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 Abstract 31 

 A small number of stationary echosounders have the potential to produce abundance 32 

indices where fish repeatedly occupy localized areas (e.g., spawning grounds). To 33 

investigate this possibility, we deployed three trawl-resistant moorings with a newly-34 

designed autonomous echosounder for ~85 days during the walleye pollock spawning 35 

season in Shelikof Strait, Alaska. Backscatter observed from the moorings was highly 36 

correlated with ship-based acoustic surveys, suggesting that the mooring observations 37 

reflect abundance over much larger areas than the observation volume of the acoustic 38 

beam.  A retrospective analysis of a 19-year time series of pre-spawning pollock surveys 39 

was used to select  mooring locations and determine that 3-5 moorings can produce an 40 

index of pollock backscatter comparable to that produced by a ship-based survey 41 

covering ~18,000 km
2
 (mean prediction error of <11% for 5 moorings).  The three 42 

moorings deployed in Shelikof Strait yielded a backscatter estimate that was within ~15-43 

20% of that observed during the survey.  Thus, it appears feasible to design a relatively 44 

sparse mooring array to provide abundance information and other aspects of fish behavior 45 

in this environment. 46 

  47 
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Introduction 48 

 Autonomous or cabled echosounders that can be deployed on the sea floor for 49 

extended periods are increasingly available.  These instruments are effective tools to 50 

study diel and seasonal trends in the abundance and behavior of fish and zooplankton 51 

(Trevorrow, 2005; Kaartvedt et al., 2009; Ross et al., 2013).  Bottom-mounted acoustic 52 

measurements can potentially be used to generate low-cost abundance indices of fish.  53 

Many fishes aggregate in predictable and restricted areas, particularly for spawning 54 

(Lawson and Rose, 2000; Doonan et al., 2003) and overwintering (Løland et al., 2007; 55 

Benoit et al., 2008), and this approach may have widespread application.  Stationary 56 

echosounders can also be used to quantify the formation, duration, and dispersal of fish 57 

aggregations (Kaltenberg et al., 2010). This is important information for ship-based 58 

surveys, as the timing of surveys relative to the timing of aggregation is often a major 59 

source of uncertainty in surveys of spawning fish (Nelson and Nunnallee, 1984; 60 

O’Driscoll, 2004).   However, it remains uncertain how many echosounder moorings 61 

would be needed to provide useful indices of abundance in a given survey area, and 62 

where these echosounders should be located. 63 

 The primary outstanding question regarding the utility of echosounder moorings 64 

for abundance estimation is the degree to which temporally averaged measurements from 65 

stationary instruments represent the density of fishes over a wide area.  Although 66 

echosounder moorings image a relatively small area compared to ship-based surveys, 67 

time-averaged observations from a stationary sensor can represent the abundance over a 68 

broad area, due to spatial correlation in animal distributions and the movements of 69 

organisms relative to the sensor (e.g., Brierley et al., 2006).   The degree to which 70 

Page 3 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

4 

 

observations from an upward-looking echosounder can be extrapolated over a broad 71 

spatial area is difficult to quantify and case-specific.  Knowledge of the degree to which 72 

the mooring data represent abundance in a broader area than the acoustic beam is critical 73 

for the design of a moored echosounder network (i.e., determine the appropriate number 74 

and placement of moorings).  It is thus unclear if a relatively sparse array of a few 75 

echosounder moorings can be used to provide a useful index of abundance over a large 76 

spatial area.   77 

 Here, we evaluate the utility of bottom-moored echosounders to monitor the 78 

abundance of walleye pollock (Gadus chalcogrammus) in Shelikof Strait, an important 79 

spawning location in the Gulf of Alaska.  An annual acoustic-trawl survey covering 80 

~1,500 km of transects (Nelson and Nunnallee, 1984; Wilson, 1994; McCarthy et al., 81 

2015) is conducted in a ~18,000 km
2 
area to manage the fishery (Dorn et al., 2015).  As a 82 

first step, we evaluate the possibility of using a small number of moorings to generate an 83 

index of acoustic backscatter comparable to that produced by the ship-based survey. The 84 

key questions to be addressed are how many moorings are needed to generate an 85 

abundance index in a wider area, and where the moorings should be located.  Thus, the 86 

principal goals of this work are to characterize the spatial sampling dimension of a 87 

moored echosounder in Shelikof Strait, and estimate uncertainty in the abundance index 88 

as a function of number of moorings.   We combine a series of observations from 89 

echosounder moorings deployed on the seafloor, ship-based surveys conducted while the 90 

moorings were deployed, and a retrospective analysis of the survey time series to address 91 

these questions. 92 

 93 
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 94 

Methods 95 

 96 

1.1 Approach  97 

 We deployed three echosounder moorings on the seafloor in Shelikof Strait, 98 

Alaska (section 1.2).  Pollock dominate the backscatter in this area during the spring 99 

spawning period (Nelson and Nunnallee, 1984; McCarthy et al., 2015). For example, 98.8 100 

