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 Summary 
 The Fraser River Panel is responsible for managing Fraser River Sockeye Salmon harvest 
to ensure both harvest and escapement goals are met. Marine test fisheries provide key 
information on run abundance to the Panel to help guide in-season decision making. A purse seine 
test fishery is conducted in Area 12 and Area 13 to cover the northern approach into the Salish 
Sea. It has been suggested that local environmental conditions (including ocean current speed and 
tides) may contribute to the variation in test fishery catch-per-unit-effort (TF CPUE) observed. In 
this study, we retrospectively investigate the influence of local environmental conditions on the 
relationship between daily abundance and TF CPUE. A fine-scale ocean circulation model was 
used to generate hourly estimates of ocean current velocity and tidal cycle phase (slack, ebb, 
flood). Additionally, cloud cover and wind speed round out the environmental factors used to 
compose the local environment.  

We used a series of linear models to test for the influence of local environmental conditions 
on the relationship between daily abundance and TF CPUE. We also investigated the value of 
using fine-scale ocean current data vs. using a coarse-scale, area-wide estimate obtained from the 
publicly available Current Tables published by DFO. Specifically, first, we first used linear 
regression to identify years with a significant relationship between daily abundance and TF CPUE. 
For those years, we then took the standardized residuals from the linear regressions and used 
them as the response variable in a suite of linear models to test for an influence of local 
environmental conditions. Lastly, we used the environmental factors that were supported in the 
previous analysis to investigate if the relationship between TF CPUE and daily abundance 
improves with the addition of the local environmental factors. We compared adjusted R2 values 
along with bias and precision to assess any improvement in the models. 
 We found statistical support for that all of the environmental factors included in the analysis 
influencing the relationship between TF CPUE and daily abundance, but that these effects were 
only identified within a subset of the years examined. We found that there were general differences 
between Area 12 and Area 13 in the environmental factors that impact TF CPUE. In Area 12, cloud 
cover and wind speed were most commonly identified, whereas in Area 13, the interaction between 
current speed and tidal cycle phase were more commonly identified. Including the environmental 
covariates in addition to TF CPUE marginally improved the fit of the model between TF CPUE and 
daily abundance. The average gain in adjusted R2 for Area 12 and Area 13 was 2.4% and 2%, 
respectively. However, for two years, the gain in adjusted R2 was substantially higher at 10% and 
21%. We did not find that the fine-scale ocean current data outperformed the publicly available, 
coarse-scale, area-wide current data.  
 Our results suggest that the local environment influences the relationship between TF 
CPUE and daily abundance, but that these effects, on average, are relatively small and year 
specific. In addition, we found general differences between Area 12 and Area 13 in the 
environmental effects that were most important. For now, the management implications of our 
results are unclear. While including the environmental factors led to some improvement in model fit, 
the extent to which this is useful for in-season management and for predicting abundances is still to 
be determined. Further work that considers more explicit hypotheses regarding salmon behaviour 
and oceanographic processes may improve our ability to understand how TF CPUE is affected by 
environmental conditions. 
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 Introduction 
 Fraser River Sockeye Salmon (Oncorhynchus nerka) have historically been one of the 
largest salmon runs in the world, supporting numerous commercial, recreational, and Food, Social 
and Ceremonial fisheries. Harvest of Fraser Sockeye is managed by the Fraser River Panel, which 
has the dual responsibility to ensure spawning escapement goals and harvest/allocation goals are 
met under requirements set out in the Pacific Salmon Treaty. Information on run abundance is 
used to help guide in-season decision making. There are two principal data sources that provides 
information on run size that the Pacific Salmon Commission (PSC) relies on: test fishery catch data 
and in-river hydroacoustic data.  
 Test fisheries occur in three geographic areas that cover the seaward portions of the 
northern and southern marine approaches as well as the lower Fraser River. The test fisheries vary 
slightly in operation, but they are collectively used in concert with the hydroacoustic data to provide 
in-season estimates of run size abundance and migration timing. The marine test fisheries provide 
an early but imprecise indication of marine abundance, while the hydroacoustic program (located at 
Mission) in combination with seaward catches provide a more accurate estimate of abundance 
approximately six days later. These data are used by the PSC as model inputs to estimate run size, 
migration timing, diversion rate, catch composition, vulnerability and catchability. This report 
explores if abundance estimates based on marine test fishery data can be improved through the 
use of environmental covariates.  
 The test fishery that monitors the northern approach occurs at established locations starting 
at the southeasterly part of Queen Charlotte Strait, and down through Johnstone Strait and 
Discovery Passage in Statistical Areas 12 and 13 (Figure 1 and Figure 2). This test fishery typically 
begins operating in late July and continues into late August or early September, depending on 
annual specifics related to migration timing, cycle year, and management goals. This test fishery is 
operated as a purse seine fishery, and makes six systematic sets per day at six different locations. 
The majority of test fishing sites in the upper Johnstone Strait include designated shore tie-off 
locations. 
 There are several concerns about the quality of the information collected in the test 
fisheries. As part of a review of test fisheries (Nelitz et al. 2018), an analysis of test fishery catch-
per-unit-effort (TF CPUE) at individual test fishery sites found that some sites consistently exhibit 
more variable CPUE than others. In addition to set type (beach set or open water), it was 
suggested that local environmental conditions (including ocean current speed and tides) may 
contribute to observed variation in CPUE. This has also been a recurring idea voiced by 
commercial harvesters over the years, as they have observed differences in fishing effort and catch 
between the test fishery and themselves in the ITQ purse seine fishery.  
 In 2016, the PSC and DFO began a 3-year project, funded by the Southern Endowment 
Fund (SEF), to track ocean surface currents in the upper Johnstone Strait to collect real-time ocean 
current and tide data. Over the course of three years, a total of 42 surface drifting trackers were 
released, which provided information on ocean surface currents for five different locations over four 
different phases of the tidal cycle (Taylor et al., 2019). The results of this study demonstrate that 
the local oceanographic conditions influence drifter residency time. Drifters spent more time in 
certain locations than others and the residency time is strongly correlated with biases in CPUE 
data. The results of this analysis are consistent with an analysis in the Nelitz et al. (2018) report, 
which found that CPUE data at some test fishing locations produces less biased abundance 
estimates relative to other test fishing locations. Between the two studies, there is consistency 
between the test fishery locations that exhibited high drifter retention and those with a low bias in 
CPUE. These two analyses support the hypothesis that oceanographic processes at some 
locations may, in part, influence catchability in the test fishery. 
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Figure 1. Area 12 test fishing locations. 
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Figure 2. Area 13 test fishing locations. 

 
 
 
 In this study, we investigate the effect of local environmental conditions on test fishery 
CPUE to build upon the findings from Nelitz et al. (2018) and Taylor et al. (2019). We use the 
output of a fine-scale oceanographic circulation model to generate hourly ocean current velocities 
at each test fishing location, tidal cycle phase, and wind speed and cloud cover data that 
accompanies the test fishery catch data to address our primary research question. We also 
investigate the potential benefit of using fine-scale ocean current velocity data over publicly 
available, Area-wide current velocity data (published in the DFO Current Tables) for improving the 
relationship between daily abundance TF CPUE. 
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 Methods 
3.1 Data Sources 
 Test fishery (TF) data were accessed from DFO’s Fishery Operations System (FOS) 
database for 1998-20171. Test fishery catch (by purse seine set), location, date, set time-of-day, 
wind speed, water surface temperature, and qualitative assessments of environmental conditions 
including cloud cover, fog, and precipitation are included in the test fishery data. For sets where 
nets were deployed and retrieved in the following hour (e.g., set in the 0800 hour and retrieved in 
the 0900 hour), the set time was rounded to the hour where the majority of the fishing occurred. 
This was done to properly line-up the test fishery catch data with the oceanographic data, which 
provides current speed in hourly (on the hour) intervals. 
 Current data was obtained from two different sources: (1) an ocean circulation model for the 
Broughton Archipelago and the Discovery Islands area developed by Foreman et al. (2009, 2012) 
and (2) publicly available DFO Current Tables. The ocean circulation model simulates ocean 
circulation in each test fishing location and provide outputs for hourly ocean current speed and 
direction. Current speed and direction were simulated for each test fishing location for the years 
1998-2017. For each test fishing location, a number of tidal constituents were derived and used to 
compute the mean current speed averaged over the top 20 meters. The tidal cycle phase (flood, 
ebb, slack) was also derived from the circulation model, where slack tide is defined as current 
velocity equaled to 10% or less of the daily maximum. The circulation model details are described 
further in Appendix A.  
 Area-wide current velocity data published in the publicly available DFO Current Tables were 
obtained with help from Anne Ballantyne (DFO). The two station locations closest to the TF 
locations are Johnstone Strait – Central for Area 12 (located east of the Area 12 TF locations 
closer to Port Neville; 50°28.3 N 126°08.2 W) and Seymour Narrows (50°08.0 N 125°21.0 W) for 
Area 13. Current velocities were obtained from the two stations for the years 1998-2017. 
 Reconstructed daily salmon abundances in Area 12 and Area 13 for 1998-2017 were 
provided by the PSC.  
 

