survey database for the 
WCVI escapement monitoring program. An excerpt of the pertinent database records were 
provided by DFO staff. The main WCVI chinook streams monitored include the Burman, Tahsis, 
Kaouk, Artlish, Tahsish and the Marble. These made up the Pacific Salmon Commission (PSC) 
set of index streams that were historically more consistently monitored than others, but likely 
affected by enhancement activities (Table 1). The other streams listed have since been subject 
to improved escapement monitoring using the same survey procedures, and consist mainly of 
natural populations less influenced by enhancement activities (noted in Labelle 2009).  

The number of surveys conducted annually in these streams during 1995-2009 ranged 
from zero to 29 (Table 1). More surveys were done in the Tranquil River than elsewhere 
because detailed investigations were conducted there by Trouton et al. (2007). In most streams, 
surveys typically cover the entire accessible portion of a stream (not just index or spawning 
sites), including small lakes where chinook can hold (as in Sarita, Megin and Marble). The 
surveyed sections tend to be short (< 20 km), shallow, with waters that clear in a few days after 
a freshet. Snorkel surveys are considered to be a good way of monitoring chinook salmon, as 
they tend to arrive and die early in the season, move upstream mostly in one large ‘pulse’ 
following the first freshet(s), and are larger and behaviourally less cryptic than coho salmon. 

During each survey, the numbers of live, dead and tagged chinook seen are recorded. In 
most cases (streams/years), no tagging was conducted, and carcasses tend to be rapidly 
removed by scavengers and/or freshets after spawning (as noted by Trouton et al. 2007). 
Consequently, the counts reported (Table 2) are generally the numbers of live adult chinook 
detected. When the surveyor counts differ, the largest figure is used. At the time of this writing, it 
could not be confirmed that the figures reported included jacks, but these tend to make up a 
relatively small proportion of total chinook escapements in these streams. The database figures 
can be extracted as actual counts or expanded counts adjusted for the hypothesized observer 
efficiency (or the portion detected). Surveyors are confident they can detect the vast majority 
(>90%) of chinook in most surveys because these are conducted mainly during periods of 
relatively good visibility and surveyors are familiar with the habitat (hiding places, etc). In cases 
of relatively low visibility, the surveyors ‘subjectively’ determine their efficiency, and record it to 
determine an appropriate expansion factor (Seaton Taylor, DFO South Coast Division, pers. 
comm.). In the few cases examined, the actual counts and expanded counts were very similar 
and/or nearly identical.  

As evidenced by counts of zero reported in most years (Table 2), snorkel surveys 
usually start before substantial numbers of salmon enter a stream, and are done periodically 
until no live salmon are detected. This is the recommended practice when using AUC methods 
to compute total escapement. However, in some seasons, substantial numbers of chinook were 
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detected on the first or last survey (as in 1999 and 2008, Table 2). Discussions with past 
surveyors revealed that a non-zero count in the first survey is usually indicative of insufficient 
flows early in the season, and the period between sufficient flows and the first positive count is 
typically short (≤4 days). By contrast, the lack of surveys after the last positive count is more 
problematic (as in 2007, Table 2). High water and low visibility periods late in the season can 
prevent survey crews from determining with certainty when there are no live chinook left. So the 
period between the last positive count and a ‘potential’ count of zero later can be substantial. In 
the Sarita River, no live chinook were ever detected after Statistical Week 11-1 (Nov. 5th in 
1995, or calendar day 309). In the absence of a count of zero late in the season, the end of 
Statistical Week 11-1 could serve as a plausible end date to compute AUC estimates. Chinook 
salmon were never detected in this stream before the end of Statistical Week 8-3 (Aug. 26th in 
1995, or calendar day 238). So in the absence of an actual count of zero early in the season, 
the end of Statistical Week 8-3 could serve as a plausible start date to compute AUC estimates. 
The period between the two plausible dates is about 61 days, which could be considered as the 
maximum period of stream occupancy for chinook in this stream. 

The residence time figures reported (Table 2, far right column) are all less than the 
maximum period of stream occupancy noted above. The ‘average’ periods reported are 
subjectively determined by surveyors based on experience, past studies, and logical deductions 
given the observed holding periods in the estuary before stream entry, time of entry, skin 
coloration, the number of immigration ‘pulses’ detected, the last time live chinook were seen, 
and etc. The figures are not estimates determined by conventional methods (via blocking and 
electroshocking sections, mark-recapture, complete enumeration, etc.), and no replicate 
surveys are conducted in most cases. Consequently, the precision and accuracy of the figures 
reported is unknown. And in cases with very few positive counts were obtained (2005, 2007, 
Table 2), no residence time or AUC estimates are provided. Some experienced surveyors feel 
confident that the figures reported are within ±20% of the actual values for each season (Seaton 
Taylor, DFO South Coast Division, pers. comm.). On-going investigations may eventually 
confirm this, but in the meantime, there may be little choice but to rely on ‘expert opinions’ for 
computation purposes. 

An examination of the actual survey record details contained in the NUSEDS database 
(provided by DFO staff, South Coast Division, Nanaimo BC) revealed that the 2008-2009 
records had been compiled (for summary purposes), but had not yet all been entered in the 
database (some details missing), so these were not used for the present investigation. The 
examination revealed that the records provided contained information on the hypothesized 
average residence time, but no information on observer efficiency for each survey, so it could 
not be confirmed that the records were ‘expanded counts’, and the algorithm used for expansion 
purposes could not be verified. Consequently, for the purpose of this preliminary investigation, 
the records were considered as unexpanded survey figures (raw counts). 
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3.  Cursory review of suitable escapement estimation procedures 

 A considerable amount has been written on Pacific salmon escapement estimation 
based on visual survey data. It is beyond the scope of this investigation to conduct a detailed 
literature review, but efforts were made to identify some key papers that describe context-
specific applications, and the methods used to compute confidence intervals of escapement 
estimates based on various data sources and survey methods.  

3.1 Summary of English et al. (1992) 

The authors identified the basic survey requirements needed to provide AUC estimates 
of coho salmon escapements on the east coast of Vancouver Island. Field technicians 
periodically conduct visual surveys and record fish counts by survey strata (e.g. habitat types). 
The counts are then scaled to account for the ‘observer efficiency’ which represents the portion 
of the fish present that are detected. This can be determined by blocking certain reaches, and 
then determining the actual abundance using snorkel surveys, electrochockers, and etc. The 
expanded counts are graphically plotted against time to compute an AUC figure expressed in 
terms of the cumulative numbers of fish-days (this is the trapezoid method). The average time 
fish remain in the stream (or survey areas) must also be determined. The period spent in the 
stream is termed ‘stream-life’ or ‘residence time’, while that spent in specific area(s) is termed 
‘survey life’ or ‘survey area residence time’. In their study, the authors used mark-recapture 
operations to determine residence time. Observations of tagged and untagged fish must also be 
adjusted to account for detectability, tag loss, survey limitations, and etc. The authors noted that 
residence time can be computed from graphical plots of expanded counts for tagged fish over 
time (observed tag curve)’, or alternatively, by also accounting for the number of tags released 
initially (total tag curve). The AUC figure, divided by the average residence time provides an 
estimate of total escapement. 

 English et al. (1992) provided examples of the basic equations used given the observed 
and total tag curves. The authors made recommendations to minimize the potential bias 
(negative implies est. > actual) of the AUC escapement estimates. These include the following; 

- Residence times of fish tagged earlier tend to be greater than those tagged later in the 
season. So tags should be applied proportionally throughout the season, if not, then a 
portion of each major pulse of fish (i.e. a group moving upstream during a freshet) 
should be tagged. 

- The time between stream entry and survey dates (for each pulse) influences the 
escapement estimate. Ideally, surveys should be conducted when tagged or untagged 
fish reach the survey area, and surveys should definitely cover the period of peak 
abundance. Survey timing problems have a greater influence on the estimation of the 
‘observed tag curve’. 
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- Escapement estimates should be based on the total tag curve, rather than the observed 
tag curve, because estimates of ‘total residence time’ are more robust to departures 
from some underlying assumptions than those based on ‘observed residence time’. 

- Tag curves should be based on independent estimates of observer efficiency, especially 
if the total tag curves are used. If not, efforts should be made to ensure that tagged and 
untagged fish are equally detectable. 

- The bias associated with escapement estimates is a function of the density of tagged 
fish observable (numbers per unit area), and to some extent, the proportion of all 
escapement pulses tagged. Less bias occurs with greater observer efficiency and 
tagged proportions, but the relation is not necessarily linear. Ideally, in relative terms, 
both should be >0.5. 

- The use of AUC escapement procedures requires at least ‘minimal’ survey and tagging 
efforts be conducted each year. For the relatively small streams surveyed (20-30 km 
long), this included surveying ≥10% of the stream area during each of 3+ surveys, 
tagging ≥5% of the run, and getting ≥10 estimates of observer efficiency each year. 
More may be required for other non-coho populations [like chinook] or larger populations 
and streams. 

3.2 Summary of Irvine et al. (1992) 

The authors used coho survey data obtained in the same streams as in the previous 
paper, but used ancillary data from fence counts and mark-recapture operations to assess the 
benefits of alternative survey designs. The recommendations made include the following; 

- Sampling units (or survey strata) should be selected based on habitat homogeneity, 
rather than at random. If some survey units are not accessible or suitable for visual 
surveys, surveys can be restricted to certain sites. The two survey designs evaluated 
were stratified random sampling (SRS) and stratified index sampling (SIS). For the two 
small streams described, conducting weekly surveys in each of the 6 strata selected in 
this investigation was considered to be sufficient. 

- Escapements of jack escapements are less accurate than those of adults, and are 
almost invariably lower than the actual value, supposedly because observer efficiency 
for jacks tends to be overestimated. 

- Observer efficiency can vary substantially between streams, and between periods within 
the same streams. When ‘pulses’ of immigrants enter a stream or survey areas at widely 
different times, observer efficiency should be determined for each pulse. 

- If the index sites selected are consistently occupied by large fractions of all spawners, 
counts in these sites can serve as consistent indices of annual escapements. 
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- Equations are presented to compute the variance of the AUC and escapement estimates 
for the SRS design, but that for one of the key variables (V(pi) in Eq. 3) is missing, 
namely the variance of the number of live fish on the ith sampling day. 

3.3 Summary of Hilborn et al. (1999)  

The authors list several papers describing procedures to determine AUC escapement 
estimates, and then focused on pink salmon surveys conducted in Alaska. The authors note that 
the three ‘critical’ components needed are periodic fish counts, survey life, and observer 
efficiency. The authors proposed (i) adjusting observer counts when no fish are detected during 
the first or last survey, (ii) using alternative run timing patterns and arrival/departure models that 
account for survey life to determine the live salmon that should be observable at given times, 
(iii) trying alternative statistical distributions to account for observation error, (iv) accounting for 
uncertainties in survey life and observer efficiency estimates, and (v) using prior information on 
run timing patterns. The authors described a maximum likelihood (ML) procedure to compute 
confidence intervals of escapement estimates. Other recommendations include: 

- Both process error (model shortcomings) and observation errors affect the accuracy of 
the estimates, and reliable fence/weir counts can help determine the relative influence of 
both types of errors. 