± 1.4% (mean ± SD) of the observed backscatter during annual acoustic-trawl surveys 101 

was attributed to pollock based on examination of echograms and trawl sampling 102 

(estimates are for 2003 to 2015 when this was quantified). We conducted repeated 103 

surveys with vessel-mounted echosounders at two spatial scales, a 50 nmi
2
 (nautical mile) 104 

area centered over the mooring sites, and coarse-scale surveys of the entire Strait (section 105 

1.3). We compare the observations from the echosounder moorings to those from the ship 106 

surveys to examine whether the observations from the moorings were correlated with the 107 

ship-based surveys at these larger spatial scales (section 1.4).  We also conduct a 108 

retrospective analysis of a time series (1995-2015) of acoustic surveys in the area in 109 

which we use survey data as a proxy for mooring data to determine the number and 110 

locations of moorings needed to generate an acoustic abundance index in Shelikof Strait 111 

(section 1.5).   Finally, we use the mooring observations combined with the method 112 

developed in the retrospective analysis to predict the backscatter observed during the 113 

2015 survey (section 1.6).   114 

  115 

1.2 Echosounder moorings 116 
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 Three echosounder moorings were placed on the seafloor in Shelikof Strait at 117 

depths of 260-294 m during the 2015 spawning season to observe the arrival and 118 

dispersal of pollock spawning aggregations (Fig. 1, details in Table S1).  One mooring 119 

was deployed in each of the northern, the central, and the southern sectors of Shelikof 120 

Strait (hereafter referred to as the north, central and south moorings) on 12-19 February 121 

and recovered on 7-8 May (Fig. 1, Table S1).   The mooring locations were selected 122 

based on logistics, previous survey results, input from participants in the fishery, and a 123 

preliminary version of the analysis described in section 1.5.  124 

 The moorings were deployed in areas with an active fishery, and were thus 125 

constructed to be trawl-resistant.  We modified low-profile trawl-resistant bottom mount 126 

housings (178 x 127 x 56 cm) manufactured by Mooring Systems for use with an 127 

EdgeTech PORT-LF acoustic release and a sacrificial steel weight (229 kg , 122 x 37 x 128 

2.5 cm). Eight 36 cm diameter trawl floats were used to bring the mooring to the sea 129 

surface during recovery.  The moorings were instrumented with prototype battery-130 

powered split-beam wideband autonomous transceivers (WBATs) developed by Simrad 131 

AS equipped with newly-designed 70 kHz 18 degree depth-rated transducers (model 132 

ES70-18CD).  The transducers were mounted in a two-axis gimbal equipped with a 0.7 133 

kg counterweight below the transducer which served to keep the transducer oriented 134 

towards the sea surface.  135 

 To account for pressure effects on calibration, the on-axis sensitivity of each 136 

WBAT was calibrated at the approximate deployment depth by lowering it on a frame 137 

with the transducer mounted in a down-facing 2-axis gimbal.  A 16 m line with a 38.1 138 

mm tungsten-carbide calibration sphere at a distance of 12 m and a 5 kg lead weight at 139 
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the end was suspended from the transducer.   The gimbal and weight served to keep the 140 

transducer pointing downward and the sphere near the center of the beam.  The 141 

instruments were lowered to 270 m and 700-1000 pings were collected. We estimated the 142 

echosounder gain using the on-axis method (Demer et al., 2015), and used this for post-143 

processing. 144 

 During the deployment, the WBATs were programmed to transmit an ensemble of 145 

200 pings at the beginning of each hour at a ping interval of 2 s from the time of 146 

deployment to 1 May 2015.  A 1 ms 70 kHz narrowband pulse with a transmit power of 147 

400 W was used.  Data were recorded to 325 m. After May 1, an ensemble was 148 

transmitted every 6 hours.  The nautical area backscattering coefficient (sA, m
2
 nmi