3.2 Environmental Covariates 
 The preliminary list of environmental covariates included surface water temperature, rain 
fall, fog cover, cloud cover, ocean current speed, wind speed, and tidal cycle phase. Ocean current 
speed and tidal cycle phase were derived from the ocean circulation model. Water temperature, 
rain fall, fog cover, and cloud cover are part of the TF FOS data. We reduced the pool of 
environmental effects based primarily on data limitation considerations. Forty-two percent of the TF 
CPUE data from FOS did not have accompanying water temperature data. For the remaining 58% 
of observations, the temperature spanned only five degrees (9 – 14°C) and over 95% of those data 
points were within a range of 10° – 12° range. Given the limited range of temperature data it is 
unlikely for there to be an effect of water temperature on fish behavior and subsequent TF CPUE. 
Only 45% of the TF catch observations had corresponding estimates of fog cover, and of those 
data, 94% falls within the 0% fog cover category, with the remaining 6% of data spread over the 5 – 
100% fog cover range. The distribution of fog cover data was too heavily skewed towards the 0% 

 
 
1 Data provided by Lee Kearey, DFO.  
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value to be of use in the analysis. Similar to fog cover, the bulk of the rain fall data (94%) is in one 
category of intensity (e.g., “light”, “heavy”, “clear”), and the remaining data are spread over five 
additional rain fall categories. 
 The ocean circulation model produces an hourly ocean current velocity (m/s) estimate for 
each location. We created an “accumulated current speed” variable, which is the cumulative sum of 
the hourly point estimates of current velocity over each tidal cycle phase.  
 Tidal current velocities are not equally distributed over the tidal cycle. In the period 
immediately following slack tide, tidal currents are at their slowest, accelerating to a peak velocity 
during the middle of the tidal cycle phase. In general, tidal velocities follow the “Rule of Twelfths”, 
where the first and sixth hour of the tidal cycle experiences the lowest amount of water movement 
(~8.5% of total water movement per hour), the second and fifth hours experiences a moderate 
amount of water movement (~16.5% per hour), and the greatest amount of water movement occurs 
in the middle of the tidal cycle during the third and fourth hours (~25% per hour). However, point 
estimates of tidal velocities are not necessarily comparable between days, even at the same 
location.  
 Differences in tidal ranges among days influences the relative effect of tidal velocity at any 
one point in time. Less water movement on days with small tidal ranges results in lower overall tidal 
velocities than on days with higher tidal ranges. A such, the same tidal velocity may be observed 
on two different days, but the relative effect of that velocity may differ due to the time within the tidal 
cycle that the velocity is observed (e.g., a velocity of 0.5 m/s may be the peak tidal velocity on a 
day with a smaller tidal range or a moderate velocity on a day with a larger tidal range). Migrating 
salmon do not only respond to hourly point estimates of tidal velocity, but experience and respond 
to oceanographic conditions over the full tidal cycle (Bourque, Leblon, & Cummins, 1999). 
Therefore, we inferred that an accumulated ocean current speed measurement would be more 
representative of an individual salmon’s experience and effect on behavior, and more relevant for 
our analysis than a single point estimate of tidal velocity. Continuous predictors (accumulated 
current speed, cloud cover %, and wind speed) were standardized into their respective z-scores to 
ensure they were all on the same scale, and their effects could be directly compared to each other. 
 We also included tidal cycle phase (flood, ebb, slack) as a factor in our analysis, as the 
direction of water flow in the study area affects salmon movement, distribution, and likely 
catchability (Bourque et al., 1999; Olson & Quinn, 1992; Taylor et al., 2019). Tidal cycle phase was 
derived from the ocean circulation model. Flood tide includes the time period between low tide and 
high tide, ebb tide includes the time period between high tide and low tide, and slack tide is defined 
as water velocities <10% of the daily maximum velocity. 
 

3.3 Statistical Analysis 
 Data were divided by statistical Area (Area 12 and Area 13) and analyzed separately. Some 
TF locations are not used often, and only TF locations in a given year with a minimum of 10 
observations (paired daily abundance and TF CPUE) were retained for analysis. Twenty-six out of 
45 TF locations (that had a minimum of 10 paired observations) were retained for the first part of 
the analysis. The number of observations per TF location per year ranged from 10 to 81 with a 
median observations per location per year of 29 and 20 for Area 12 and Area 13, respectively 
(Error! Reference source not found.3). 
 Statistical analyses were performed in the R environment (R Core Team 2018). We 
calculated variance inflation factors with the usdm package (Naimi et al. 2014) and ran mixed 
effects models for Area 12 and Area 13 using the lme4 package (Bates et al. 2015). Group 
marginal means were estimated using the emmeans package (Lenth 2018). 
 



The influence of local environmental conditions on purse seine catch in the Johnstone Strait sockeye salmon test fishery 
Environmental conditions and test fishery CPUE 

 
 

 

9 

 

 
Figure 3. Number of observations (paired test fishery catch and associated daily abundance estimate) 
for each test fishing site across years. Only TF locations in a given year with a minimum of 10 
observations (dotted horizontal line) were retained for analysis. 

 

3.3.1 Does including the environmental covariates improve the relationship between TF CPUE and daily 
abundance? 

 
The basic analytical approach consists of three related analyses (Figure 4).  
 
Analysis 1: Relationship between TF CPUE and daily abundance 
 The annual relationship between daily abundance and TF CPUE for each TF location was 
established by fitting a linear regression on log-log transformed TF CPUE and daily abundance, 
where i is the TF location, d is the day, and j is the year.  
 

𝐶𝑃𝑈𝐸%&' = 	𝛽0 + 𝛽1𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒&' 
 
 When a significant relationship (at alpha = 0.05) was established, those TF locations were 
retained for further analysis. Sub-setting the TF locations per year also resulted in largely 
eliminating the outlier data points. For significant log-log regression, negative residuals indicate that 
at a particular location and day, TF catches are smaller than expected given the available 
abundance; positive residuals indicate that catches are greater than expected given the available 
abundance. The standardized residuals from the linear regression model were then used as the 
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response variable in Analysis 2, investigating the influence of environmental conditions on the TF 
CPUE ~ daily abundance relationship.  
 
 
Analysis 2: Influence of environmental conditions on the TF CPUE/daily abundance relationship 
 The influence of local environmental conditions on the annual relationship between TF 
CPUE and daily abundance was investigated with a suite of linear mixed effects models. The 
standardized residuals (Std.Res) for a given TF location (i) and year (j) were analysed against the 
main effects (and interaction of) tidal cycle phase (P) and accumulated current speed (S), and the 
additional main effects of cloud cover % (C) and wind speed (in knots, W). Test fishery location 
(TFlocation) was set as a random effect on the intercept. 
 