- When the first or last survey count is ≠ 0, some fishery agencies approximate the first or 
last AUC segments (triangles from 0 to first count, or from last count to 0) from the first 
or last count times half the survey life estimate [ e.g. AUClast = count · S_Life/2 ] 

- Uncertainty about observer efficiency has a greater influence on the precision of 
escapement estimates than that concerning survey life. 

- For stock management purposes, the trapezoidal method can provide sufficiently good 
escapement estimates that may be unbiased and comparable to those of the best 
likelihood model evaluated. The main benefits of the likelihood model is that it can 
account for various data types and uncertainties to generate confidence bounds for 
escapement estimates, and is particularly useful when only little information is obtained 
in a given season because priors can be used. 

- The survey life and observer efficiency values used for testing purposes were constant 
year-specific values and multi-year averages. The study provides no insight on the 
influence of within-year variation in observer efficiency and survey life. 

- The authors noted that great gains in confidence could be obtained by installing weirs (or 
counting fences) in a few of the 208 streams surveyed in Alaska to get better information 
on key variables. 
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3.4 Summary of Parken et al. (2003)  

 The authors described a procedure used to estimate chinook escapements to large 
Fraser River tributaries with relatively clear waters, via a combination of AUC algorithms, over-
flights to determine abundance trends, and mark-recapture operations to provide independent 
estimates of total abundance, observer efficiencies and residence time. In their study, residence 
time was the period chinook spend in proximity of redds, so the authors are actually using 
‘survey life estimates’ and ‘index sites’ (as defined previously). Following recommendations by 
Manske and Schwarz (2000), the authors accounted for various parameter uncertainties by 
computing confidence bounds of total escapement using slightly modified parametric bootstrap 
procedures. The investigation provided insight on the relative accuracy of escapement 
estimates based on AUC methods as well as ‘peak count’ figures. The important conclusions 
and recommendations include: 

- The use of aerial surveys is justified when large streams with relatively shallow clear 
water habitats need to be surveyed. 

- The method proposed requires replicate surveys within a season to determine variation 
in counts. It is also desirable to conduct surveys over several years to determine 
variability across years. Escapement estimates based on key parameter values from a 
single season can be less accurate that those based on multi-season averages. 

- In the absence of accurate figures on total escapement (e.g., complete enumeration past 
a fence), reliable estimates of total abundance from extensive and well-designed mark-
recapture operations are required. 

- AUC escapement estimates were not significantly different than mark-recapture 
estimates, but both were more accurate and precise than those from peak counts. AUC 
estimates were thought to be [approximately] within ±10% of the true value, while those 
based on peak counts were within ±20% of the real value. 

- Substantial investments [labour, costs] are required to obtain escapement estimates via 
the procedures described. Using peak live counts requires less effort, but replicate 
survey counts are still required (from ground surveys if need be), as well as independent 
estimates of the portion of the total escapement that was observed. 

3.5 Summary of Trouton et al. (2007)  

 The authors explored the use of several procedures to estimate coho and chinook 
escapements to three WCVI streams during 2005-2006. The procedures involved visual surveys 
and mark-recapture operations often used to determine AUC escapement estimates with the 
trapezoid and ML methods described by English et al. (1992) and Hilborn et al. (1999). Despite 
substantial investments in time, effort, resources, and operating in relatively small and clear 
streams, many estimates were considered useless or did not meet the PSC Chinook technical 
committee objective of obtaining estimates with a 3-year average CV of ≤20%.  
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The authors mentioned various factors that could influence the application of these 
methods to estimate coho and chinook escapements in WCVI streams. These include periods 
of droughts and flooding, insufficient opportunities for tagging, insufficient choice of tag types, 
substantial tag loss, small sample sizes, rapid carcass removals from scavengers and freshets, 
periods of low visibility and low tag detection rates. Several conclusions are similar to those 
provided by other investigators working under similar conditions elsewhere. However, their 
investigation provides some estimates of survey life for WCVI chinook populations spawning in 
relatively small and clear streams. The ‘index figures’ reported ranged from 18 to 20 days, or 
shorter than those reported for coho salmon the same streams (range: 23-38 d). 

Another important recommendation (‘g.’ on p. 26) is the use of telemetry techniques to 
quantify residence times (arrival-departure periods), particularly in situations when salmon are 
difficult to see, catch, or rapidly removed by freshets and scavengers after death. In recent 
years, telemetry technologies have increasingly been used for geo-positioning and monitoring 
behaviour of marine and freshwater fish species (see the POST project for instance). In the 
context of escapement monitoring, these technologies can provide new and valuable insight 
where traditional technologies fail, but at considerable costs that may not be justifiable. For 
stream life monitoring, the ideal tagging technique used should help determine if the fish is alive, 
dead, or no longer in the study site. 

3.6 Summary of Korman et al. (2007)  

 The authors described a procedure to estimate steelhead trout escapements to a small 
coastal stream in southern BC. Unlike Pacific salmon, steelhead can spawn repeatedly over 
several years, with mature adults generally having longer stream residency periods. The 
authors noted that previous investigations showed that AUC estimates of escapement may be 
strongly influenced by a reduction in observer efficiency that typically occurs during or after the 
peak of the run (Korman et al. 2002). The authors described an improved method to generate 
escapement estimates using a combination of snorkel counts and multi-year radio-telemetry 
data to determine observer efficiencies and departure periods.  

Radio-tagged steelhead can be detected without being seen, so the combination of 
technologies and models proposed can serve to simultaneously estimate observer efficiency for 
tagged and untagged fish when both are in a survey area. The authors also determined the 
relation between horizontal visibility (detectability) and stream discharge (from Korman et al. 
2002) based on 52 test data obtained over 5 years, which helps predict observer efficiency 
(termed catchability in their paper) when these cannot to be measured well (flow/clarity 
conditions) or too few tagged fish are detected. The authors also evaluated the use of residence 
time estimates from others seasons, and the performance of alternative model formulations that 
account for specific processes, uncertainties, observation error structures and data gaps. 

The paper focuses primarily on steelhead trout subject to arrival-departure timing 
distribution patterns that are substantially different than those of Pacific salmon. However, this 
paper still makes major recommendations that apply here, namely; 
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- Knowing the relation between water turbidity levels and observer efficiency can be very 
useful when conditions do not permit efficiencies to be determined via mark-recapture. 
or repeated probing of blocked survey sections with various methods. 

- Determining this relation via the use of acoustic or radio-tagged fish (and externally 
visible secondary tags) requires repeated experiments for a range of conditions, but can 
then serve to reduce future survey costs once annual tagging operations are considered 
no longer necessary. In some cases, using average parameters values can yield more 
accurate and precise escapement estimates than those year-specific values. 

- The evaluation of progressively more complex likelihood models showed that survey life 
parameters were strongly correlated because different combinations of parameter values 
could fit the data equally well. This observation supports the notion that parsimonious 
models may be sufficient for management purposes once exploratory investigations 
have determined the minimum level of complexity required. 

- The “probability of detecting steelhead is higher when they exhibit courtship and 
spawning behaviour”. This implies that even for Pacific salmon, it might be preferable to 
focus survey efforts on ‘index sites’ near or close to spawning grounds, rather than in 
sites chosen a random or based on accessibility. 

- The results did not show there are major benefits to using computationally intensive 
methods like Bayesian models coupled with Markov Chain Monte Carlo (MCMC) 
simulations when historical observations are used to generate confidence intervals. 

3.7 Summary of Skalski et al. (2010)  

 Based on a review of published reports, the authors noted that stream residence can 
vary considerably between species, streams, years, survey periods and sites. The note that 
mark-recapture operations are often used to determine residence periods, but such costly and 
labour intensive operations may be hard to justify each year (as did Parken et al. 2003). The 
authors emphasized the need for cost-effective methods that can be ‘readily implemented’, and 
described an analytical procedure using only live and dead counts to provide ‘nearly unbiased’ 
estimates of chum salmon residence time in small streams of Washington state. For their study, 
two crews were used to estimate detection probabilities of carcasses, with floy tags applied to 
salmon in the first survey, and tagged or untagged carcasses recorded in the second survey. 
Residence time estimates are generated using an ‘expectation-to-expectation’ algorithm that are 
less biased that those obtained with previous procedures (peak-to-peak or median-to-median), 
at least under the scenarios simulated. 

Unfortunately, the estimation procedure is described using matrix notation, although the 
‘R code’ used for estimation purposes is provided in an Appendix. Potential users must 
understand matrix notation or be familiar with the the ‘R’ software language to use their model. 
The limitations of their procedure are not well known, at least in terms of (i) the spatio-temporal 
dimensions of the data sets required when they differ from those used in their paper, and (ii) the 
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estimator robustness to departures of the some underlying assumptions, particularly under with 
low delectability conditions and where carcasses are rapidly flushed out of the stream (instead 
of slow decays, or progressive scavenger removals). Despite such issues, the procedure is an 
alternative method that may be more cost-effective and reliable that traditional procedures, at 
least in some contexts. 

3.8 Summary of review by Dobson (unpublished) 

 The scientific authority for the present investigation (D. Dobson, DFO South Coast 
Division, Nanaimo, BC) noted that many studies showed that survey life could vary substantially 
between species, years, survey periods and sites. Estimating survey life in every context may 
be impossible or simply unjustifiable on a long term basis for cost:benefit reasons. A cursory 
review of reports produced mainly before 2001 was conducted to determine the range of stream 
life estimates of Pacific salmon with the hope of identifying relations (if any) between stream life 
and various biological and environmental variables, that could be used in the absence of 
stream-specific estimates of average stream life. Among the reports reviewed not listed above 
are those of Bue et al. (1998), Hard et al. (1996), Jacobs and Nickelson (1998), Lady an Skalski 
(1998), Perrin and Irvine (1990) and Quinn and Gates (1997). Most of the estimates reported 
concern coho populations occupying streams between Oregon to the Alaska, with an average 
stream life of about 14 days (range: 8-33 d). 

 An important finding reported concerns the apparent relation between stream life and 
stream size as often noted by field surveyors (D. Dobson, DFO, unpublished report). In the 
absence of accurate information on the accessible portion of each BC stream/population 
surveyed, a crude stream size index was computed by multiplying stream watershed area by 
November precipitation normals from the nearest weather stations. A plot of coho survey life 
versus stream index showed no relation between the two variables (if one omits one outlier out 
of 12 points), centered about an average of 14 days. The survey data available were mainly for 
coho using tributaries to the Strait of Georgia (GS), and were not all obtained using the same 
procedures. No information is presented on chinook populations occupying larger WCVI 
streams typically subject to annual rainfalls 3-4 times greater those at comparable latitudes on 
the eastern side (ECVI). The behavioural attributes, movement patterns, survival rates, stream 
life, and delectability of chinook and coho also differ in many respects. So in light of such facts, 
it would not be advisable to compute crude AUC estimates for WCVI chinook populations using 
figures for other species or regions. However, the investigation results highlight the paucity of 
stream life estimates for WCVI chinook populations, and the supports the need to identify 
relations between stream life and habitat conditions to help compute AUC estimates for periods 
with unfavourable surveys conditions, and reduce the long-term cost of escapement monitoring 
operations (as proposed by Korman et al. 2002, 2007). 