-2
, 149 

MacLennan et al., 2002) from the WBATs was echo-integrated using a -70 dB re 1 m
-1
 150 

integration threshold from 2 m from the transducer to 10 m below the surface echo.   151 

 152 

1.3 Ship surveys and trawl sampling 153 

 Ship-based acoustic surveys were conducted at two scales to describe the 154 

temporal changes in pollock abundance during the mooring deployment.  We conducted 155 

‘coarse-scale’ surveys of the Shelikof Strait survey area (Fig. 1, gray lines), and ‘small-156 

scale’ surveys in the vicinity of each of the mooring sites (Fig. 1 inset).  The acoustic 157 

surveys were conducted with calibrated 38 kHz Simrad EK60 echosounders equipped 158 

with model ES38B split-beam transducers mounted on a centerboard (NOAA Ship Oscar 159 

Dyson) or the vessel’s hull (F/V Mar Del Norte).  Backscatter was measured from 16 m 160 

to 0.5 m above the bottom using a -70 dB re 1 m
-1
 integration threshold (McCarthy et al., 161 

2015).   162 
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 We determined that the acoustic backscatter observed on a coarse-scale survey 163 

covering five transect lines was well-correlated with that of the survey as a whole over 164 

the last two decades (Fig. S1).  This allowed us to conduct four replicate coarse-scale 165 

surveys as the vessels transited through Shelikof Strait in 2015 which could be compared 166 

with the mooring observations.  Surveys were conducted with the NOAA Ship Oscar 167 

Dyson on 25-26 February, on 17-23 March, and 27-30 March, and with the F/V Mar Del 168 

Norte on 6-10 March.   169 

 The small-scale surveys consisted of three 10 nmi transects in a 50 nmi
2
 (i.e. 5 by 170 

10 nmi) area centered on the mooring position and 1-2 diagonal transects across the 171 

survey area (Fig. 1).  The surveys were conducted when the vessel passed by the mooring 172 

locations during each of the four coarse-scale surveys.  The north mooring was surveyed 173 

four additional times for a total of eight surveys (2 surveys on 2 March, and two on 30 174 

March).  A pelagic trawl (Oscar Dyson: Aleutian Wing Trawl ~25 by 35 m mouth 175 

opening,  Mar Del Norte: Mirek trawl ~27 by 45 m mouth opening) equipped with a 1.2 176 

cm codend liner was fished at the depth and location of the greatest backscatter observed 177 

each date a mooring was deployed, recovered, or visited except (n = 16, trawl durations 178 

7-61 min).  The catch was sorted and measured as described in McCarthy et al. (2015).  179 

The proportion of the backscatter attributable to pollock at each trawl site was estimated 180 

by combining the trawl catch composition and estimates of target strength as described in 181 

De Robertis et al. (2017).  182 

 183 

1.4 Comparison of data from ships and moorings 184 
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  All available vessel observations within the 50 nmi
2
 small-scale surveys were 185 

compared with the average backscatter observed by the WBAT during the time it took the 186 

ship to complete the small-scale survey (2-5 hours).  In May, when data were collected 187 

every 6 hours, the closest 200 ping ensemble was used.  Backscatter at 38 kHz was used 188 

to represent the ship as 70 kHz data are not available from the Mar Del Norte and most of 189 

the 19-year time series used to determine mooring locations (see section 1.5).  Pollock 190 

abundance in Shelikof Strait is highly depth-dependent (e.g. McCarthy et al., 2015) and 191 

the mooring measurements are thus specific to the depth of the mooring (i.e. a mooring at 192 

the deepest point of the strait conveys little information about pollock abundance at 193 

shallower depths).  We thus restricted the ship survey to areas where the observed bottom 194 

depth was within 10% of the mooring depth.  This criterion did not exclude data from the 195 

south and central mooring sites, but excluded 10.2% of the small-scale survey around the 196 

north mooring.  We applied the method of Kieser et al. (1987) to estimate the mean and 197 

95% confidence intervals for the ratio of backscatter (R) observed by the moorings at 70 198 

kHz and the survey vessels at 38 kHz (i.e. sA,vessel / sA,mooring).  This method treats each 199 

mooring survey (n = 16) as a sample unit.   200 

  201 

1.5 Retrospective analysis of surveys to select mooring locations 202 

 We used 19 surveys of pre-spawning pollock in Shelikof Strait conducted from 203 

1995-2015 (no surveys in 1999 and 2011) to develop an objective method to establish the 204 

number and locations of echosounder moorings required to produce an abundance index 205 

in the 18,000 km
2
 Shelikof Strait survey area, and combine information from multiple 206 

moorings.  The goal was to use existing survey data as a proxy for ‘virtual moorings’ to 207 
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determine whether observations in a limited number of locations could be used to 208 

develop an index of pollock backscatter.   209 

Acoustic backscatter for the surveys is available every 0.5 nmi (McCarthy et al., 210 