𝑆𝑡𝑑. 𝑅𝑒𝑠%' = 	𝛽0 + 𝛽1𝑃%'𝑆%' + 	𝛽2𝑃%' +	𝛽3𝑆%' +	𝛽4𝐶%' + 𝛽5𝑊%'	;	
𝛽A = 	 gA +	gB ∗ 𝑇𝐹𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛 + 	𝜀 

 
 To test for collinearity among our environmental predictor factors we calculated variance 
inflation factors.  
 We chose to estimate group marginal means and estimates of the covariate trend slopes  
because the marginal means are calculated with type III sums of squares in contrast to the 
sequential term fitting (type I sums of squares), which is the default in R. In type I sums of squares, 
each term in the ANOVA table is an improvement in the error sum of squares with the addition of 
that term to the model. Type I sums of squares results in different model estimates (and p-values) 
depending on the order of the model terms. Under type III sums of squares, group marginal means 
are projected from the model and are based on a reference grid consisting of all factor level 
combinations with each covariate set to its average value. This method gives equal weight to each 
cell in the reference grid, meaning that the estimated marginal means will not be biased by 
imbalanced data. Estimated marginal means were calculated for the different levels of the Phase 
main effect. The effects of the environmental covariates, accumulated current speed, cloud cover, 
and wind speed, were assessed by estimating the slopes of each covariate for each level of the 
Phase main effect. 
 The importance of each environmental covariate in a given year was determined by 
whether or not the 95% confidence interval included zero (CIs not including zero supports the 
hypothesis that the main effect influences the relationship between TF CPUE and daily 
abundance). Environmental covariate that influenced the relationship between TF CPUE and daily 
abundance, even in only a single year, were used in further analyses to investigate the potential 
benefit combining them with the TF CPUE data when predicting daily abundances in-season. 
 
Analysis 3: Value of environmental covariates for explaining variation in daily abundance 
 To investigate how local environmental conditions improve the ability to predict daily 
abundance, we compared a linear model with only the TF CPUE factor to a suite of nested models 
that include combinations of the environmental covariates that were identified in the previous 
analysis in addition to the TF CPUE factor. Daily abundances (Ad) and TF CPUE (CPUEd) at a 
given site (i) within a given year (j) were log transformed. For example, Model 1 represents the 
base linear model with only TF CPUE as the independent variable. Model 2 includes CPUE and 
Environmental factor (F) one, Model 3 includes CPUE and Environmental factor 2, and Model 4 
includes CPUE and both Environmental factors one and two.  
 
Model	1:	𝐴&' = 	𝛽0 + 𝛽1 ∗ 𝐶𝑃𝑈𝐸%&' 
Model	2:	𝐴&' = 	𝛽0 + 𝛽1 ∗ 𝐶𝑃𝑈𝐸%&' + 	𝛽2 ∗ 𝐹1%&' 
Model	3:	𝐴&' = 	𝛽0 + 𝛽1 ∗ 𝐶𝑃𝑈𝐸%&' +	𝛽2 ∗ 𝐹2%&' 
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Model	4:	𝐴&' = 	𝛽0 + 𝛽1 ∗ 𝐶𝑃𝑈𝐸%&' + 	𝛽2 ∗ 𝐹1%&' +	𝛽3 ∗ 𝐹2%&' 
 
A total of seven different permutations were assessed for Area 12 and for Area 13. In Area 12, the 
different predictor combinations include: 
 

• CPUE 

• CPUE + Cloud 

• CPUE + Wind 

• CPUE + Cloud + Wind 

• CPUE + Phase + Accum.Speed 

• CPUE + Phase + Accum.Speed + Cloud + Wind 

• CPUE + Phase + Point.Speed + Cloud + Wind 

For Area 13, the different predictor combinations include:  

• CPUE 

• CPUE + Phase:Accum.Speed Interaction 

• CPUE + Phase:Point.Speed Interaction 

• CPUE + Cloud 

• CPUE + Wind 

• CPUE + Cloud + Wind 

• CPUE + Phase:Accum.Speed Interaction + Cloud + Wind 

• CPUE + Phase:Point.Speed Interaction + Cloud + Wind 

   
 For the years that indicated support for an influence of local environmental conditions we 
compared the adjusted R2 values for the linear model with only the TF CPUE as main effect (Model 
1) to the adjusted R2 values of models with environmental covariates. We chose to use the 
adjusted R2 value because it only increases when the additional term improves the model more 
than is expected by chance alone. 
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 Figure 4. Schematic showing the analysis work flow for the three sets of linear models (Analysis 1 = 
A1, Analysis 2 = A2, Analysis 3 = A3), with the associated inputs and outputs at each step.  

 
 

3.3.2 Is there a benefit to using fine-scale oceanographic data vs. coarse-scale, publicly available data? 
  To evaluate the potential benefit of using fine-scale location specific point estimates of 
ocean current velocity versus a coarse, area-wide estimate of current velocities (publicly available 
as published in the annual DFO Current Tables), we constructed three similar linear models for 
each year. The first model only includes the TF CPUE predictor, while the second and third models 
include the current velocity predictor terms using the circulation model (Speed.circulation) and the 
publicly available current speed (Speed.public).  
 
 
Model	1:	𝐴&' = 	𝛽0 + 𝛽1 ∗ 𝐶𝑃𝑈𝐸%&' 
Model	2:	𝐴&' = 	𝛽0 + 𝛽1 ∗ 𝐶𝑃𝑈𝐸%&' + 	𝛽2 ∗ 𝑆𝑝𝑒𝑒𝑑. 𝑐𝑖𝑟𝑐𝑢𝑙𝑎𝑡𝑖𝑜𝑛%&' 
Model	3:	𝐴&' = 	𝛽0 + 𝛽1 ∗ 𝐶𝑃𝑈𝐸%&' +	𝛽2 ∗ 𝑆𝑝𝑒𝑒𝑑. 𝑝𝑢𝑏𝑙𝑖𝑐&' 
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 We then compared the adjusted R2 values between the models to evaluate the use of fine-
scale versus coarse-scale ocean current velocity data. Each measure of ocean current velocity in 
this analysis corresponds to a point estimate of velocity as opposed to the accumulated measure of 
current speed used above. Both point estimates of current velocity were transformed into z-scores. 
Only years including at least 10 observations were retained for analysis. 
 There are two key differences between this analysis and the environmental covariate 
analysis presented above. First, the ocean current velocities analyzed here are the point estimates, 
whereas the previous analysis uses the derived accumulated ocean speed measure. Second, the 
coarse-scale and fine-scale velocity point estimates are analyzed without the additional covariates 
included previously (Phase, cloud cover %, wind speed). Only four daily data points of ocean 
current velocity are available for the publicly available Current Tables data. Without a method to 
interpolate between current velocity point estimates at each time interval, there is a reduction in 
data points we have available per year and an inability to derive a coarse-scale estimate of 
accumulated ocean speed. Additionally, the smaller number of data points results in some years 
not having enough data points in one or two of the "Phase" levels - resulting in inability to perform 
any contrasts between those levels. This is a solvable problem but was not feasible for us to 
address at this time. 
 The inconsistencies prevent direct comparison between environmental covariate analysis 
described above and the implication for using publicly available data as opposed to the circulation 
model data. However, the methodology presented here does allow for a comparison between the 
benefit (or lack thereof) of using the fine-scale circulation model instead of the coarse-scale publicly 
available current velocity data. 
 

 Results 
 Annual TF CPUE varied substantially within and between TF locations. The highest annual 
median CPUE values were observed in Neekis bay and Fine Beach within Area 12, and Chatham 
Point and McMullen Point within Area 13. However, these locations exhibited a range of annual 
median CPUE values (Figure 5). 
 