3.9 Suitability of models to estimate WCVI Chinook escapements 

 A cursory review of the above reports indicates that the most suitable AUC estimation 
procedure to use in any given context must take into account many factors including stream 
characteristics (clear/turbid waters, flood frequencies, low/high abundance levels), the survey 
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methods used (stream walks, snorkel counts, over-flights, mark-recapture), the type of data 
collected (live and or dead counts, jacks, fish sex, stream conditions, surveys site selection), the 
maximum length of time the species can reside in a stream before spawning (steelhead trout >> 
Pacific salmon). Additional factors need to be considered where determine how to generate 
confidence intervals, including the estimation procedure used (Trapezoid, Maximum Likelihood, 
peak to peak, etc.), the availability of replicate surveys for comparative purposes, and if several 
methods are used to provide independent estimates of key parameters (fence counts, surveys, 
tagging data, radio-telemetry). 

 Given the data available for WCVI chinook, and the requirements of various estimation 
procedures described above, it would appear that a model based on that described by Hilborn 
et al. (1999) is suitable to estimate escapements and the associated confidence intervals. The 
main reasons include (i) in some years the first and last count are not zero, and adjustments 
required when using the trapezoid method are subjective and problematic, (ii) in some years, 
there are too few surveys (≤4) and no complementary operations (e.g. mark-recapture) are were 
conducted to provide empirical and independent data required to estimate residence time and 
observer efficiency as required by alternative methods, (iii) there are no replicate surveys 
available to compute the confidence intervals of trapezoid model estimates using Bootstrap 
procedures, (iv) there are no complete and reliable datasets on spatio-temporal distribution of 
carcasses as needed to use the expectation-to-expectation estimator, (v) the ML model can 
provide estimates of observer efficiency, stream life, total escapement, and confidence intervals 
without ancillary data, and can make use of historical observations, and (vi) the ML model can 
be modified to use of ancillary observations and relations between observer efficiency and 
habitat conditions. In light of such facts, escapement estimates and confidence intervals are 
computed here using a ML model similar to that described by Hilborn et al. (1999), with a few 
adjustments to account for data gaps, ancillary observations and model limitations. 

 



13 

 

 
 
4.  Symbols and Notation 

The following symbols, notation and definitions apply to the various components and 
functions of the estimation and simulation models described in the following sections. 
 
ct variable denoting the expected number of live fish count, time t 
df symbol denoting the degrees of freedom 
h subscript denoting a hypothesis or set of parameters values (range: 1-2) 
i variable denoting a time index (in days, range: 0 to tmax) 
m variable or subscript denoting a mean time of arrival 
n variable denoting the number of observations (or sample size of n) 
n variable denoting a given survey record (range: 1 to nmax) 
p variable denoting the proportion of total escapement entering in the earlier period 
s variable or subscript denoting the stream life (or residence time, in days) 
s̅ variable denoting the average stream life (or residence time, in days) 
sr variable denoting the average stream life reported by the snorkel crews 
t subscript denoting successive days in a season (range: 1-122, for Sept.1 - Dec. 31) 
v variable denoting the observer efficiency 
w subscript denotes a calendar week of the year (range: 1-52) 
xt variable denoting the actual count of live fish, time t 
y subscript denotes a year 
At variable denoting the cumulative number of arrivals, time t 
Dt variable denoting the cumulative number of deaths, time t 
E variable denoting the total escapement 
Nt variable denoting the number of live fish potentially observable, time t 
L likelihood of a hypothesized set of parameter values given the data 
Loge natural logarithm of a variable (also denoted as Ln) 
ℓ natural logarithm of the likelihood L  
σm standard deviation of the mean date of arrival 
σs standard deviation of the mean date of arrival given a set of arrival dates 
θh vector of parameters values, hypothesis h 
θ’h alternative vector of parameters values, hypothesis h 
x vector of actual counts for a given stream/season 
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5.  Description of escapement estimation models 

5.1 Basic model structures 

 For purposes of simplification and comparison, the models are described using a 
notation similar to that of Hilborn et al. (1999). The escapement estimation model uses the 
same arrival and departure process models based on the normal distribution. Arrivals consist of 
the cumulative number of live fish that enter a survey area. Departures consist of the cumulative 
deaths in a survey area that is a function of the stream life (s). Omitting the stream and year 
subscripts for purposes of clarity, the model components are  

[1]     

[2]     

The expected number of live fish ‘potentially’ observable at a given time is  

[3]       

 The expected number of live fish counted by observers in a stratum (day/area) given a 
hypothesized level of observer efficiency (v) is  

[4]       

The set of parameters to estimate each stream/season using this ‘uni-modal model’ is 
denoted by θ1 = {E,m,σm,s,v}. Some investigators use non-symmetrical distributions (often a 
Beta distribution) for the arrival-departure process model, but these do not always provide a 
better fit to the data, in part because the arrival or departure processes do not necessarily 
conform to any singular parametric distribution due to fishing impacts, tides, droughts, floods, 
cold spells, predator removals, and etc. An alternative arrival-departure process model 
proposed here includes two normal distributions and stream residency periods. In fact, it is not 
uncommon to observe two main periods of upstream migration because consecutive freshets 
providing sufficient flows to catalyze the upstream migration can occur either too early or too 
late, or occur at the right time but in two distinct periods (i.e., 2 weeks apart). Using two 
distributions also allows the overall immigration pattern to appear asymmetrical, uni-modal or bi-
modal. Two stream residencies are used since salmon moving upstream at different times often 
have different stream residencies (Adkinson and Sue 2001, Su et al. 2001, Korman et al. 2002).  

The set of parameters for the ‘bi-modal model’ is θ2 = {E,p,m,σm,s,m2,σm2,s2,v}. A 
proportion parameter (p) serves to the split total escapement (E) into two distinct groups. There 
is no real need to use E and p because two escapement parameters could be specified, but this 
formulation facilitates the estimation of confidence intervals for total escapement (see later 
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sections). The arrival-departure process model for the first group is given by Eq. 1-2, with term 
E is replaced by Ep. For the second group, E is replaced by E(1-p) and m2,σm2,s2 are used. This 
yields two sets of figures on observable fish (say N1,t and N2,t). The sum of these (Nt = N1,t+N2,t) 
is used in Eq. 4 compute ct given a single observer efficiency parameter estimate (v). 

Hilborn et al. (1999) uses maximum likelihood methods to obtain parameter estimates 
given a set of observer counts. The authors assume no process error, so the objective function 
used for fitting purposes is mainly dictated by the hypothesized error distribution. In their study, 
the pseudo-Poisson distribution generally provided better fits than the normal, lognormal, or 
beta distributions. They noted the variance in observer counts tends to increase with 
abundance, and the Poisson distribution has a variance proportional to the mean. Their pseudo-
Poisson likelihood function is based on a normal distribution, but with a variance scaled by a 
coefficient (q) so it increases with the mean. This coefficient seemingly needs to be estimated, 
but no values are reported in their paper and no guidance is provided on when or if a constant 
value can be used. Based on some exploratory analyses, the present author observed that the 
model using the pseudo-Poisson is [more] prone to parameter confounding, with coefficient q 
being hard to estimate with certainty given small datasets. Also, the Poisson is generally used to 
model the distribution of rare events (i.e., low frequencies), but the WCVI survey counts often 
include counts of 100-1000+ fish per survey, and could hardly be considered as rare events. 

For comparisons of observed and expected frequencies ‘binned’ in arbitrarily defined 
categories (here ≥1d), some investigators use likelihood-ratio tests for analyzing discretely 
distributed Poisson events (see Zar, 1984), particularly when the expected frequencies can be 
relatively large. The log-likelihood ratio function (see Baker and Cousins 1984) is used here as 
the objective function to assess goodness of fit instead of the pseudo-Poisson, as it does not 
require a scaling factor. The function used for fitting purposes is 

[5]        

The above function expresses the probability of a given set of parameter values 
(hypothesis) given the observation data. The probability of a hypothesis given the data is termed 
the likelihood (see Edwards 1992), and generically denoted here by L(θ|data). Probabilities can 
be small so likelihoods are often expressed as natural logarithms (or log-likelihood) denoted by 
Loge(θ|data), Ln(θ|data), more simply by ℓ(θ|data). Note that a small number is added to the 
observed and expected counts because the natural logarithm of zero is undefined, and this 
addition tends to have little or no influence on the overall likelihood in the present context. Note 
that Hilborn et al. (1999) use the term L(x|C) as L(data|θ), but the conventional form is used 
here to minimize confusion between Bayesian and Likelihood notation. 

5.2 Accounting for uncertainty in stream life and observer efficiency  

In the absence of ancillary data to provide independent estimates of observer 
efficiencies and residence periods, it is hypothesized that the allowable parameter estimates lie 
within a ‘plausible’ range of values that are equally likely. However, some investigators may 
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have reason to assume the estimates conform to a certain distribution and lie within a more 
specific a range of values. For instance, 10 years of independent analysis results may reveal 
that the distribution of the most reliable estimates tends to conform to a certain parametric 
distribution. Hilborn et al. (1999) note that the likelihood functions can be adjusted to account for 
a given uncertainty profile. For example, assume the stream life parameter estimates are 
thought to be normally distributed with an average mean (s̅) and a population standard deviation 
(σs). The influence of stream life uncertainty is determined using the log-likelihood function for 
the normal distribution, with the values used to adjust the first function value 

[6]                

[7]                     

 The same combination of equations is used for the uni-modal and bi-modal versions of 
the basic model, with n=1 for both (the estimate for a given year), except that for the bi-modal 
case, the weighted average of the two stream life estimates is used. Equation 6 (or an 
alternative log-likelihood function) can be used to account for uncertainty in observer efficiency, 
and the value can be added to Equation 7 so it accounts for both sources of uncertainty. For 
illustration purposes, only uncertainty is stream life is accounted for in this report (see results 
section). 

5.3  Accounting for prior information 

 Accounting for uncertainty is similar to accounting for prior information, although ‘using 
priors’ as such is more common in Bayesian analyses, and generally refers to initially 
specifying, then updating and integrating known and/or hypothesized uncertainties from multiple 
sources. Hilborn et al. (1999) describes a likelihood function adjustment that uses historical 
information (i.e. priors) to help get reasonable estimates for cases where “data sets are sparse 
or the first and last observer counts are large”. As an example, the authors use run timing 
records from previous years to adjust the likelihood function with a procedure similar to that 
described above (Eq. 6-7). Readers can consult Hilborn et al. (1999) for details, but the log-
likelihood adjustments for using priors are not presented here, mainly because preliminary 
assessment results (reported in later section) indicated that WCVI chinook run timing patterns 
can differ substantially between years, so priors based on historical escapement patterns may 
be of little use to estimate chinook escapements in small coastal streams with highly variable 
flow patterns (not larger streams with more continuous discharge patterns). 