2015). The survey area was divided into 7 by 7 nmi grid cells (the smallest scale at which 211 

cells were consistently visited in all the surveys), and ship observations in these cells 212 

were used to represent the observations from a virtual mooring.  We considered this to be 213 

justified as the mooring observations were highly correlated with ship surveys in a 50 214 

nmi
2
 area during the 2015 mooring deployments (see section 2.3). In Shelikof Strait, 215 

pollock abundance tends to increase with depth.  We thus placed the virtual moorings at 216 

the deepest point visited in each grid cell.  All ship backscatter measurements in the cell 217 

within 10% of the bottom depth of the mooring were averaged and used to represent the 218 

observations from the virtual mooring.  219 

Survey coverage varied slightly among years. Some transects at the northern and 220 

southern ends of the survey area were not completed in all years, and in recent years the 221 

transects have a random starting location (i.e. transects shift position by up to ± 3.5 nmi). 222 

A total of 99 cells were visited in all years of the survey, which encompasses 82.8 ± 4.0% 223 

(mean ± SD) of the trackline sampled in each year.  These cells account for 94.4 ± 4.4% 224 

of the total backscatter observed in a given survey.   225 

We used a stratification scheme to ensure that the ‘virtual moorings’ were broadly 226 

dispersed over Shelikof Strait. The survey area was divided into n spatially contiguous 227 

strata, where n varied from 1 to 5.  A single virtual mooring was allocated to each stratum 228 

to represent the use of 1-5 echosounder moorings in Shelikof Strait.  The size of each 229 

stratum was determined by first computing the proportion of the survey backscatter in 230 
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each cell in a given year, and averaging this proportion across years.  Cells were allocated 231 

to a stratum until 1/n of the normalized backscatter was observed in that stratum.  For 232 

example, in the 3-stratum case, 3 areas were delineated corresponding to northern, middle 233 

and southern portions of Shelikof Strait in which 1/3 of the backscatter was historically 234 

observed (see Fig. S2 for details).   235 

 We restricted potential mooring locations to areas of consistent abundance as 236 

these areas are more likely to represent the population as a whole.  We computed an 237 

index to identify cells where pollock backscatter was consistently high.  The backscatter 238 

observed in a given cell was compared to the median backscatter observed in the stratum 239 

containing the cell: 240 

 241 

���,� = ��,	
�
���,	

          (1) 242 

 243 

where Bc,y is the mean backscatter in cell c in year y and Bmedc,y  is the median 244 

backscatter in the stratum containing cell c in year y.   Only cells where ���,� > 1 for at 245 

least 10 years of the 19-year time series were considered as potential mooring locations.  246 

This criterion eliminated many of the shallow and low-abundance locations as potential 247 

mooring locations (Fig. S2).  A list of potential mooring locations was generated by 248 

selecting all possible combinations of mooring locations in which one mooring is drawn 249 

from each stratum for locations where ���,�> 1 for at least 10 years.   Preliminary 250 

analyses indicated that selection of mooring locations (explained below) was not 251 

sensitive to exclusion of these low-abundance locations.  For example, for 3 virtual 252 
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moorings, the same mooring sites were identified when the BI criterion was not applied, 253 

even though 5 times more combinations of mooring sites were tested.   254 

A linear model was used to predict the survey-wide backscatter from observations 255 

near the mooring sites: 256 

 257 

��,����,� = �� ∙ ��,
�,� +	�� ∙ ��,
�,� + �� ∙ ��,
�,� + �� ∙ ��,
�,� +  �� ∙ ��,
�,� +  e     (2) 258 

 259 

where y represents the year, sA,pred,y is the survey-wide backscatter estimate derived by 260 

considering only the virtual mooring locations in year y in the fitting data set.  Each 261 

virtual mooring is represented by the cell-averaged shipboard measurements, the a  terms 262 

are fitted parameters constrained to be positive, and e is a normally distributed error term. 263 