4.1 Does including the environmental covariates improve the relationship between 
TF CPUE and daily abundance? 

4.1.1 Analysis 1: Relationship between TF CPUE and daily abundance 
 For 24 of the 27 TF locations (in a given year) the relationship between TF CPUE and daily 
abundance was found to be significant at an alpha level of 0.05. Only TF locations with yearly data 
that showed a significant relationship were retained for further analysis (Area 12 includes 11 TF 
locations for a total of 95 yearly abundance versus CPUE relationships and Area 13 includes 13 TF 
locations for a total of 75 yearly abundance versus CPUE relationships. Area 12 TF locations that 
were not retained include Boat Harbour and Pig Ranch. The Area 13 TF location not retained was 
Separation Head). 
 TF CPUE increased with daily abundance for all TF locations in all years. The adjusted R2 
values for each TF CPUE ~ daily abundance regression varied both within and between TF 
locations (Figure 7). In Area 12, the highest median adjusted R2 values were observed for Fine 
Beach, Hot Spot, and Neekis Bay (0.20, 0.22, and 0.31, respectively). In Area 13, the highest 
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median adjusted R2 values were observed for Granite Point, Ripple Point, and Bodega Point (0.52, 
0.60, and 0.61, respectively). 
 

 
Figure 5. Median annual CPUE by test fishery location. Overall, higher catch was observed in Area 13 
than in Area 12. 
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Figure 6. Log-transformed daily abundance estimates by log-transformed test fishery CPUE shown for 
each test fishing location per year. The data points are color coded by year and shown with the 
regression line for each year. Only significant positive regressions (at alpha = 0.05) are shown and were 
retained for downstream analyses. 
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Figure 7. Adjusted R2 for each Location/Year log(TF CPUE) ~ log(daily abundance) linear regressions. 
Only regressions that were significant at an alpha of 0.05 are shown here and were retained for 
downstream analyses. Raw data is shown with the open points, the 25th and 75th percentiles are shown 
as the bottom and top of the box, and the 50th percentile is shown as the black line. 

 

4.1.2 Analysis 2: Influence of environmental conditions on the TF CPUE ~ daily abundance relationship 
 An influence of local environmental conditions on the relationship between TF CPUE and 
daily abundance was found for some of the environmental factors for a subset of years within each 
in Area (Table 1). The standardized residuals are the residual variation in TF CPUE that is not 
accounted for by daily sockeye abundance. Positive residuals indicate that TF CPUE was higher 
than expected given the available abundance, and negative residuals indicate that TF CPUE was 
lower than expected based on available abundance. When a significant trends is detected it 
suggests that some additional variation in TF CPUE can be explained by local environmental 
conditions on top of that which is explained by daily abundance 
 In Area 12, we found support for an influence of environmental conditions in the years 
2000–2001, 2003–2005, 2007, 2009–2013, and 2017. However, the conditions that were 
significant varied by year. We did not find support for an influence of the interaction between tidal 
cycle phase and accumulated current speed. In 2017, however, we did find support for the 
influence of Phase and accumulated current speed as individual main effects. The estimated 
marginal mean of the standardized residuals for the ebb tidal cycle phase group was higher than 
that for the flood and slack tidal cycle phases (Figure 8). Standardized residuals declined with 
increasing accumulated current speed (Figure 9). The standardized residuals declined with 
increasing cloud cover % in 2001, 2003–2005, 2007, and 2009–2013 (Figure 10; Figure 11). A 
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decline was also found with an increase in wind speed within Area 12 for the years 2000, 2003 and 
2004 (Figure 12; Figure 13).  
 
 
 

Table 1. Effect of environmental covariates on the relationship between test fishery catch-per-unit-
effort (TF CPUE) and daily abundance. Linear mixed effects models evaluated the effect of the 
environmental covariates on the annual set of standardized residuals from the previous analysis of TF 
CPUE and daily abundance. The estimated marginal means (emmean) were calculated for the different 
levels of the Phase main effect. The effects of the covariates: accumulated current speed, cloud cover, 
and wind speed main effects were assessed by estimating the slopes (trend) of each covariate for each 
level of the Phase main effect. Statistical support was identified be assessing whether or not the 
confidence interval included zero or not. Standard error of the marginal means and slope = SE. 

 
AREA YEAR  Group emmean or covariate slope SE lower.CL upper.CL 

  Phase Phase*Accum. Speed trend    
A13 2000 flood 0.233 0.113 0.009 0.457 

2003 ebb -0.365 0.113 -0.703 -0.027 
2005 ebb -0.321 0.169 -0.588 -0.055 
2009 flood 0.673 0.135 0.033 1.312 
2011 ebb -0.344 0.312 -0.585 -0.102 
2013 ebb -0.694 0.122 -1.344 -0.045 

   
 Phase  group emmeans  
A12 2017 ebb 0.366 0.141 0.067 0.666 

   
 Accum. Speed trend  
A12 2017  -0.287 0.115 -0.510 -0.065 

   
 Cloud Cover trend  
A12 2001  -0.289 0.063 -0.414 -0.164 

2003  -0.218 0.067 -0.350 -0.086 
2004  -0.414 0.082 -0.576 -0.251 
2005  -0.256 0.062 -0.378 -0.135 
2007  -0.238 0.085 -0.405 -0.070 
2009  -0.317 0.062 -0.439 -0.195 
2010  -0.223 0.075 -0.372 -0.074 
2011  -0.173 0.072 -0.314 -0.031 
2012  -0.387 0.161 -0.713 -0.061 
2013  -0.244 0.066 -0.374 -0.114 
2015  -0.288 0.077 -0.439 -0.137 

A13 2011  0.202 0.084 0.036 0.367 
   
 Wind Speed trend  
A12 2000  -0.308 0.120 -0.547 -0.070 

2003  -0.180 0.066 -0.310 -0.051 
2004  -0.172 0.082 -0.334 -0.010 

A13 2011  0.295 0.082 0.133 0.458 
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Figure 8. Area 12. Raw standardized residuals for tidal cycle phase are shown on the left and the 
estimated group marginal means for the different Phase levels are shown on the right. There was 
support for higher TF CPUE than expected on the ebb tide for 2017.  Error bars for the marginal means 
are 95% CI. 
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Figure 9. Area 12. Standardized residuals for accumulated currents speed and the associated trend 
averaged over the levels of tidal cycle phase. A decline in TF CPUE with increasing accumulated current 
speed trend had statistical support for 2017. Accumulated current speed is shown as z-scores. The 
shaded area is the 95% CI. 
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Figure 10. Area 12. The standardized residuals plotted against cloud cover % (z-scores). 
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Figure 11. Area 12. Modeled trend of cloud cover % averaged over the levels of tidal cycle phase. Cloud 
cover % are shown as z-scores. Shaded area is the 95% CI. A decline in TF CPUE with increasing cloud 
cover had statistical support for all years shown, including 2012 despite a wider CI than the other years. 
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Figure 12. Area 12. The standardized residuals plotted against wind speed z-scores. 

 

 
Figure 13. Area 12. Estimated trend of wind speed averaged over the levels of tidal cycle phase. Wind 
speed is shown as z-scores. A decline in TF CPUE with increasing wind speed had statistical support in 
all three years shown. Shaded area is the 95% CI. 

 
 
 
 In Area 13, we found support for an influence of environmental conditions in the years 2000, 
2003, 2005, 2009, 2011, and 2013. However, the conditions that were significant varied by year. In 
Area 13, we found support for the influence of the interaction effect between tidal cycle phase and 
accumulated current speed in 2000, 2003, 2005, 2009, 2011, and 2013 (Figure 14; Figure 
15Figure 12).  
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Figure 14. Area 13. Standardized residuals plotted for each tidal cycle phase by accumulated current 
speed. Slack tide is shown in blue; flood tide shown in red; ebb tide shown in green. 
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Figure 15. Estimated trend of accumulated current speed for each level of tidal cycle phase. 
Accumulated current speed is shown as z-scores. Slack tide is shown in blue; flood tide shown in red; 
ebb tide shown in green. Shaded area is the 95% CI. Higher TF CPUE than expected was found on the 
ebb tide for 2003, 2005, 2011, and 2013, and lower TF CPUE than expected was found on the flood tide 
for 2000 and 2009. 