5.4 Determining the reliability of escapement estimates 

 Determining if an estimate is potentially biased (e.g., its accuracy) under certain 
conditions is often considered more important than determining the effect of such conditions on 
the estimate precision. It is beyond the scope of this investigation to determine the influence of a 
multitude of factors on the accuracy and precision of the escapement estimates obtained under 
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a wide spectrum of field condition. Consequently, this investigation focuses only on the 
accuracy of escapement estimates obtained with the ML estimator under certain conditions as 
observed during past WCVI filed surveys. The factors of interest are escapement patterns (uni-
modal, bi-modal), escapement levels (fixed at 500 and 2000 chinook), stochastic variation in 
observer efficiency during each survey (uniform distributions, 0.80±0.05 and 0.90±0.05), and 
survey timing (every 3rd, 6th or 9th day, when chinook are present).  

Simulated data sets of the number of chinook potentially observable at certain times 
were generated using a combination of variable values for the factors of interest, and fixed 
values for the run timing and stream life parameters. The simulated outputs were considered as 
the ‘actual’ time series of spawners in a stream, and used as the ‘observed’ figures for 
parameter estimation purposes. Differences between the ‘actual’ and estimated figures were 
expressed as ‘relative errors’ [=(actual-estimate)/estimate]. The two main scenarios investigated 
consist of uni-modal and bi-modal run timing patterns with similar parameter values, levels of 
stochastic variation, and survey frequencies. 

5.5 Assessing the benefits of additional data 

Determining the benefits of ancillary survey results on the accuracy and precision of 
escapement estimates is one of the objectives of the present investigation. Unfortunately, as 
emphasized in the project proposal submitted, one cannot determine what additional surveys or 
survey types will be conducted in the future, as this is largely a matter of allowable budgets. 
However, simulation results do provide insight on the benefits of increasing survey effort and 
observer efficiencies under certain conditions, as well as using alternative model structures for 
parameter estimation purposes. Also the literature reviews reported above yielded some insight 
on the potential gains in cost-effectiveness that can be achieved by conducting new types of 
surveys, instead of relying on traditional methods (e.g., conventional mark-recapture 
operations). A synthesis of the main findings is presented in the discussion section. 

6.  Model fitting procedure 

The MS Excel spreadsheets used initially for illustration and parameter estimation 
purposes (as requested by DFO staff) consists of hundreds of cells to account for the arrival and 
departure patterns using a daily temporal resolution. The latest versions of the spreadsheets are 
provided to DFO staff, but are too is too large to be shown as tables or pictures in this report. 
Only the portion displaying the parameter labels, values, and bounds are given to show the 
main interface used for parameter estimation. The basic uni-modal and bi-modal models 
respectively have 5 and 9 parameters to estimate, which exceeds the number of chinook 
surveys conducted in a WCVI streams during one season. 

As recommended by Bard (1974), bounds and constraints are used to ensure that the 
function minimization algorithm converges to a solution in the ‘realistic’ range of the parameter 
space. The parameter bounds initially chosen are wider than those reported from past 
investigations and WCVI survey crews so the algorithm can search for optimal values that may 
differ from those reported. Irrespective of the arrival-departure model used, the upper and lower 
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bounds used initially are the same for all cases (E>max_count, 0.05<p<0.95, 12<m<70, 
1<σm<20, 0.5sr<s<1.5sr, 0.75<v<0.99). The stream life bounds take into account the figures 
reported by survey crews. The bounds used allow stream life estimates to deviate by ±50% from 
the reported figures, so the surveyor ‘opinions’ are used like as ‘expert-based’ priors in 
Bayesian analyses (see Morris 1977). The stream life bounds also apply to the overall stream 
life obtained with the bi-modal model, computed as a weighted average of the two parameter 
values [=0.5(ps+(1-p)s2))]. Bounds were also set for observer efficiency, implying that surveyors 
do not always see all chinook as assumed by Trouton et al. (2007) in their study. The bounds 
used initially allowed for observer efficiency estimates of 0.50-0.99, but after examination of 
preliminary results for several cases, the bounds were reduced to 0.75-0.99, implying that 
surveyors may miss at most to 25% of the chinook present during any survey. 

In the present context, the term ‘constraint’ refers to the allowable ranges of model 
predictions. Only one is specified, and applies to the CV of arrival time distributions arbitrarily 
set to 0.04-0.33 so that chinook never enter a stream before Sept. 1 (or t=1). 

The best escapement estimate is given by the combination of parameter values with the 
maximum log-likelihood value or ℓ(θbest). Confidence intervals for the escapement (E) are 
computed from likelihood profiles as done by Hilborn et al. (1999). The critical contour of the 
log-likelihood function is given by ℓ(θbest)-0.5χ2

1-α,df for the chi-square value at probability 1-α with 
1 degree of freedom (≈3.84). The likelihood profile for E is generated by sequentially computing 
ℓ(θ) for increasing values of E, while searching for the best parameter combination (i.e., all 
except E are considered as ‘nuisance parameters’). The confidence intervals (or bounds) are 
the smallest and greatest values of E (or limits) that meet the condition ℓ(θlimit)-ℓ(θbest) = -1.92, or 
= 1.92 if one minimizes the negative log-likelihood of the objective function. 

All parameters were estimated with the Excel add-in function minimization routines of the 
Premium Solver Platform (PSP, Version 10.0) distributed by Frontline Systems Inc. The routines 
can handle large/complex problems involving many parameters and variables. Some routines 
are more suitable for models with specific attributes (model size, scaling, discontinuities, 
constraint types, etc.). Most searches were conducted mainly with the OptQuest solver engine 
that is the most suitable for non-smooth, non-linear problems. Additional searches also were 
with the Generalized Reduced Gradient (GRG) solver engine. The latter has algorithms to 
detect discontinuous and non-smooth functions, and can replace some so very efficient 
automatic differentiation routines can be used. Both engines conduct multiple searches with 
different starting values. All final solutions were obtained with the automatic scaling option 
enabled, no maximum time or iteration limits, and precision and convergence levels of 1E-6. 
Once solutions were obtained, the distributions of residuals and the position of the estimates 
within the allowable ranges were examined. If convergence problems were suspected, the data, 
bounds and constraints used were re-examined and adjusted, and new searches were 
conducted. The process was repeated until no obvious improvements could be made. 

6.1 Estimates of escapement, observer efficiency and stream life 
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 Records for the Tranquill, Tahsis and Leiner Rivers were used for illustration, largely 
because some of these were subject to detailed and comparative analyses by Trouton et al. 
(2007). A cursory examination of the expected versus predicted trends reported by Trouton et 
al. (2007) indicate that the Hilborn et al. (1999) model did not always fit the data well, with some 
escapement estimates lower than the peak observer counts (Table 3). Other anomalies 
concerned early ‘observations’ (first survey indicating zero fish present) used by the authors that 
were not found in the copy of the DFO database records provided, and escapement estimates 
that matched peak counts. So the following analyses only used database records provided. 

Trouton et al. (2007) show that the Hilborn et al. (1999) model provides good fits for 
some streams/years, but the present investigation confirms that the new bi-modal version 
provides better fits in many cases (Fig. 1, right side) with total escapements always exceeding 
peak observer counts (Table 3). Three of the five cases where the bi-modal version provided 
better fits were in 2006, perhaps because two or more major rainfalls strongly influenced these 
adjacent WCVI stream flows that year. 

The uni-modal version estimates were within 0.5-1.6 the reported figures (Table 3, 
bottom), and usually lower than reported (x̅≈0.79). Observer efficiency estimates were relatively 
high (range: 0.75-0.99, x̅≈0.87). Escapement estimates were within 0.8-2.9 of the reported 
figures, and generally greater than reported (x̅≈1.8). The associated confidence intervals were 
within 0.49-3.88 of the MLE of total escapement (means 0.79-1.80 of the MLE). The confidence 
intervals tend to be asymmetrical, so there is a greater chance the actual escapements 
exceeded the estimates. 

 For cases analysed with the bi-modal version (Table 3, top), estimates of the overall 
stream life were within 0.5-1.0 the reported figures, and also usually lower than reported 
(x̅≈0.70). Observer efficiency estimates were still relatively high (range: 0.79-0.90, x̅≈0.85). 
Escapement estimates were 1.1-3.5 times the reported figures, and generally greater than 
reported (x̅≈2.2). The associated confidence intervals were within 0.4-2.2 of the MLE of total 
escapement (means of 0.6-1.8 of MLE). The intervals tend to be asymmetrical, so there is a 
greater chance the actual escapements exceeded the estimates. 

 Tranquil River estimates that accounted for uncertainty in stream life (assuming s̅=15.0, 
and σs=8.5) were similar to those obtained without the additional penalty (Table 4, figures in 
bold), but the escapement estimates tended to have slightly wider confidence intervals. 

The present investigation revealed that good solutions were more difficult to obtain when 
there were fewer stream survey observations available (e.g., Leiner 2005 with 5 surveys). 
Several combinations of parameter values provided nearly identical fits to the few observations. 
As noted by Hilborn et al. (1999), using priors in such case may be helpful, but since the only 
two Tahsis assessments conducted indicated major differences in upstream migration pattern, 
no efforts were made to determine the benefits of using priors. The relations between 
corresponding estimates of stream life (ordinate) and mean arrival date (abscissa) revealed a 
quadratic relation between both variables, with peaks stream lives associated with day 35 (early 
October). This observation does not support the notion that stream life is linear function of 
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arrival time, or inversely proportional to it, as has been observed in some investigations on other 
species in other regions.  

6.1 Estimate biases 

 The median relative error of the escapement estimates (Table 5, far right column) 
obtained after conducting only 10 pairs of simulation-estimation runs was negligible (<5%) when 
one or more surveys were conducted each week during the period of stream residency, under a 
uni-modal run timing pattern, when observer efficiency was relatively high (≈ 0.9), irrespective of 
the escapement level (500 or 2000). Such results indicate that the estimation procedure 
described in this report can provide [on average] relatively unbiased estimates of escapement 
under the conditions described. For most of the parameters estimated, even the maximum and 
minimum relative errors reported are usually <0.10. By contrast, when surveys are conducted at 
9 day intervals, there may only be 4-5 observer records available for parameter estimation 
purposes, and the records may not cover the front and/or tail end of the period of stream 
residency. Under such conditions, the median relative error is greater than that obtained when 
surveys are conducted more frequently, and indicates that [on average], the escapement 
estimates can be positively biased (estimate > parameter value) by up to 5% irrespective of the 
escapement level (500 or 2000). The range of relative errors generally tends to be less for 
greater escapements (2000 vs. 500) under similar conditions (Table 5, Fig. 2). This is not 
always the case, especially when only 4 surveys are done in the season, perhaps due to the low 
number of simulations conducted, and the fact that the few survey records available are to a 
greater extent influenced by larger numbers. 

 The results obtained under similar conditions with observer efficiencies of ≈0.80 (Fig. 2, 
middle plot) were similar to those obtained with greater observer efficiencies (Fig. 2, top plot), 
although the relative error range and bias tended to be slightly greater at low abundance levels 
with mid-low survey frequencies. This indicates that under certain conditions (survey effort, 
water clarity), it may be more difficult to obtain unbiased estimates when escapement levels are 
relatively low (≤ 500).  