When < 5 moorings were considered, the terms representing the additional moorings 264 

were omitted. 265 

  Optimal mooring locations were identified by finding the combination of virtual 266 

moorings producing models with the lowest residual deviance (Nelder and Wedderburn, 267 

1972).  To avoid overfitting, the model was evaluated out of sample such that predictions 268 

for each survey year were made by excluding the data from that year when determining 269 

the mooring locations and a parameters.  This resulted in 19 sets of mooring locations 270 

and parameters, one for each survey year.  Because the model was fit by considering all 271 

possible combinations which increased rapidly with the number of moorings considered 272 

(i.e. an exhaustive search was employed), the simulations considered 1-5 virtual 273 

moorings.  The mean absolute percent prediction error for each year was computed as 274 

 275 
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����� = |  !"#$%&'�,����,� !"#$%&'�,()',�* + − 1| ∙ 100    (3) 276 

 277 

where !"#$%&'�,()',�	corresponds to the ship survey backscatter observed in year y. 278 

 279 

1.6 Prediction of the 2015 survey with mooring observations 280 

We generated out-of-sample predictions of 2015 survey backscatter using the 3 281 

moorings deployed in Shelikof Strait.  The survey-wide backscatter was predicted with a 282 

modified version of eq. 2 adapted to the mooring deployments 283 

 284 

��,'.�/��,�0�� = 0.1494��,
�,� ∙ 56 	+ 	0.2494��,
�,� ∙ 56 + 	0.1334��,
�,� ∙ 56	  (4) 285 

 286 

where sA,survey, 2015 is the backscatter predicted for the 2015 survey, and sA,m1,d is the 287 

backscatter observed at mooring 1 on day d, and R is the ship/mooring sA ratio estimated 288 

when comparing the concurrent mooring and ship-based mooring surveys (1.32; see 289 

section 2.3). Thus, the prediction depends on the mean daily WBAT backscatter 290 

observations and the a1-3 coefficients which have been fit with the 1994-2014 ‘virtual 291 

moorings’, and R which accounts for the difference in frequency (70 kHz vs. 38 kHz) and 292 

geometry (up-looking vs. down-looking) between the mooring and survey. 293 

 294 

Results   295 

 296 

2.1 Ship surveys and trawl sampling 297 
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 The four coarse-scale surveys indicated that pollock backscatter in  298 

Shelikof Strait was elevated from February to March (Fig. 3A-C), and decreased 299 

substantially by early May (Fig. 3D).  The surveys suggest that pollock distributions were 300 

changing within the Strait: abundance was higher towards the southern part of Shelikof 301 

Strait on Feb 25-26 (Fig. 3A), farther north in mid-March (Fig. 3B), and farther to the 302 

south in late March (Fig. 3C).  During the full acoustic-trawl survey, pollock were most 303 

abundant in the central part of the strait on the western side (Fig. 2).   304 

 Trawl sampling suggests that the backscatter was dominated by scattering from 305 

walleye pollock.  Pollock comprised the majority of the catch of the trawls at the mooring 306 

sites (74.9% of total catch by weight), and averaged 76.9% of catch weight in individual 307 

hauls (range 18.2-99.8%).  Squid and eulachon, (Thaleichthys pacificus) were commonly 308 

captured at the mooring sites, and accounted for 7.4% and 16.9% of total catch by 309 

weight, respectively.  These species lack gas-filled structures, and thus often exhibit 310 

small contributions to total backscatter in the presence of fishes with swimbladders (e.g. 311 

De Robertis et al., 2017).  When the abundance of animals in the trawl hauls and their 312 

sizes and scattering characteristics are considered jointly, on average, 95.5% of the 313 

backscatter (83-100% for individual hauls) is attributed to pollock. 314 

 315 

2.2 Mooring observations 316 

 Aggregation patterns typical of pre-spawning pollock were evident in the mooring 317 

records, and there was evidence of rapid changes in local abundance (Fig. 4). The 318 

observations at the moorings indicated that pollock distributions were changing during 319 

the spawning season.  Backscatter at the north mooring was low in February, increased to 320 
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high levels until mid-March and then declined to low levels by the end of March (Figs. 4, 321 

5A).  Backscatter at the north mooring was high for ~10 days in early March and then 322 

declined abruptly on March 17, ~2 days prior to when the survey visited this area.  Low 323 

backscatter was also observed in the vicinity of this mooring during the survey (Fig. 2). 324 

The central mooring exhibited two periods of elevated backscatter, one in mid-late 325 