 
 
For 2000 and 2009, we found that the standardized residuals increased with increasing 
accumulated ocean speed on the flood tide. For 2003, 2005, 2011, and 2013 we found that the 
standardized residuals declined with increasing accumulated ocean speed on the ebb tide. In 2011, 
we also found support for an effect of cloud cover and wind speed, both of which showed an 
increase in the standardized residuals with increasing cloud cover (Figure 16) and increasing wind 
speed (Figure 17).  
 The variance inflation factors for our predictor environmental factors in both Areas were all 
less than two, well below the threshold that suggests there is collinearity between the predictor 
factors. 
 
 
 
 
 
 
 



The influence of local environmental conditions on purse seine catch in the Johnstone Strait sockeye salmon test fishery 
Environmental conditions and test fishery CPUE 

 
 

 

25 

 
Figure 16. Area 13. Standardized residuals and estimated trend plotted for cloud cover %. Increasing 
TF CPUE was found with increasing cloud cover % for 2011. Cloud cover % is shown as z-scores, and 
the shaded area is the 95% CI.  

 
Figure 17. Area 13. Standardized residuals and estimated trend plotted for wind speed. Increasing TF 
CPUE was found with increasing wind speed for 2011. Wind speed is shown as z-scores, and the shaded 
area is the 95% CI. 
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4.1.3 Analysis 3: Value of environmental covariates for explain variability in daily abundances 
 Including the environmental covariates as main effects in addition to TF CPUE improved the 
relationship between TF CPUE and daily abundance in most combinations of area, year, and 
environmental covariate.  
 For Area 12, the adjusted R2 values for the TF CPUE main effect ranged from 0.18 to 0.3. 
When the environmental covariates that are supported are included in addition to TF CPUE, 
adjusted R2 values across 42 combinations of area, environmental covariate, and year increased in 
37 cases, did not change in 4, and a decrease in 1 (Figure 18). Overall, the magnitude of increase 
in adjusted R2 ranged from less than 1% (shown as 0%) to 4%, with a median increase of 2%. 
When all the environmental covariates are included in each year (even those that were not 
supported) a gain of 2% to 6% is observed (Figure 18).  
 For Area 13, the adjusted R2 values for the TF CPUE main effect only ranged from 0.01 to 
0.47. The adjusted R2 values across 30 combinations of area, environmental covariate, and year 
increased in 25, did not change in 4, and decreased in 1 (Figure 19). The magnitude of increase in 
adjusted R2 ranged from 1% to 21% (median 3%), when either the supported environmental 
covariates are included or all of the environmental covariates are included (Figure 19; Error! R
eference source not found.).  
 We found that the different combinations of environmental covariates led to negligible 
changes in precision (measured as mean absolute error) and accuracy (measured as mean raw 
error) for both Area 12 and 13 (Figure 20).   
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Figure 18. Area 12. The adjusted R2 values for each combination of CPUE and environmental covariates 
is shown. The dotted line represents the y-intercept equaling the adjusted R2 for CPUE as the sole main 
effect. Each value is written in text above each bar. TF CPUE = CPUE; CPUE_C = + Cloud.cover; 
CPUE_W = + Wind.Speed; CPUE_C_W = + Cloud + Wind; CPUE_P_A = CPUE + Phase + Accum.Speed; 
CPUE_P_A_C_W = + Phase + Accum.Speed + Cloud + Wind; and CPUE_P_Pt_C_W = + Phase + 
Point.Speed + Cloud + Wind. 
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Figure 19. Area 13. The adjusted R2 values for each combination of CPUE and environmental covariates 
is shown. The dotted line represents the y-intercept equaling the adjusted R2 for CPUE as the sole main 
effect. Each value is written in text above each bar. TF CPUE = CPUE; CPUE_Ia = + Phase:Accum.Speed 
Interaction; CPUE_Ip = Phase:Point.Speed Interaction, CPUE_C = + Cloud; CPUE_W = + Wind; 
CPUE_I_C_W = + Interaction + Cloud.Cov + Wind. 
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Table 2. Adjusted R2 values for the linear models for annual daily abundance ~ TF CPUE, for the models 
with the addition of the environmental covariates identified to have statistical support (CPUE + 
Env.cov supported), and for the linear models with all environmental covariates included regardless of 
statistical support or not. The associated gains in Adjusted R2 from the sole TF CPUE predictor variable 
are also shown. 

 
Area Year Adjusted R2 Gain in Adj. R2 (%) 

CPUE CPUE + Env. 
cov 

(supported) 

CPUE + Env. 
cov 
(all) 

Env. cov. 
(supp) 

Env. 
cov. 
(all) 

A12 2000 0.25 0.29 0.29 4 4 
2001 0.2 0.22 0.22 2 2 
2003 0.3 0.33 0.33 3 3 
2004 0.22 0.23 0.28 1 6 
2005 0.25 0.28 0.29 3 4 
2007 0.22 0.26 0.25 4 3 
2009 0.25 0.28 0.30 3 5 
2010 0.21 0.21 0.20 0 -1 
2011 0.24 0.27 0.29 3 5 
2012 0.33 0.34 0.39 1 6 
2013 0.28 0.28 0.31 0 3 
2015 0.23 0.23 0.23 0 0 
2017 0.18 0.18 0.24 0 6 

A13 2000 0.45 0.55 0.55 10 10 
2003 0.21 0.25 0.25 4 4 
2005 0.47 0.49 0.49 2 2 
2009 0.26 0.47 0.47 21 21 
2011 0.2 0.22 0.22 2 2 
2013 0.01 0.02 0.01 1 0 
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Figure 20. Bias (mean raw error) and precision (mean absolute error) are shown for each CPUE + 
environmental covariate combination. TF CPUE = CPUE; CPUE_Ia = + Phase:Accum.Speed Interaction; 
CPUE_Ip = + Phase:Point.Speed Interaction;  CPUE_C = + Cloud; CPUE_W = + Wind; CPUE_I_C_W = + 
Interaction + Cloud.Cov + Wind; CPUE_P_A = CPUE + Phase + Accum.Speed; CPUE_P_A_C_W = + 
Phase + Accum.Speed + Cloud + Wind.  

 
 
 

4.2 Is there a benefit to using fine-scale oceanographic data vs. coarse-scale, 
publicly available data? 

 In Area 12, the average annual sample size for the coarse-scale data is 46 versus 168 for 
the fine-scale data For both Areas, the two point estimates of current velocity were significantly 
correlated with one another. However, the strength of the correlation was substantially different. In 
Area 12, the adjusted R2 value was 0.013 (Table 3; Figure 21), and for Area 13 the adjusted R2 
was 0.638 (Table 4; Figure 22). The results for Area 13 are interesting given the results from 
section 4.1.2, where the interaction between tidal cycle phase and accumulated ocean speed was 
significant in a subset of years. This is in contrast with the poor correlation between the coarse-
scale and fine-scale ocean current velocity data for Area 12 and the lack of support for the 
influence of ocean current velocity on the relationship between TF CPUE and daily abundance. 
 For Area 12, the models including the point estimate of ocean current velocity in addition to 
TF CPUE to predict daily abundance performed marginally worse on average than the model with 
the TF CPUE predictor alone. This held true for both the fine-scale and coarse-scale ocean current 
velocity data. Adjusted R2 declined, on average, by 0.6% and 1% for the fine-scale data and 
coarse-scale data, respectively (Figure 23). For Area 13, the models including the point estimate of 
ocean current velocity in addition to TF CPUE to predict daily abundance performed marginally 
better on average than the model with the TF CPUE predictor alone. This held true for both the 
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fine-scale and coarse-scale ocean current velocity data. Adjusted R2 increased, on average, by 
1.2% and 2.2% for the fine-scale data and coarse-scale data, respectively (Figure 24). 
 