 As for situations when there are two major upstream migration periods, the bi-modal 
version of the ML model can still provide escapement estimates with negligible levels of bias 
and relatively small levels of relative error, when many surveys are conducted throughout the 
season, and observer efficiencies is as high as has been reported by surveyors recently 
(≈90%). Note that in this case, survey frequency is the same as for the uni-modal cases, but the 
bi-modal upstream migration pattern extends for a longer period such that the actual number of 
surveys conducted is greater over a longer period of ‘stream occupancy’. In spite of this, when 
less than 10 surveys are conducted during the season, one could obtain positively biased 
estimates (by 5-10%), irrespective of total escapement levels.  

7.  Discussion 

 These results of the present investigation indicate that the ML estimators described in 
the previous sections can be used to provide unbiased estimates and associated confidence 
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intervals of chinook escapements to relatively small WCVI streams that are periodically 
monitored via snorkel surveys. The periods of stream residency subjectively determined by the 
observers do not appear to be reliable, but despite this, the model seem to be able to provide 
accurate estimates of these, likely because of the high observer efficiency obtained when 
conducting surveys when conditions are good to ideal. The results also highlight the importance 
of conducting surveys at regular intervals throughout the season, preferably at ≤6 day intervals. 
Periods of strong discharge, low visibility and less than ideal conditions may not allow surveyors 
to conduct snorkel surveys under ideal conditions as often as planned. Consequently, one could 
request that surveyors do snorkel surveys under less than ideal conditions to monitor 
abundance at regular intervals and to obtain 8 or more observer records each season. Counts 
might be obtained, but these would not subject to the same high level of observer efficiency, 
which may be problematic if some surveys are conducted under poor visibility near the peak 
abundance period.  

Such situations could be dealt by using survey-specific observer efficiencies corrected 
for snorkel survey conditions. Korman et al. (2002, 2007) described the method used to 
determine the correction factors. It basically involves conducting a series of small experiments 
whereby surveyors determine the number of externally marked fish in a stream reach under 
various conditions. During the surveys, water clarity (or maximum delectability distance) is 
determined using marked gages, Secchi disks, or other devices. The exact number of fish 
present is determine by applying electronic tags to each externally marked fish, and their 
presence is confirmed via the use of signal receivers. A fixed number of small acoustic tags 
(detectable in brackish waters) could be applied in the lower reaches of some streams when the 
fish are holding before a freshet. The numbers entering the stream could be determined by 
using a fixed signal detector at the entrance of the stream, and their subsequent position could 
be determined accurately by a technician following the snorkel survey team, and using a 
portable signal detector. The results obtained after ≥20 tests serve to determine the relation 
(linear or non-linear) between marked fish delectability (see/present) versus stream conditions. 
That relation can then be used to compute survey-specific observer efficiencies for many other 
systems where snorkel surveys are conducted under a similar range of conditions. 

The approach used by Korma et al. (2002, 2007) appears to be more versatile and cost-
effective than older methods (blocking narrow reaches followed by using electroshockers, 
conventional mark-recapture, complete enumerations using fences, etc.). Furthermore, there 
are several non-obvious but non-negligible benefits to conducting this type of experiment in the 
near future. Having survey-specific corrected observer efficiencies would likely improve both the 
accuracy and precision of the escapement estimates provided by the uni-modal and bi-modal 
versions described above. This is because the models would not have to include a parameter 
for observer efficiency that has to be ‘estimated’, thus making the model simpler to use, and 
eliminating the effects of any potential correlation with other model parameters. The model 
structures would not imply that observer efficiency is constant throughout the season. And 
finally, the telemetry experiments could provide more information on the relation between 
stream life and time of entry, which could help improve the model structures. 
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The results obtained from this exploratory investigation only provide insight into the 
suitability and performance of one analytical approach used to generate escapement estimates 
from survey counts. The results reported were computed using simple Excel spreadsheet 
models, but for routine use, DFO staff should have the ability to rapidly generate escapement 
estimates using computer programs designed to process any stream/year specific survey data 
set in the exiting escapement database. Should there be interest in doing so, the built-in 
computer program would have to (i) be written in a language suitable for extraction, processing 
and reporting of the database records in their present format, (ii) be compatible with the 
database software being used (Oracle, Access, FoxPro, or others), (iii) use an efficient and 
robust function minimization algorithm that can converge to a good solution even for cases 
involving integer/real numbers, non-smooth and non-continuous functions, and possibly multiple 
minima/maxima, (iv) provide estimates of confidence intervals, and (v) determine if the survey 
records trends are indicative of a uni-modal or bi-modal immigration pattern so as to apply the 
appropriate version. Determining the number of modes is not a clear-cut and computationally 
simple task, so from now on, stream surveyors should record the number of freshets early in the 
season that provided sufficient flows for chinook to move upstream. This would at least simplify 
the process of determining which model version to use, or if alternative versions are required.  

Unfortunately, even if the data entry forms are modified shortly to account for discharge 
patterns, the ancillary surveys recommended are conducted, and a built-in computer program is 
created for future use, this would not help correct or provide more consistent and reliable 
chinook escapement estimates for all WCVI streams surveyed in the last few years. Doing so 
may require creating a stand-alone application in some language (C++, etc.), examining each 
set of records to subjectively assess if the uni-modal or bi-modal version should be used, and 
update all previous escapement estimates. It might seem desirable to simply use the bi-modal 
version to analyze all previous records, but the results of exploratory investigations (not reported 
here) indicates that one can often obtain several solutions that cannot be evaluated based on 
exiting records, and one can sometimes end up using a model that has more parameters than 
observations, which is not generally recommended based on statistical grounds 
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TABLES 
 

Table 1. Summary of the numbers of snorkel surveys conducted each year in selected WCVI 
watersheds to monitor chinook escapements. The figures include all surveys conducted 
between the first and last sightings (inclusive), and the prior and subsequent survey 
where no chinook were sighted (if any). Blanks indicate no surveys were conducted. 
Figures provided by DFO staff, south Coast division, Nanaimo, BC. 

Sarita Nahmint Bedwell Moyeha Megin Tranquil Cypre Burman Tahsis Leiner Zeballos Kaouk Artlish Tahsish Marble Cayeghle

1995 8 9 5 4 3 5 5 5 3 5 5 5 1 2

1996 9 14 6 8 6 7 6 10 9 10 10 10 7 8 5 5

1997 8 11 8 4 7 3 7 6 9 8 7 7 7 6 7 3

1998 10 11 10 7 3 3 6 10 7 7 8 12 13 3 5 11

1999 4 8 10 6 5 4 5 5 6 5 6 8 7 4 4 6

2000 5 12 8 6 6 14 3 6 6 6 4 8 6 3 3 4

2001 9 9 6 4 3 15 7 10 8 4 5 7 4 5 1 3

2002 7 11 7 5 5 16 4 10 5 5 4 5 5 3 5 8

2003 6 7 14 6 5 15 3 8 6 5 2 5 5 6 4 5

2004 6 9 7 5 3 16 3 7 5 4 3 5 5 5 3 7

2005 5 8 7 5 2 29 2 6 8 5 2 3 3 3 3

2006 5 6 7 4 4 18 4 10 12 11 3 3 3 4 3 4

2007 3 6 7 4 3 13 6 11 5 8 4 4 4 4 8 6

2008 8 7 8 7 5 4 3 7 6 6 3 4 5 4 3 6

2009 4 7 7 3 3 4 4 6 7 5 5 4 4 3 3 5

Average 6.5 9.0 7.8 5.2 4.2 11.5 4.5 7.8 6.9 6.3 4.6 6.0 5.5 4.4 3.9 5.4

Year

 
 
 
 
Table 2. Example of DFO snorkel survey count summaries (live adult chinook) for the Sarita 

River, 1995-2005. Zeros indicate a survey was conducted by no chinook salmon 
detected. Blanks indicate that not surveys were conducted in that period. Figures under 
the ‘Total’ heading are escapement estimates usually computed from expanded survey 
counts and a hypothesized residence time (in days, far right column). 

81 82 83 84 91 92 93 94 101 102 103 104 105 111 112 113 114 115 121 122 123 124

1995 5 23 58 77 27 17 0 0 136 AUC 15

1996 0 264 367 376 0 0 8 5 0 0 0 493 AUC 35

1997 0 346 458 929 934 21 0 0 0 0 1869 AUC 20

1998 0 0 9 4 1603 1500 663 810 0 2417 AUC 15

1999 229 433 485 255 767 AUC 15

2000 59 276 10 0 301 AUC 15

2001 1033 962 455 136 269 3 1536 AUC 23

2002 1 0 69 0 0 0 0 2 0 3299 AUC 25

2003 9 43 41 17 0 0 7 3705 AUC 17

2004 34 25 5 0 0 0 3445 AUC 22

2005 0 0 1 299 67 1138 EO

2006 141 892 782 688 143 3304 AUC 20

2007 7 3 367 1630 EO

2008 351 461 511 705 439 302 46 998 AUC 28

2009 425 194 24 26 505 AUC 25

Average 0 0 349 149 408 326 261 281 237 125 130 1 0 0 0 0 1703 21

TotalYear
Residence 

Time
Analysis 
Method

Statweek
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Table 3. Parameter estimates (in yellow) obtained with two model versions for selected cases 

(stream/year). Labels SL and CV respectively denote the stream life and coefficient of 
variation of arrival times (_2 for the bi-modal version). Reported escapements 
superscripted (*) denote estimates from Trouton et al. (2007), with others are from DFO 
database records. 

Bi-modal model Tranquill Tranquill Tranquill Tashis Leiner
2001 2002 2006 2006 2006

Escapement 4090 167 726 350 200
Lower limit 3028 124 400 152 126
Upper Limit 4715 371 1165 605 442

Split 0.84 0.73 0.49 0.63 0.37
Arr_Mean_1 54.8 55.3 35.7 32.2 41.0
Arr_SD_1 7.0 4.1 10.4 10.6 8.1

SL_1 8.0 26.5 15.0 8.3 10.0
Arr_Mean_2 28.8 21.2 57.5 13.2 19.2
Arr_SD_2 1.0 1.6 2.3 3.5 1.4

SL_2 30.9 21.8 8.9 11.2 16.2
Obs_Effic 0.83 0.86 0.79 0.85 0.90

Arr_CV1 0.13 0.07 0.29 0.33 0.20
Arr_CV2 0.03 0.08 0.04 0.26 0.07
Mean_SL 11.7 25.2 11.9 9.4 13.9
 -LogLikl 36.70 12.32 1.65 3.95 2.28

N_Surveys 10 9 10 11 10
Max_Count 1810 105 327 118 114

Reported _SL 20.0 25.0 20.0 17.5 17.5
Reported Escap. 2082 147  229* 101* 168*

Uni-modal model Tranquil Tranquil Tranquil Tranquil Tranquil Tranquil Tahsis Leiner
1999 2000 2003 2004 2005 2007 2005 2005

Escapement 2813 3553 4640 1659 644 228 298 416
Lower Limit 945 2998 4525 1322 548 225 166 292
Upper Limit 4160 4558 6750 3182 1335 314 348 1125
Arr_Mean 52.3 51.2 45.6 43.5 38.0 31.8 30.1 16.0
Arr_SD 11.2 8.6 8.1 8.9 4.5 5.2 6.7 4.0

Mean_SL 7.2 8.0 8.5 12.3 16.2 28.7 10.0 21.7
Obs_Effic 0.78 0.87 0.99 0.92 0.90 0.96 0.77 0.75

Arr_CV 0.21 0.17 0.18 0.20 0.12 0.17 0.22 0.25
 - LogLikl 15.82 62.16 199.45 194.07 33.64 23.12 18.84 0.07

N_Surveys 4 10 10 9 14 13 8 5
Max_Count 638 1306 1846 791 534 225 147 292

Reported_SL 12.0 15.0 17.0 25.0 17.5 25.0 20.0 13.2
Report Escap. 725 1781 1846 1127 735* 226 201* 355*  
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Table 4. Parameter estimates (in yellow) obtained with two model versions for the cases in 

Table 3, table, but figures in bold are estimates adjusted for stream life uncertainty (see 
text for details). 