February prior to the increase in backscatter at the north mooring and again in late March 326 

after backscatter at the north mooring had peaked (Fig. 5B).  Backscatter at the south 327 

mooring increased in late April after subsiding at the north and central moorings (Fig. 5).  328 

Backscatter at the south mooring remained relatively high until the end of April (Fig. 5 329 

C).  These patterns are consistent with those from the repeat coarse-scale surveys (Fig. 3) 330 

in that they suggest that pollock were moving from the central to the north part of the 331 

Strait in late February and early March, aggregating at high density in the vicinity of the 332 

north mooring in early March and then moving back past the central mooring in late 333 

March and south mooring in April. By early May, backscatter in Shelikof Strait was low 334 

(Figs. 2, 5). 335 

 336 

2.3 Comparison of backscatter observed from ships and moorings 337 

 The observations from the echosounder moorings and survey vessels were 338 

similar, indicating that the moorings provided information that reflected pollock 339 

abundance over a much larger area than the relatively small area directly observed by the 340 

moored echosounder.  The vessel observations from the 50 nmi
2
 (171.7 km

2
) small-scale 341 

surveys were highly correlated (natural-log transformed data, r = 0.95 p < 0.001) with the 342 

concurrent observations from the stationary moorings (Fig. 6). The ratio comparing the 343 

Page 15 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

16 

 

38 kHz vessel observations to the concurrent 70 kHz moored echosounder observations 344 

indicated that the vessel/mooring ratio (i.e. sA,vessel /sA,mooring) was 1.32 (95% CI 1.05-345 

1.66).  When adjusted for the mean vessel/mooring ratio, the vessel observations in the 346 

50 nmi
2
 survey area overlap with the hourly mooring observations (i.e. compare black 347 

symbols with grey lines in Fig. 5).  Averaging the mooring observations over the period 348 

of the coarse-scale surveys produced a similar time series to that of the coarse scale-349 

surveys (Fig. 7).   350 

 351 

2.4 Retrospective analysis surveys to inform mooring placement. 352 

 The retrospective analysis indicated that a relatively small number of ‘virtual 353 

moorings’ can be used to generate an abundance index that tracks pollock backscatter in 354 

the Strait.   As the number of moorings was increased from 1 to 5, the prediction errors 355 

generally declined (Fig. 8).  The out-of-sample prediction error of survey backscatter 356 

from 1-2 moorings was relatively high (mean prediction errors of 44 and 58%, 357 

respectively, Figure 8).  Although predictions from a single mooring were significantly 358 

correlated with the survey observations (r = 0.78, p < 0.001), those from 2 moorings, 359 

which are more variable, were not (p > 0.05).       360 

 In the case of 3 virtual moorings (Fig. 9A), the predictions were correlated with 361 

the survey observations (r = 0.87, p < 0.001).  The 3-mooring prediction was improved 362 

relative to 1-2 moorings (mean error of 26%), but the errors remained high in some years 363 

(e.g. 1998 and 2005, Fig. 8).  The optimal mooring locations (n = 19, one for each 364 

prediction) were clustered in 2-3 locations and the same location was selected 47-58% of 365 
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the time, depending on the stratum (Fig. 9B).  Thus, only a few combinations of sites 366 

were repeatedly identified as optimal mooring locations in the 19 model runs.    367 

 The locations of the 3 moorings deployed in 2015 were decided prior to the final 368 

retrospective analysis as the sampling area of the mooring had not been characterized.  369 

However, the retrospective analysis suggests that moorings in the deployment locations 370 

are likely to track abundance in the strait.  Three virtual moorings in the deployment 371 

locations produced mean out-of-sample prediction errors of 29%, which is similar to the 372 

26% observed for the 3 optimal locations selected in the analysis (Figure 8). 373 

 Four virtual moorings were also correlated with the survey observations (Fig. 9C, 374 

r = 0.85, p < 0.001), and resulted in similar prediction errors as 3 moorings, with slightly 375 

lower variability (Fig. 8).  Again, a small subset of potential sites in each stratum were 376 

favored: a single site was selected 58-68% of the time, depending on the stratum (Fig. 377 

9D).  These locations were often the same as those selected in the 3-mooring model (i.e. 378 

compare Figs 9B and 9D).   379 

 In the 5-virtual mooring simulation, the prediction closely tracked the survey 380 

observations (Fig. 9E, r = 0.98, p < 0.001), and the mean prediction error fell to an 381 

average of 10.7% with a range of 0.9-22.8% (Fig. 8).  In the 5-virtual mooring case, the 382 

same 5 locations were selected in all 19 model runs (Fig. 9F).  The 5-virtual mooring 383 

sites produced relatively consistent model coefficients across out-of-sample runs (Table 384 