Table 3. Area 12. Sample sizes and adjusted R2 values for using the fine-scale circulation model 
estimates of current velocity and the coarse-scale publicly available, Area-wide estimates of current 
velocity. Sample sizes are substantially lower when using the publicly available current velocity data. 
On average, using the point estimate of current velocity in addition to TF CPUE leads to model with 
less explanatory power in daily abundance than using TF CPUE alone. Coarse-scale data = Speed.publ, 
and fine-scale data = Speed.circ. 

Year 
Sample Size Adjusted R2 Gain in R2 (%) 
Circulation 

model 
Public 
data CPUE CPUE +  

Speed.circ 
CPUE +  

Speed.publ Speed.circ Speed.publ 

1998 98 24 0.206 0.232 0.181 2.6 -2.5 
2000 82 22 0.394 0.524 0.363 13.0 -3.3 
2001 238 71 0.181 0.170 0.179 -1.1 -3.1 
2002 141 32 0.235 0.213 0.243 -2.2 -0.2 
2003 229 52 0.257 0.258 0.243 0.1 0.9 
2004 141 35 0.161 0.139 0.143 -2.1 -1.4 
2005 260 70 0.230 0.225 0.314 -0.5 -1.7 
2006 201 55 0.291 0.278 0.282 -1.3 8.3 
2007 153 52 0.205 0.212 0.192 0.8 -0.9 
2009 248 78 0.316 0.317 0.314 0.2 -1.3 
2010 170 45 0.145 0.125 0.125 -2.0 -0.2 
2011 197 60 0.242 0.229 0.252 -1.3 -2.0 
2013 234 67 0.191 0.197 0.223 0.7 1.0 
2014 99 26 0.117 0.094 0.081 -2.3 -10.4 
2015 172 41 0.346 0.339 0.336 -0.7 3.2 
2017 191 58 0.259 0.247 0.257 -1.2 -3.6 

average 168.3 46.3 0.213 0.207 0.203 -0.6 -1 
 
 
 
 
 
 
 
 



 
 

 
 

 

32 

Table 4. Area 13. Sample sizes and adjusted R2 values for using the fine-scale circulation model 
estimates of current velocity and the coarse-scale publicly available, Area-wide estimates of current 
velocity. Sample sizes are substantially lower when using the publicly available current velocity data. 
On average, using the point estimate of current velocity in addition to TF CPUE leads to model with 
more explanatory power in daily abundance than using TF CPUE alone. Coarse-scale data = 
Speed.publ, and fine-scale data = Speed.circ. 

Year 
Sample Size Adjusted R2 Gain in R2 (%) 
Circulation 

model 
Public 
data CPUE CPUE +  

Speed.circ 
CPUE +  

Speed.publ Speed.circ Speed.publ 

1998 125 34 0.254 0.240 0.238 -1.3 -1.6 
1999 255 65 0.118 0.155 0.119 3.7 0.1 
2000 119 36 0.547 0.549 0.551 0.2 0.4 
2002 162 43 0.364 0.373 0.370 0.9 0.6 
2003 190 57 0.189 0.184 0.174 -0.5 -1.5 
2004 32 18 0.135 0.272 0.331 13.7 19.6 
2005 303 93 0.505 0.514 0.518 0.9 1.3 
2006 229 57 0.348 0.340 0.338 -0.8 -1.0 
2007 34 11 0.559 0.505 0.521 -5.3 -3.8 
2009 37 17 0.200 0.159 0.255 -4.1 5.6 
2010 48 18 0.063 0.282 0.227 21.9 16.5 
2011 147 53 0.101 0.109 0.121 0.8 2.0 
2012 37 16 0.375 0.355 0.432 -2.0 5.7 
2013 93 26 0.050 0.011 0.009 -4.0 -4.1 
2014 43 16 0.050 0.006 0.025 -4.3 -2.4 
2015 87 27 0.495 0.488 0.478 -0.8 -1.7 

average 36.7 121.3 0.272 0.284 0.294 1.2 2.2 
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Figure 21. Area 12 relationship between the two point estimates of current velocity (shown as z-scores). 
The publicly available data for Johnstone Strait station is shown on the x axis, and the fine-scale 
circulation model output is shown on the y axis. The dotted line represents the 1:1 line. Adjusted R2 
value is 0.013. 
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Figure 22. Area 13 relationship between the two point estimates of current velocity. The publicly 
available data for Seymour Narrows is shown on the x axis, and the fine-scale circulation model output 
is shown on the y axis. The dotted line represents the 1:1 line. Adjusted R2 value is 0.638. 
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Figure 23. Area 12. Annual adjusted R2 values for the two models with the point estimates of current 
speed derived from the fine-scale circulation model in addition to TF CPUE (CPUE_Vel.circ), and current 
speed obtained from the coarse-scale Current Tables (CPUE_Vel.public). The R2 values are shown 
relative to adjusted R2 for the CPUE only model (corresponds to zero). 
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Figure 24. Area 13. Annual adjusted R2 values for the two models with the point estimates of current 
speed derived from the fine-scale circulation model in addition to TF CPUE (CPUE_Vel.circ), and current 
speed obtained from the coarse-scale Current Tables (CPUE_Vel.public). The R2 values are shown 
relative to adjusted R2 for the CPUE only model (corresponds to zero). 

 