Bi-modal model Tranquill Tranquill Tranquill Tashis Leiner
2001 2002 2006 2006 2006

Escapement 4097 167 726 350 200
Lower limit 2615 124 400 152 126
Upper Limit 4715 371 1165 605 442

Split 0.84 0.73 0.49 0.63 0.37
Arr_Mean_1 54.8 55.3 35.7 32.2 41.0
Arr_SD_1 7.0 4.1 10.4 10.6 8.1

SL_1 8.0 26.5 15.0 8.3 10.0
Arr_Mean_2 28.8 21.2 57.5 13.2 19.2
Arr_SD_2 1.0 1.6 2.3 3.5 1.4

SL_2 31.0 21.8 8.9 11.2 16.2
Obs_Effic 0.83 0.86 0.79 0.85 0.90

Arr_CV1 0.13 0.07 0.29 0.33 0.20
Arr_CV2 0.03 0.08 0.04 0.26 0.07
Mean_SL 11.7 25.2 11.9 9.4 13.9
 -LogLikl 39.86 12.32 1.65 3.95 2.28

N_Surveys 10 9 10 11 10
Max_Count 1810 105 327 118 114

Reported _SL 20.0 25.0 20.0 17.5 17.5
Reported Escap. 2082 147  229* 101* 168*

Uni-modal model Tranquil Tranquil Tranquil Tranquil Tranquil Tranquil Tahsis Leiner
1999 2000 2003 2004 2005 2007 2005 2005

Escapement 2811 3562 4646 1659 644 228 298 416
Lower Limit 930 2435 3000 1322 548 225 166 292
Upper Limit 4170 4560 6750 3182 1335 314 348 1125
Arr_Mean 52.3 51.2 45.5 43.5 38.0 31.8 30.1 16.0
Arr_SD 11.2 8.6 8.1 8.9 4.5 5.2 6.7 4.0

Mean_SL 8.0 8.0 8.6 12.3 16.2 28.7 10.0 21.7
Obs_Effic 0.78 0.87 0.99 0.92 0.90 0.96 0.77 0.75

Arr_CV 0.21 0.17 0.18 0.20 0.12 0.17 0.22 0.25
 - LogLikl 19.27 65.61 202.99 194.07 33.64 23.12 19.20 0.07

N_Surveys 4 10 10 9 14 13 8 5
Max_Count 638 1306 1846 791 534 225 147 292

Reported_SL 12.0 15.0 17.0 25.0 17.5 25.0 20.0 13.2
Report Escap. 725 1781 1846 1127 735* 226 201* 355*  
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Table 5. Actual and estimated figures of key AUC components for 10 scenarios based on a uni-

modal escapement pattern, two escapement levels (500 top, 2000 bottom), three survey 
frequencies (every 3, 6, 9 days), and stochastic variation in observer efficiency (median 
0.90, ±0.05). Labels Err_UB, Err_LB and Err_Med represent the maximum, minimum 
and median relative errors [(estimate-actual)/actual] for the 10 evaluations. 

Unimodal Actual Est_1 Est_2 Est_3 Est_3 Est_4 Est_5 Est_6 Est_7 Est_8 Est_9 Est_10 Err_UB Err_LB Err_Med.
Escap 500 522 519 484 503 522 481 478 481 492 494 529 0.06 -0.04 -0.01

Arrival Mean 15.0 15.0 14.9 15.1 15.5 15.0 15.0 15.0 15.0 14.8 15.1 15.0 0.03 -0.01 0.00
Arrival SD 4.0 4.0 4.0 4.0 4.3 4.0 3.9 4.0 4.0 4.0 4.1 4.0 0.07 -0.02 0.00
Arrival CV 0.27 0.27 0.27 0.26 0.28 0.27 0.26 0.27 0.27 0.27 0.27 0.26 0.03 -0.02 0.00

S_Life 15.0 14.5 15.0 15.0 13.6 14.9 14.8 14.7 14.6 15.0 14.9 14.6 0.00 -0.10 -0.01
Obs_Effic 0.90 0.88 0.87 0.93 0.96 0.87 0.96 0.95 0.94 0.91 0.91 0.84 0.07 -0.06 0.01

Survey_Freq 3
N_Surveys 14

Actual Est_1 Est_2 Est_3 Est_3 Est_4 Est_5 Est_6 Est_7 Est_8 Est_9 Est_10 Err_UB Err_LB Err_Med.
Escap 500 521 523 496 514 502 503 513 553 555 513 514 0.11 -0.01 0.03

Arrival Mean 15.0 15.0 15.0 15.1 15.1 15.0 14.9 15.0 15.5 15.5 15.0 15.0 0.03 -0.01 0.00
Arrival SD 4.0 4.0 4.1 3.9 4.0 4.0 4.0 3.9 4.1 4.3 3.9 3.9 0.07 -0.02 -0.01
Arrival CV 0.27 0.27 0.27 0.26 0.26 0.27 0.27 0.26 0.27 0.28 0.26 0.26 0.04 -0.03 0.00

S_Life 15.0 14.8 14.6 14.7 14.8 15.0 14.6 14.6 13.9 13.9 14.1 14.7 0.00 -0.07 -0.02
Obs_Effic 0.90 0.86 0.85 0.89 0.89 0.89 0.89 0.89 0.90 0.85 0.90 0.90 0.00 -0.06 -0.01

Survey_Freq 6
N_Surveys 7

Actual Est_1 Est_2 Est_3 Est_3 Est_4 Est_5 Est_6 Est_7 Est_8 Est_9 Est_10 Err_UB Err_LB Err_Med.
Escap 500 524 526 523 531 531 533 557 545 533 525 517 0.11 0.03 0.06

Arrival Mean 15.0 15.1 15.0 14.9 15.1 15.1 15.2 14.8 15.1 14.9 14.9 15.0 0.01 -0.01 0.00
Arrival SD 4.0 4.1 4.0 4.0 4.0 4.0 4.0 4.0 4.1 4.2 4.0 4.0 0.05 0.00 0.01
Arrival CV 0.27 0.27 0.27 0.27 0.27 0.26 0.27 0.27 0.27 0.28 0.27 0.27 0.06 -0.01 0.01

S_Life 15.0 15 15 15 15 15 15 15 15 14 15 15 0.00 -0.03 -0.01
Obs_Effic 0.90 0.86 0.87 0.87 0.86 0.86 0.85 0.80 0.80 0.85 0.86 0.85 -0.04 -0.12 -0.05

Survey_Freq 9
N_Surveys 4
Unimodal Actual Est_1 Est_2 Est_3 Est_3 Est_4 Est_5 Est_6 Est_7 Est_8 Est_9 Est_10 Err_UB Err_LB Err_Med.

Escap 2000 2059 2082 2005 2065 1972 2060 2031 2084 2041 2030 2015 0.04 -0.01 0.02
Arrival Mean 15.0 14.9 15.0 15.0 15.0 15.1 15.0 15.0 15.0 14.9 15.0 15.0 0.01 -0.01 0.00
Arrival SD 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 0.00 -0.01 0.00
Arrival CV 0.27 0.27 0.27 0.26 0.27 0.26 0.27 0.27 0.27 0.27 0.27 0.27 0.00 -0.01 0.00

S_Life 15.0 15.0 14.2 15.0 14.5 14.6 14.8 14.8 15.0 14.8 14.6 15.0 0.00 -0.05 -0.01
Obs_Effic 0.90 0.88 0.88 0.88 0.88 0.92 0.87 0.88 0.88 0.88 0.89 0.89 0.02 -0.03 -0.02

Survey_Freq 3
N_Surveys 14

Actual Est_1 Est_2 Est_3 Est_3 Est_4 Est_5 Est_6 Est_7 Est_8 Est_9 Est_10 Err_UB Err_LB Err_Med.
Escap 2000 2021 1946 1938 1887 2028 1976 2084 2092 2008 2038 2005 0.05 -0.06 0.00

Arrival Mean 15.0 15.5 14.9 15.1 14.5 15.1 15.0 15.0 15.0 14.5 14.5 14.4 0.03 -0.04 0.00
Arrival SD 4.0 4.2 4.1 4.0 3.8 4.0 4.0 3.9 4.0 3.7 3.8 3.7 0.06 -0.06 -0.01
Arrival CV 0.27 0.27 0.27 0.26 0.26 0.26 0.27 0.26 0.27 0.26 0.26 0.26 0.03 -0.03 -0.01

S_Life 15.0 13.1 14.0 14.6 15.8 14.9 14.7 14.8 14.9 15.7 15.7 15.3 0.06 -0.13 -0.01
Obs_Effic 0.90 0.95 0.93 0.92 0.89 0.89 0.89 0.88 0.89 0.82 0.83 0.83 0.06 -0.08 -0.02

Survey_Freq 6
N_Surveys 7

Actual Est_1 Est_2 Est_3 Est_3 Est_4 Est_5 Est_6 Est_7 Est_8 Est_9 Est_10 Err_UB Err_LB Err_Med.
Escap 2000 2218 2084 1890 2015 2152 2241 2027 2315 1963 2303 2088 0.16 -0.06 0.04

Arrival Mean 15.0 14.5 15.0 13.1 15.0 15.1 15.5 15.1 15.4 15.0 15.1 15.0 0.03 -0.13 0.00
Arrival SD 4.0 3.8 4.0 2.9 4.1 3.9 4.3 4.0 4.2 4.0 4.0 4.1 0.08 -0.28 0.00
Arrival CV 0.27 0.26 0.27 0.22 0.27 0.26 0.28 0.26 0.27 0.27 0.26 0.27 0.04 -0.17 0.00

S_Life 15.0 15.7 15.0 18.4 14.7 14.7 13.7 14.5 13.6 14.5 14.9 14.4 0.23 -0.10 -0.02
Obs_Effic 0.90 0.75 0.88 0.77 0.86 0.86 0.84 0.89 0.85 0.88 0.80 0.83 -0.01 -0.17 -0.05

Survey_Freq 9
N_Surveys 4  
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Table 6. Actual and estimated figures of key AUC components for 10 scenarios based on a uni-

modal escapement pattern, two escapement levels (500 top, 2000 bottom), three survey 
frequencies (every 3, 6, 9 days), and stochastic variation in observer efficiency (median 
0.80, ±0.05). Labels Err_UB, Err_LB and Err_Med represent the maximum, minimum 
and median relative errors [(estimate-actual)/actual] for the 10 evaluations. 