1), indicating that the model results (coefficients and mooring sites) are not highly 385 

sensitive to the survey years used to predict suitable mooring locations.  The mooring in 386 

stratum 4 has a high a coefficient indicating high influence (Table 1).  This is likely 387 
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because observations at this site tend to track the survey well over time (i.e. sA.site/sA,survey 388 

has a low standard deviation, Table 1).   389 

 390 

2.5 Prediction of survey backscatter from daily mooring observations 391 

 The three echosounder moorings deployed in Shelikof Strait were used along with 392 

the method described in section 1.6 to make daily predictions of backscatter in the 393 

Shelikof survey area.  The predictions exhibit substantial temporal variability (Fig. 10, 394 

squares), particularly in mid to late March, when abundance at the mooring sites was 395 

changing rapidly (Fig. 5).  However, when the daily observations are temporally 396 

averaged with a 15-day running mean, the observations in mid to late March are close to 397 

those observed in the survey, which occurred at this time (i.e. compare solid and dashed 398 

line in Fig. 10). When the mooring-based estimates are averaged over the 2015 survey 399 

duration (17-24 March) the average mooring-based prediction is 13.8% higher than the 400 

survey, and when averaged over the duration of historical surveys (13 March - 1 April), 401 

the prediction is 19.6% higher.  Thus, although the moorings were not placed in optimal 402 

locations (i.e. compare Figs 1 and 9B), they produced reasonable estimates of survey 403 

backscatter when averaged over time.  Additionally, the time-averaged mooring-based 404 

predictions are largely consistent with the temporal trends observed in the coarse-scale 405 

surveys (i.e. compare gray line and black circles in Fig. 10), which suggests that the 406 

mooring-based index is capturing the temporal trends in pollock abundance over a broad 407 

area.   408 

 409 

 410 
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Discussion 411 

  Measurements of pollock backscatter from bottom-moored echosounders were 412 

remarkably similar to those made by vessels surveying a much larger area.   A mooring 413 

observes an area equivalent to that covered by a survey vessel in less than a minute, but 414 

does so repeatedly.  For example, during the annual Shelikof Strait acoustic-trawl survey, 415 

the vessel’s echosounder samples a volume ~16,000 times greater than a single mooring.  416 

Despite their smaller sampling area, the mooring observations were correlated with the 417 

concurrent 50 nmi
2
 ship surveys, and observations from three moorings were consistent 418 

with ship-based surveys of the entire Strait.  Thus, the upward-looking echosounders 419 

produced acoustic measures representative of fish abundance in areas that are much 420 

larger than those sampled in the beam.   421 

 In Shelikof Strait, a single mooring provided information on pollock backscatter 422 

comparable to that from a 50 nmi
2
 vessel survey.  We thus used survey information in a 423 

grid cell of this size to represent the information content of virtual moorings to simulate 424 

the performance of echosounder moorings in this environment.  Analysis of a 19-year 425 

time series using survey data to represent ‘virtual’ moorings indicated that a relatively 426 

small number of moorings (3 or 5, ideally 5) will provide a useful acoustic index of the 427 

abundance of pre-spawning pollock.  Increasing the numbers of virtual moorings did not 428 

always appreciably increase out-of-sample predictions of survey backscatter (e.g. 1 vs. 2 429 

and 3 vs. 4 moorings), as the datasets used to fit the model are not the same as the 430 

withheld survey used to evaluate the success of the model (i.e. overfitting is occurring 431 

during model fitting).  Thus, in the case of Shelikof Strait, there is only a marginal benefit 432 

to using 3 vs. 4 moorings, but there is a substantial improvement when 5 moorings are 433 
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used.  A simulated five mooring array reproduced the survey time series well, with mean 434 

prediction errors of <11%.  It may thus be possible in certain situations (e.g. pre-435 

spawning pollock in Shelikof Strait) to derive indices of abundance over wide areas with 436 

a small number of moorings.   437 

  The observations from the three moorings deployed in 2015 also support the 438 

inference that a small number of moorings can be used to produce an index of pollock 439 

abundance in Shelikof Strait.  The three moorings exhibited substantial short-term 440 

variability, largely due to the rapid changes in abundance as the fish moved through the 441 