 Discussion 
 Three key findings emerge from our analysis of the influence of local environmental 
conditions on the relationship between daily abundance and TF CPUE. First, we found that all the 
environmental factors included in the analysis had statistical support for influencing the annual 
relationship between TF CPUE and daily abundance. However, these environmental effects were 
only identified within a subset of the years examined. Second, we found differences between Area 
12 and Area 13 in which environmental covariates were supported. In Area 12, cloud cover % was 
supported in five years and wind speed was supported in three years. The main effects tidal cycle 
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phase and accumulated current speed (but not the interaction) were only supported in 2017. For 
Area 13, cloud cover % and wind speed were only supported in one year (2011), but the interaction 
between Phase and accumulated current speed was supported in five years. Lastly, we found that 
including the environmental covariates in addition to TF CPUE only marginally improved the fit of 
the model with daily abundance estimates. The average gain in annual adjusted R2 for Area 12 and 
Area 13 were 2.4% and 2%, respectively. However, within Area 13, substantial gains of 10% and 
21% in adjusted R2 were observed in 2000 and 2009, respectively. Furthermore, adding the 
environmental covariates to TF CPUE led to negligible differences in bias and precision than 
evaluating the effect of TF CPUE on daily abundance alone.  
 Physical differences between Area 12 and Area 13 may partially explain why different 
environmental covariates were found to influence the relationship between daily abundance and TF 
CPUE in the different Areas. Area 12 is generally more open and exposed, which may be why a 
wind effect was identified here but only once in Area 13. Higher wind speeds were associated with 
lower than expected TF CPUE in Area 12, and higher than expected TF CPUE in Area 13 for 2011. 
Additionally, Discovery Passage in Area 13 is narrower than the Upper Johnstone Strait in Area 12, 
and may partially explain why the interaction between current direction (e.g., water movement on 
the ebb tide or flood tide) and accumulated current speed was identified in Area 13 but not in Area 
12. We found that the interaction between tidal cycle phase and accumulated current speed 
influenced TF CPUE in five years in Area 13. High accumulated current speeds on the flood tide 
were associated with larger than expected TF CPUE, while high accumulated current speeds on 
the ebb tide were associated with smaller than expected TF CPUE. 
 Our results in Area 12 do not  support the results of the drifter experiments presented in 
Taylor et al. (2019). They found that TF locations in the Upper Johnstone Strait with the most 
positive bias in CPUE were also the locations most occupied in the surface drifter experiments. The 
results from Taylor et al. (2019) suggested that ocean currents may influence the pooling of salmon 
in nearshore areas, which can lead to increased catch. For the Area 12 region, we only detected an 
effect of accumulated current speed and tidal cycle phase in one year (2017). The results of Taylor 
et al. (2019) had however been based primarily on 2018 data that had not been included in this 
analysis. Interestingly, however, we did observe a pattern in our data that may support the 
hypothesis that local environmental conditions create the “pooling” effect suggested by Taylor et 
al.(2019).  Thomson (1981) notes that high winds are sufficient to generate surface currents, and 
that the long, narrow channel of Johnstone Strait is conducive to this situation. We found that Area 
12 TF CPUE was highest on the ebb tide, and wind speeds were higher on average during the ebb 
tide as well. Despite an overall negative effect of increasing wind speed on TF CPUE, within the 
higher wind speed categories we examined (20+ knots), higher TF CPUE was associated with 
winds coming from the west or northwest as opposed from the southeast. Wind generated surface 
currents moving in a southeasterly direction against an ebb tide in Johnstone Strait could possibly 
create this pooling effect suggested by the Taylor et al. (2019) drifter experiments. We investigated 
an additional suite of linear mixed effects models to examine the interaction between tidal cycle 
phase and wind speed on the relationship between daily abundance and TF CPUE (Appendix B). 
We observed a positive interaction between increasing wind speed and the ebb tide in two years 
(i.e., larger than expected TF CPUE), a negative interaction between increasing wind speed and 
the flood tide in two years (i.e., smaller than expected TF CPUE), and a negative interaction 
between increasing wind speed and slack tide in one year. This preliminary investigation suggests 
there could be a relationship between wind speed, wind direction and tidal cycle phase, which may 
support the “pooling” effect suggested by Taylor et al. (2019).    
 An important caveat to the analysis is to emphasize that there are likely many different 
ways salmon respond to oceanographic processes, and our decision to represent current velocities 
as an accumulation of current speed over the most recent tidal cycle phase is not a definitive 
measure. We chose to summarise current velocities over the different tidal cycle phase 
components to capture the possible effect of current velocity in the context of bulk water movement 
direction (e.g., flooding, ebbing, or little water movement during slack tide). There are several 
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additional ways we could have summarised the ocean current velocity information, including 
summing the current velocities over a different temporal grouping factor, standardizing the point 
estimate of current velocity by the daily tidal height, or by simply using the point estimates of 
current velocity themselves. In a follow-up analysis, for Area 12 we compared the adjusted R2 
values between models investigating the relationship between daily abundance and TF CPUE + 
accumulated current speed measure and TF CPUE + the point estimates of current velocity. For 
Area 13, we compared the adjusted R2 values for models with TF CPUE + Phase/Accumulated 
current speed interaction and TF CPUE + Phase/Point Speed interaction. For Area 12, substituting 
the point estimate of current velocity for the accumulated current speed estimate does not result in 
substantial differences in adjusted R2 values. The average change in adjusted R2 is less than 1%, 
with a maximum improvement of 0.6%. However, for Area 13, using the point estimate of current 
velocity results in a mean change in adjusted R2 of 4%, with improvements in some years as high 
as 5%, 11% and 21% (Appendix B). In the future, we will need to consider more explicit 
hypotheses about salmon responses to current velocities to better assess how TF CPUE will be 
affected in turn. 
 Interestingly, we did not find that using the fine-scale ocean current velocity data produced 
by the Foreman et al. (2009; 2012) circulation model improved the relationship between TF CPUE 
and daily abundance more than using a single, area-wide measure of current velocity obtained 
from the publicly available Current Tables. For both Areas, the coarse-scale and fine-scale data led 
to similar declines and gains in adjusted R2 for Area 12 and Area 13, respectively, despite there 
being considerable differences between areas in how well the two estimates of current velocity are 
correlated with another. There was poor correlation in Area 12, and relatively high correlation in 
Area 13. This has implications for the importance of local oceanographic considerations, and how 
the importance may vary between the two Areas. This analysis is consistent with the broader 
environmental covariates analysis, in which we identified accumulated current speed as an 
important factor in Area 13, but not Area 12. 
 For now, the management implications of our results are unclear. While including the 
environmental factors led to some improvement in model fit, the extent to which this is useful for in-
season management is to be determined. Further work that considers more explicit hypotheses 
regarding salmon behaviour and oceanographic processes will improve our ability to understand 
how TF CPUE is affected in turn. 
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1. Introduction to the tidal circulation in Discovery Channel and Johnstone Strait 

 

The physical oceanography of the Discovery Islands region has not been widely studied. Though 

tide gauges have been maintained at numerous locations for varying lengths of time, moored current 

meter measurements and salinity and temperature profiles have been sparse in the central portion 

of the region, largely because of the strong tidal currents and the potential danger their deployment 

and recovery pose to small vessels (Foreman et al, 2012). 

The general oceanography of the region is described in (Thomson, 1981). Descriptions of the 

data and analysis of the extensive current meter observations in the region can be found in Thomson 

(1976, 1977) and Thomson and Huggett (1980).  

There were no detailed tidal models of the region prior to 2004. The barotropic finite-difference 

model of Foreman et al. (2004) includes the Discovery Islands region in their data assimilation 

study, but in this case the primary focus was on tidal dissipation by the semidiurnal component of 

the tidal currents. Sutherland et al. (2007) also used a two-dimensional (2-D) model to estimate the 

tidal power potential obtained by inserting turbine farms in Johnstone Strait, Discovery Passage 

and Cordero Channel. The most detailed ocean circulation modeling study is based on a baroclinic 

finite-volume FVCOM model for Broughton Archipelago developed by Foreman et al. (2009) and 

for Discovery Island region by Foreman et al. (2012). Both studies used the FVCOM model 

developed by Chen et al. (2003). FVCOM models solve the 3-D hydrodynamic equations for 

velocity and surface elevation and the 3-D transport-diffusion equations for salinity and temperature 

in the presence of turbulent mixing. The method also employs a variable resolution triangular grid 

to provide much more flexibility than a regular rectangular grid in representing complicated regions, 

such as the coastline and bathymetry in the Discovery Islands region and Broughton Archipelago.  

 

2. Setup of the models  

Both of the Foreman et al. (2009, 2012) models use available datasets to properly simulate the 

ocean circulation in the area. The tides were forced through the open boundaries of the model 

domain using results of the previous, courser grid models. In the case of the Discovery Islands model, 

five major tidal constituents were used to force the model: three semidiurnal (M2, S2, N2), and two 

diurnal  (K1 and O1) constituents. These five constituents account for 74 % of tidal height range and 

most of tidal variance. In the case of the Broughton Archipelago model, six constituents were used, 

as a result of adding the diurnal P1 constituent to the five constituents used in the Discovery Islands 

model. The P1 constituents takes into account seasonal changes in the tides. 
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In addition to tidal circulation, the models produced wind-induced and estuarine circulation 

for the specific period of March-April 2008 (Broughton Archipelago model), and April 2010 (Discovery 

Islands model).  

 

3 Tidal analysis and prediction   

 

The present study uses hourly time series of the tidal currents constructed from tidal analysis to 

specify the current velocity at specific locations for the past 20 years. While the wind-induced 

current for other seasons is likely different than the one presented here, the tidal and estuarine 

circulation will change relatively little with season. We have used harmonic analysis of the 

simulated currents provided by the Foreman et al. (2009, 2012) models for the specific test-fishery 

locations to compute the tidal constituents for those locations. (Tidal constituents from the Foreman 

et al. models are only available on the model boundary and not within the interior of the model 

itself.). These constituents were then used to derive contributions from several other smaller tidal 

components for the test-fishery sites. Lastly, we used the expanded set of tidal constituents we 

derived to simulate the tidal currents at the specified fishing locations.  In addition to the tides, we 

computed the mean current, which mainly represents the estuarine circulation. Based on the 

expanded set of tidal constituents, the simulated tidal currents contribute more than 90 % to the 

total tidal variance. 