Unimodal Actual Est_1 Est_2 Est_3 Est_3 Est_4 Est_5 Est_6 Est_7 Est_8 Est_9 Est_10 Err_UB Err_LB Err_Med.
Escap 500 539 517 522 510 481 509 445 447 484 462 484 0.08 -0.11 -0.03

Arrival Mean 15.0 15.5 15.0 15.0 15.0 15.0 15.5 15.0 15.1 15.0 15.0 15.1 0.04 0.00 0.00
Arrival SD 4.0 4.2 4.1 4.0 4.1 4.0 4.2 4.0 4.1 4.0 4.0 4.0 0.06 0.00 0.01
Arrival CV 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.27 0.03 0.00 0.01

S_Life 15.0 13.9 14.7 14.9 14.2 14.6 13.7 14.8 15.0 14.8 14.9 14.8 0.00 -0.09 -0.01
Obs_Effic 0.80 0.92 0.75 0.77 0.79 0.84 0.86 0.89 0.88 0.82 0.86 0.84 0.15 -0.06 0.05

Survey_Freq 3
N_Surveys 14

Actual Est_1 Est_2 Est_3 Est_3 Est_4 Est_5 Est_6 Est_7 Est_8 Est_9 Est_10 Err_UB Err_LB Err_Med.
Escap 500 489 509 539 542 532 531 526 507 526 478 516 0.08 -0.04 0.05

Arrival Mean 15.0 15.0 15.1 15.3 15.0 15.0 15.0 15.1 15.0 15.0 14.6 15.0 0.02 -0.03 0.00
Arrival SD 4.0 4.0 4.0 4.2 3.9 4.0 4.0 4.0 4.0 4.0 3.8 4.0 0.04 -0.04 0.00
Arrival CV 0.27 0.27 0.27 0.27 0.26 0.27 0.27 0.26 0.26 0.27 0.26 0.27 0.02 -0.02 0.00

S_Life 15.0 14.8 14.6 13.4 14.5 14.8 14.9 14.6 14.8 14.6 15.6 14.5 0.04 -0.11 -0.02
Obs_Effic 0.80 0.82 0.77 0.82 0.76 0.75 0.75 0.76 0.80 0.79 0.76 0.77 0.02 -0.06 -0.04

Survey_Freq 6
N_Surveys 7

Actual Est_1 Est_2 Est_3 Est_3 Est_4 Est_5 Est_6 Est_7 Est_8 Est_9 Est_10 Err_UB Err_LB Err_Med.
Escap 500 517 520 532 537 533 529 483 548 565 551 524 0.13 -0.03 0.06

Arrival Mean 15.0 15.0 14.9 14.9 14.9 14.9 15.0 14.9 16.2 16.0 15.8 16.1 0.08 -0.01 0.00
Arrival SD 4.0 4.0 4.0 4.1 4.0 3.9 4.1 4.0 4.4 4.5 4.5 4.5 0.13 -0.02 0.01
Arrival CV 0.27 0.26 0.27 0.27 0.27 0.26 0.27 0.27 0.27 0.28 0.28 0.28 0.06 -0.01 0.01

S_Life 15.0 15.0 14.6 15.0 14.7 14.9 14.7 14.1 12.7 12.2 13.0 13.0 0.00 -0.19 -0.02
Obs_Effic 0.80 0.79 0.79 0.75 0.75 0.75 0.75 0.81 0.85 0.78 0.84 0.85 0.07 -0.06 -0.01

Survey_Freq 9
N_Surveys 4
Unimodal Actual Est_1 Est_2 Est_3 Est_3 Est_4 Est_5 Est_6 Est_7 Est_8 Est_9 Est_10 Err_UB Err_LB Err_Med.

Escap 2000 2030 2006 1956 1993 2002 2008 2047 2085 2040 2004 1982 0.04 -0.02 0.00
Arrival Mean 15.0 15.5 15.0 15.0 15.1 15.1 15.1 15.1 14.9 15.0 14.5 14.4 0.03 -0.04 0.00
Arrival SD 4.0 4.3 4.0 4.0 4.0 4.0 4.0 4.0 3.9 4.0 3.8 3.7 0.07 -0.06 0.00
Arrival CV 0.27 0.28 0.27 0.26 0.26 0.27 0.27 0.27 0.26 0.27 0.26 0.26 0.04 -0.03 0.00

S_Life 15.0 13.9 14.9 14.4 14.1 14.8 14.9 14.3 14.5 14.9 15.8 15.6 0.05 -0.07 -0.02
Obs_Effic 0.80 0.84 0.81 0.82 0.81 0.80 0.78 0.77 0.78 0.78 0.75 0.75 0.04 -0.06 -0.03

Survey_Freq 3
N_Surveys 14

Actual Est_1 Est_2 Est_3 Est_3 Est_4 Est_5 Est_6 Est_7 Est_8 Est_9 Est_10 Err_UB Err_LB Err_Med.
Escap 2000 2130 1994 2006 2107 2104 1942 1957 1982 2086 1949 1910 0.07 -0.05 0.00

Arrival Mean 15.0 14.9 14.5 14.4 15.5 15.0 15.4 15.0 14.6 15.0 15.0 15.0 0.04 -0.04 0.00
Arrival SD 4.0 4.0 3.7 3.8 4.1 3.9 4.2 3.9 3.8 4.0 4.0 4.0 0.05 -0.07 -0.01
Arrival CV 0.27 0.27 0.26 0.26 0.26 0.26 0.27 0.26 0.26 0.27 0.26 0.26 0.02 -0.03 -0.01

S_Life 15.0 14.9 15.5 15.6 13.3 14.1 13.1 14.9 15.8 14.9 14.2 14.8 0.06 -0.13 -0.01
Obs_Effic 0.80 0.76 0.76 0.76 0.80 0.80 0.87 0.83 0.75 0.75 0.83 0.84 0.08 -0.06 -0.01

Survey_Freq 6
N_Surveys 7

Actual Est_1 Est_2 Est_3 Est_3 Est_4 Est_5 Est_6 Est_7 Est_8 Est_9 Est_10 Err_UB Err_LB Err_Med.
Escap 2000 2147 2126 2078 2060 2063 2043 1990 1991 1996 1995 2031 0.07 -0.01 0.02

Arrival Mean 15.0 15.0 14.9 15.0 15.0 15.0 15.0 15.5 15.4 15.6 15.5 15.6 0.04 -0.01 0.00
Arrival SD 4.0 4.0 4.1 3.9 3.9 4.0 4.1 4.2 4.3 4.2 4.3 4.3 0.07 -0.02 0.02
Arrival CV 0.27 0.27 0.27 0.26 0.26 0.27 0.27 0.27 0.28 0.27 0.28 0.28 0.04 -0.03 0.02

S_Life 15.0 14.7 15.0 14.9 14.9 15.0 14.8 13.9 15.0 14.0 13.9 13.9 0.00 -0.08 -0.01
Obs_Effic 0.80 0.75 0.75 0.80 0.79 0.76 0.75 0.88 0.86 0.87 0.95 0.83 0.19 -0.06 0.00

Survey_Freq 9
N_Surveys 4  
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Table 7. Actual and estimated figures of key AUC components for 10 scenarios based on a bi-
modal escapement pattern, a single escapement level (500), three survey frequencies 
(every 3, 6, 9 days), and stochastic variation in observer efficiency per survey (median 
0.90, ±0.05). Labels Err_UB, Err_LB and Err_Med represent the maximum, minimum 
and median relative errors [(estimate-actual)/actual] for the 10 evaluations. 

Bimodal Actual Est_1 Est_2 Est_3 Est_3 Est_4 Est_5 Est_6 Est_7 Est_8 Est_9 Est_10 Err_UB Err_LB Err_Med.
Escap 500 542 521 554 467 493 471 472 474 538 475 537 0.11 -0.07 -0.01
Split 0.65 0.62 0.62 0.65 0.62 0.64 0.63 0.62 0.62 0.62 0.62 0.62 0.00 -0.05 -0.04

Arr_Mean_1 52.0 51.1 52.0 52.0 51.0 51.4 51.0 51.0 51.0 51.1 51.0 50.9 0.00 -0.02 -0.02
Arr_SD_1 7.0 6.7 6.5 7.0 6.7 6.9 6.6 6.7 6.6 6.6 6.8 6.6 0.00 -0.07 -0.04
S_Life_1 14.0 15.1 15.7 13.0 15.1 14.9 15.2 15.9 15.7 15.1 15.8 15.1 0.14 -0.07 0.08

Arr_Mean_2 20.0 19.9 20.0 20.0 20.0 19.9 20.0 20.0 20.0 20.0 20.0 20.1 0.00 0.00 0.00
Arr_SD_2 2.0 2.0 1.9 2.0 1.9 1.9 2.0 2.0 2.0 2.0 2.0 2.0
S_Life_2 19.0 18.6 18.9 18.1 18.3 18.8 18.6 19.0 18.7 18.8 18.5 18.4

Av_S_Life 15.8 16.4 17.7 14.8 16.3 16.3 16.4 17.1 16.9 16.5 16.8 16.3
Obs_Effic 0.90 0.76 0.80 0.80 0.89 0.88 0.88 0.87 0.87 0.76 0.87 0.76

Survey_Freq 3 42 21 54 -33 -7 -29 -28 -26 38 -25 37
N_Surveys 24

Actual Est_1 Est_2 Est_3 Est_3 Est_4 Est_5 Est_6 Est_7 Est_8 Est_9 Est_10 Err_UB Err_LB Err_Med.
Escap 500 544 538 537 537 475 477 495 489 502 498 509 0.09 -0.05 0.00
Split 0.65 0.62 0.61 0.62 0.61 0.63 0.64 0.63 0.64 0.64 0.64 0.64 -0.02 -0.06 -0.03

Arr_Mean_1 52.0 51.0 51.0 50.9 50.9 51.6 51.6 51.7 51.6 51.4 51.4 51.6 -0.01 -0.02 -0.01
Arr_SD_1 7.0 6.7 6.7 6.7 6.7 6.8 6.9 6.8 6.8 6.9 6.9 6.7 -0.01 -0.05 -0.03
S_Life_1 14.0 15.5 15.4 15.7 15.4 14.2 14.1 14.6 14.1 14.1 14.5 14.0 0.12 0.00 0.03

Arr_Mean_2 20.0 20.0 20.0 20.0 20.0 19.7 20.0 20.0 19.6 19.4 19.5 19.6 0.00 -0.03 0.00
Arr_SD_2 2.0 2.0 2.0 2.0 2.0 1.7 2.0 2.0 1.7 1.5 1.5 1.6
S_Life_2 19.0 19.0 19.0 18.3 18.2 19.6 18.9 18.2 19.8 20.0 19.9 19.9

Av_S_Life 15.8 16.8 16.8 16.7 16.5 16.2 15.9 15.9 16.2 16.3 16.4 16.2
Obs_Effic 0.90 0.77 0.76 0.76 0.77 0.88 0.89 0.86 0.86 0.86 0.85 0.85