 

4 Computation stages  

Several computational steps were performed to obtain the final product, which is the simulated 

currents at specific locations for the period 1998-2017. These steps are:  

4.1. Finding elements of the models corresponding to the specific location of the test-fisheries 

sites (17 for the Discovery Island region, 41 for the Broughton Archipelago region and 5 for the 

test-fisheries area at Hardy Bay).  

4.2. Extracting data from the model output corresponding to the specific locations. 

4.3. Computing the depth-averaged current for the upper layer (upper 20 m) for each location. 

This step also used knowledge of the vertical distribution of the layers across the domain. This is 

needed because the FVCOM model uses terrain-following s-coordinates instead of horizontal z-

coordinates.  
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4.4. Computing the tidal constituents for each location using tidal analysis software. The t-tide 

software (Pawlowicz et al., 2002), based on the Department of Fisheries and Oceans (DFO) 

harmonic analysis program (Foreman, 1977).  

4.5. Expanding the computing set of constituents by using results of the tidal analysis of the 

yearly time series at the nearest CHS tide gauge at Campbell River. The times series was 

downloaded from DFO web site (http://www.isdm-gdsi.gc.ca/isdm-gdsi/twl-mne/inventory-

inventaire/sd-ds-eng.asp?no=8074&user=isdm-gdsi&region=PAC 

4.6. Simulate the tidal current for each location for 20 years (1998-2017) using the tidal prediction 

software of Pawlowicz et al. (2002) and the pre-computed tidal constituents for each component of 

the tidal current and each location. 
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 Appendix B 
8.1 Interaction between tidal cycle phase and wind speed 
 To follow-up the hypothesis that the interaction between tidal cycle phase and wind speed 
influences the relationship between TF CPUE and daily abundance, we ran a series of mixed-
effects models for each year. The equation is shown below, where SR = the standardized residuals 
from the  TF CPUE ~ daily abundance linear regressions for each year at each TF location, P = 
tidal cycle phase, W = wind speed, and TF location was treated as a random effect. The results are 
shown in the table below, and statistical support is assumed with the 95% confidence interval does 
not include zero (indicated in bold font). 
 
𝑆𝑅%' = 	𝛽0 + 𝛽1𝑃%' ∗ 𝑊%' + 𝑇𝐹𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛   
 

Year Phase Wind Speed 
trend 

SE Lower.CL Upper.CL 

2003 ebb -0.074 0.096 -0.262 0.115 
flood -0.259 0.104 -0.463 -0.055 
slack -0.060 0.210 -0.474 0.353 

2004 ebb 0.142 0.142 -0.139 0.422 
flood -0.257 0.127 -0.507 -0.006 
slack -0.126 0.195 -0.513 0.260 

2009 ebb 0.223 0.107 0.012 0.433 
flood -0.090 0.098 -0.284 0.104 
slack -0.082 0.130 -0.339 0.175 

2013 ebb 0.249 0.096 0.060 0.438 
flood -0.378 0.133 -0.641 -0.115 
slack -0.009 0.117 -0.239 0.221 

2017 ebb 0.121 0.101 -0.079 0.320 
flood 0.189 0.153 -0.113 0.491 
slack -0.329 0.149 -0.623 -0.036 

 
 Smaller than expected TF CPUE were found with increasing wind speed on the flood tide 
for 2003 and 2004, and on the slack tide for 2017. Larger than expected TF CPUE were found with 
increasing wind speed on the ebb tide for 2009 and 2013. 
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8.2 Accumulated current speed vs. point estimate of current velocity 
  We chose to summarise current velocities over the different tidal cycle phases to capture 
the possible effect of current velocity in the context of bulk water movement direction (e.g., 
flooding, ebbing, or little water movement during slack tide). However, there are other ways we 
could have characterized current velocity, including using the point estimates of current velocity 
themselves. To evaluate how the derived measure of accumulated current speed (the sum of 
hourly point estimates of current velocity summed over the duration of the tidal cycle, e.g., over the 
flood, ebb, or slack tide) influences the relationship between daily abundance and TF CPUE differs 
from the effect of solely using the point estimates of current velocity, we compared the adjusted R2 
values for two models: 
 
Area 12: 
  𝐴%' = 	𝛽0 + 𝛽1𝐶𝑃𝑈𝐸%'+	𝛽1𝐴𝑐𝑐𝑢𝑚. 𝑆𝑝𝑒𝑒𝑑%'  vs. 
 𝐴%' = 	𝛽0 + 𝛽1𝐶𝑃𝑈𝐸%'+	𝛽1𝑃𝑜𝑖𝑛𝑡. 𝑆𝑝𝑒𝑒𝑑%'  
 
and, 
 
Area 13: 
 𝐴%' = 	𝛽0 + 𝛽1𝐶𝑃𝑈𝐸%'+	𝛽1𝑃ℎ𝑎𝑠𝑒 ∗ 𝐴𝑐𝑐𝑢𝑚. 𝑆𝑝𝑒𝑒𝑑%'  vs. 
 𝐴%' = 	𝛽0 + 𝛽1𝐶𝑃𝑈𝐸%'+	𝛽1𝑃ℎ𝑎𝑠𝑒 ∗ 𝑃𝑜𝑖𝑛𝑡. 𝑆𝑝𝑒𝑒𝑑%'  
 
where, A is the daily abundance, CPUE is the TF catch per unit effort, Phase is the tidal cycle 
phase, and Accum.Speed and Point.Speed are the accumulated current speed and point speed 
estimates. 
 For Area 12, substituting the point estimate of current velocity for the accumulated current 
speed estimate does not result in substantial differences in adjusted R2 values. The average 
change in adjusted R2 is less than 1%, with a maximum improvement of 0.6%. However, for Area 
13, using the point estimate of current velocity results in a mean change in adjusted R2 of 4%, with 
improvements in some years as high as 5%, 11% and 21% 
Area 12. Negative % differences indicate a gain in adjusted R2 when using Point.Speed instead of 
the Accum.Speed predictor.  
 

Year Adjusted R2 
TF CPUE + Accum.Speed TF CPUE + Point.Speed Difference (%) 

1998 0.236 0.229 0.745 
1999 0.084 0.084 0.034 
2000 0.240 0.246 -0.596 
2001 0.204 0.201 0.275 
2002 0.296 0.294 0.167 
2003 0.296 0.296 -0.032 
2004 0.227 0.211 1.532 
2005 0.245 0.244 0.162 
2006 0.236 0.245 -0.900 
2007 0.224 0.224 0.014 
2008 0.104 0.101 0.261 
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2009 0.249 0.247 0.129 
2010 0.212 0.216 -0.425 
2011 0.241 0.235 0.628 
2012 0.322 0.327 -0.514 
2013 0.281 0.286 -0.471 
2014 0.171 0.175 -0.336 
2015 0.230 0.233 -0.355 
2017 0.180 0.183 -0.296 

 
 
 
Area 13. Negative % differences indicate a gain in adjusted R2 when using Point.Speed instead of 
the Accum.Speed predictor. 
 

Year Adjusted R2 
TF CPUE + Phase*Accum.Speed TF CPUE + Phase*Point.Speed Difference (%) 

1998 0.252 0.268 -1.572 
1999 0.222 0.187 3.507 
2000 0.498 0.480 1.821 
2001 0.408 0.619 -21.101 
2002 0.433 0.440 -0.680 
2003 0.224 0.272 -4.830 
2004 0.060 0.058 0.227 
2005 0.464 0.457 0.718 
2006 0.291 0.289 0.236 
2007 0.347 0.292 5.458 
2009 0.392 0.303 8.982 
2010 0.371 0.484 -11.321 
2011 0.214 0.223 -0.898 
2012 0.179 0.201 -2.212 
2013 0.000 0.007 -0.638 
2014 0.098 0.092 0.670 
2015 0.208 0.245 -3.646 

 