Survey_Freq 6
N_Surveys 12

Actual Est_1 Est_2 Est_3 Est_3 Est_4 Est_5 Est_6 Est_7 Est_8 Est_9 Est_10 Err_UB Err_LB Err_Med.
Escap 500 510 519 518 525 530 526 490 488 525 492 486 0.06 -0.03 0.04
Split 0.65 0.63 0.64 0.65 0.64 0.63 0.65 0.64 0.63 0.63 0.64 0.64 0.00 -0.03 -0.02

Arr_Mean_1 52.0 51.7 51.3 51.5 51.5 51.7 51.5 51.5 51.5 51.5 51.4 51.8 0.00 -0.01 -0.01
Arr_SD_1 7.0 6.8 6.9 6.8 6.5 6.7 6.8 6.8 6.9 6.5 6.8 6.8 -0.01 -0.07 -0.03
S_Life_1 14.0 14.3 14.4 14.3 14.1 14.9 14.8 14.2 14.9 14.0 14.4 14.1 0.07 0.00 0.02

Arr_Mean_2 20.0 20.7 20.0 19.8 20.1 20.2 19.5 20.2 20.1 20.6 19.5 20.3 0.03 -0.03 0.01
Arr_SD_2 2.0 2.7 2.1 1.9 2.1 2.1 1.5 2.3 2.1 2.5 1.6 2.3
S_Life_2 19.0 18.8 19.0 19.9 19.6 19.8 20.8 18.8 19.9 17.9 20.7 18.4

Av_S_Life 15.8 16.0 16.1 16.2 16.1 16.7 16.9 15.9 16.7 15.5 16.7 15.6
Obs_Effic 0.90 0.83 0.83 0.82 0.82 0.81 0.82 0.87 0.85 0.85 0.88 0.88

Survey_Freq 9
N_Surveys 8  
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Table 8. Actual and estimated figures of key AUC components for 10 scenarios based on a bi-
modal escapement pattern, a single escapement level (500), three survey frequencies 
(every 3, 6, 9 days), and stochastic variation in observer efficiency (median 0.90, ±0.05). 
Labels Err_UB, Err_LB and Err_Med represent the maximum, minimum and median 
relative error values [(estimate-actual)/actual] for the 10 evaluations. 

Bimodal Actual Est_1 Est_2 Est_3 Est_3 Est_4 Est_5 Est_6 Est_7 Est_8 Est_9 Est_10 Err_UB Err_LB Err_Med.
Escap 2000 1984 1982 1972 1974 1968 1993 1941 1945 1944 1974 1982 0.00 -0.03 -0.01
Split 0.65 0.37 0.37 0.37 0.37 0.37 0.36 0.37 0.37 0.36 0.37 0.36 -0.43 -0.45 -0.44

Arr_Mean_1 52.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 19.9 20.0 20.0 19.9 -0.61 -0.62 -0.62
Arr_SD_1 7.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 1.9 -0.71 -0.73 -0.71
S_Life_1 14.0 19.0 18.6 18.6 18.9 18.8 18.4 18.1 18.8 18.8 18.5 18.2 0.36 0.29 0.33

Arr_Mean_2 20.0 51.5 51.5 51.5 51.5 51.6 51.7 51.5 51.5 51.4 51.6 51.4 1.58 1.57 1.58
Arr_SD_2 2.0 6.9 6.8 6.9 6.8 6.8 6.7 6.9 6.9 6.9 6.8 7.0
S_Life_2 19.0 14.9 14.9 14.5 14.2 15.0 14.0 14.7 14.9 14.9 14.9 14.4

Av_S_Life 15.8 16.4 16.3 16.0 16.0 16.4 15.6 16.0 16.3 16.3 16.2 15.8
Obs_Effic 0.90 0.88 0.87 0.87 0.88 0.88 0.88 0.88 0.88 0.88 0.88 0.86

Survey_Freq 3
N_Surveys 25

Actual Est_1 Est_2 Est_3 Est_3 Est_4 Est_5 Est_6 Est_7 Est_8 Est_9 Est_10 Err_UB Err_LB Err_Med.
Escap 2000 1962 1998 1998 1969 1956 1939 1952 1936 1941 1951 2001 0.00 -0.03 -0.02
Split 0.65 0.36 0.36 0.35 0.37 0.38 0.36 0.37 0.37 0.37 0.36 0.37 -0.41 -0.46 -0.44

Arr_Mean_1 52.0 19.6 19.9 20.0 19.9 20.1 19.6 20.0 20.0 19.9 20.1 20.4 -0.61 -0.62 -0.62
Arr_SD_1 7.0 1.6 2.0 2.0 2.0 2.1 1.6 2.0 2.0 1.9 2.0 2.4 -0.66 -0.77 -0.72
S_Life_1 14.0 19.2 18.5 18.7 18.2 19.0 19.2 19.0 18.5 18.6 19.0 18.0 0.37 0.28 0.34

Arr_Mean_2 20.0 51.6 51.5 51.5 51.4 51.6 51.6 51.6 51.5 51.2 51.4 51.4 1.58 1.56 1.58
Arr_SD_2 2.0 6.8 6.9 6.8 6.9 6.8 6.9 6.9 6.8 7.0 6.7 6.9
S_Life_2 19.0 14.7 14.9 14.7 14.2 14.9 14.5 14.8 14.7 14.8 14.6 14.0

Av_S_Life 15.8 16.3 16.2 16.1 15.7 16.4 16.2 16.3 16.1 16.2 16.2 15.5
Obs_Effic 0.90 0.87 0.86 0.87 0.87 0.88 0.88 0.88 0.88 0.89 0.89 0.89

Survey_Freq 6
N_Surveys 12

Actual Est_1 Est_2 Est_3 Est_3 Est_4 Est_5 Est_6 Est_7 Est_8 Est_9 Est_10 Err_UB Err_LB Err_Med.
Escap 2000 2177 2257 2191 2193 2158 2182 2166 2195 2187 2234 2193 0.13 0.08 0.10
Split 0.65 0.37 0.38 0.36 0.36 0.38 0.36 0.36 0.35 0.36 0.37 0.38 -0.41 -0.45 -0.44

Arr_Mean_1 52.0 20.1 20.5 20.4 20.1 19.8 19.2 19.5 19.8 19.5 19.4 20.7 -0.60 -0.63 -0.62
Arr_SD_1 7.0 2.1 2.5 2.5 2.2 1.9 1.2 1.5 1.9 1.5 1.4 2.7 -0.61 -0.83 -0.73
S_Life_1 14.0 19.3 18.0 19.5 21.0 20.5 20.7 19.8 18.9 18.4 18.9 18.7 0.50 0.28 0.38

Arr_Mean_2 20.0 51.5 51.6 51.6 51.9 51.5 51.4 51.4 51.5 51.6 51.5 51.8 1.59 1.57 1.58
Arr_SD_2 2.0 7.0 6.9 6.8 6.6 6.8 6.8 7.0 6.9 6.9 7.0 6.7 2.50 2.30 2.43
S_Life_2 19.0 14.6 14.2 14.6 14.5 14.4 14.8 14.8 14.8 14.2 14.9 14.8

Av_S_Life 15.8 16.3 15.6 16.4 16.8 16.7 16.9 16.6 16.2 15.7 16.4 16.3
Obs_Effic 0.90 0.77 0.77 0.75 0.78 0.77 0.78 0.78 0.78 0.77 0.78 0.78

Survey_Freq 9
N_Surveys 8  
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Figure 1. Examples of trends in expected (line) versus observed counts (dots) for 3 streams 
during 2005-2006, for the uni-modal (left) and bi-modal model versions (right). 
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Figure 2. Relative errors of escapement estimates for given combinations of run timing pattern, 
total escapement, stream life, survey numbers and observer efficiency. The vertical bars 
and mid-point respectively indicate the range and median relative errors.     
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	A cursory review of the above reports indicates that the most suitable AUC estimation procedure to use in any given context must take into account many factors including stream characteristics (clear/turbid waters, flood frequencies, low/high abundan...
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	[3]
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	[4]
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	6.  Model fitting procedure
	6.1 Estimates of escapement, observer efficiency and stream life
	Records for the Tranquill, Tahsis and Leiner Rivers were used for illustration, largely because some of these were subject to detailed and comparative analyses by Trouton et al. (2007). A cursory examination of the expected versus predicted trends re...
	Trouton et al. (2007) show that the Hilborn et al. (1999) model provides good fits for some streams/years, but the present investigation confirms that the new bi-modal version provides better fits in many cases (Fig. 1, right side) with total escapeme...
	The uni-modal version estimates were within 0.5-1.6 the reported figures (Table 3, bottom), and usually lower than reported (x̅≈0.79). Observer efficiency estimates were relatively high (range: 0.75-0.99, x̅≈0.87). Escapement estimates were within 0.8...
	For cases analysed with the bi-modal version (Table 3, top), estimates of the overall stream life were within 0.5-1.0 the reported figures, and also usually lower than reported (x̅≈0.70). Observer efficiency estimates were still relatively high (rang...
	Tranquil River estimates that accounted for uncertainty in stream life (assuming s̅=15.0, and σs=8.5) were similar to those obtained without the additional penalty (Table 4, figures in bold), but the escapement estimates tended to have slightly wider...
	The present investigation revealed that good solutions were more difficult to obtain when there were fewer stream survey observations available (e.g., Leiner 2005 with 5 surveys). Several combinations of parameter values provided nearly identical fits...
	6.1 Estimate biases
	The median relative error of the escapement estimates (Table 5, far right column) obtained after conducting only 10 pairs of simulation-estimation runs was negligible (<5%) when one or more surveys were conducted each week during the period of stream...
	The results obtained under similar conditions with observer efficiencies of ≈0.80 (Fig. 2, middle plot) were similar to those obtained with greater observer efficiencies (Fig. 2, top plot), although the relative error range and bias tended to be slig...
	As for situations when there are two major upstream migration periods, the bi-modal version of the ML model can still provide escapement estimates with negligible levels of bias and relatively small levels of relative error, when many surveys are con...
	7.  Discussion
	These results of the present investigation indicate that the ML estimators described in the previous sections can be used to provide unbiased estimates and associated confidence intervals of chinook escapements to relatively small WCVI streams that a...
	Such situations could be dealt by using survey-specific observer efficiencies corrected for snorkel survey conditions. Korman et al. (2002, 2007) described the method used to determine the correction factors. It basically involves conducting a series ...
	The approach used by Korma et al. (2002, 2007) appears to be more versatile and cost-effective than older methods (blocking narrow reaches followed by using electroshockers, conventional mark-recapture, complete enumerations using fences, etc.). Furth...
	The results obtained from this exploratory investigation only provide insight into the suitability and performance of one analytical approach used to generate escapement estimates from survey counts. The results reported were computed using simple Exc...
	Unfortunately, even if the data entry forms are modified shortly to account for discharge patterns, the ancillary surveys recommended are conducted, and a built-in computer program is created for future use, this would not help correct or provide more...
	LITERATURE CITED