strait, but produced abundance estimates that were within those expected from the 442 

retrospective analysis when averaged over the duration of the annual survey.  As 443 

discussed below, these observations would likely have been less variable if the moorings 444 

had been deployed in model-selected locations. 445 

 The mooring-derived estimate depends on the empirically-derived conversion 446 

between mooring and ship measurements, which have different transducer orientations 447 

and operating frequencies.  Inaccuracies in this conversion will cause mooring-based 448 

estimates to differ consistently from ship estimates.  This bias will be less of a concern in 449 

applications where the mooring-based time series is treated as an index proportional to 450 

population size.  For applications sensitive to this conversion (e.g. combining data from 451 

ships and moorings), these uncertainties can be reduced by additional ship-mooring 452 

comparisons, or determination of fish target strength as a function of frequency and 453 

orientation. 454 

 The retrospective analysis provided an objective framework to evaluate the 455 

effectiveness of potential configurations of a moored echosounder array for prediction of 456 
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acoustic backscatter from pre-spawning pollock.  The analysis provided insight as to the 457 

number of moorings needed, where they should be deployed, and how the data from 458 

multiple echosounders can be combined into an abundance index.  The approach is 459 

similar to survey optimizations in which historical spatial distributions are used to 460 

evaluate the accuracy and precision of various sampling designs (e.g.  Liu et al., 2009).  461 

The methods employed here are also similar to observing system simulation experiments 462 

(OSSEs), an approach used to plan meteorological observing networks (Arnold and Dey, 463 

1986).  OSSE’s have been used to design oceanographic mooring arrays by evaluating 464 

the ability of multiple moorings to reproduce spatial observations (Hackert et al., 1998; 465 

Ballabrera-Poy et al., 2007).  466 

 It is striking that in Shelikof Strait, a small subset of possible mooring locations 467 

was highly favored over others.  In the case of 5 moorings, the same locations were 468 

selected in all 19 out-of-sample runs.  These locations (or adjacent ones) were often 469 

selected when fewer virtual moorings were considered, which further indicates that these 470 

sites are favorable mooring locations.  The exhaustive search used to evaluate mooring 471 

locations was effective for the purposes of this study, but it does not scale well as the 472 

number of combinations to be tested increases steeply with the number of moorings 473 

considered.  More efficient optimization methods (e.g. selecting additional moorings in a 474 

sequential fashion, Ballabrera-Poy et al., 2007) or simplifying assumptions (e.g. testing 475 

fewer or a coarser grid of potential locations) would likely be required if more moorings 476 

are considered.     477 

 Mooring locations were identified based on historical information, and an 478 

abundance index derived from these locations will be sensitive to changes in the 479 
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distribution of pollock.  If the distribution of the population shifts dramatically to one that 480 

was not well-represented in the historical training data set, the optimal mooring locations 481 

may not capture the abundance well in that year.  This constraint is not unique to 482 

echosounder moorings.  Ship-based surveys are subject to similar biases as populations 483 

can move in and out of the survey area.  Models trained on data will be less reliable if the 484 

training data are not representative of the conditions under which predictions are made 485 

(Vaughan and Ormerod, 2003).   This can be exacerbated if certain locations are heavily 486 

weighted (e.g. high a in eq. 2).   However, one can likely identify an anomalous 487 

population distribution by monitoring the proportion of backscatter observed at the 488 

different mooring sites.  A shift in the proportion of backscatter observed among mooring 489 

sites can be used as an indication that a mooring-based abundance index should be 490 

interpreted with caution.   For example, in 2016, the survey indicated that pollock were 491 

anomalously distributed at the time of the survey (Fig. S3A), and as expected, predictions 492 

were not as good as in most other years (Fig. S3B).  However, the virtual mooring 493 

abundance index was still within the upper end of the range observed in previous model 494 

runs (Fig. S3B), suggesting that the predictions are robust to changes in distribution of 495 

this magnitude.    496 

 Our initial intuition was to place moorings in the areas of highest historical 497 

abundance.  However, the retrospective analysis indicates that areas with lower variance 498 

may be more favorable sites for echosounder moorings.  For example, in the 5-mooring 499 

model, site 4 is weighted heavily.  Although abundance at this location is relatively low, a 500 

consistent proportion of the backscatter is observed at this location.  The retrospective 501 

analysis may select against high-abundance spawning areas even if fish aggregate 502 
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annually at these sites if the aggregations are not observed on all surveys. For example, 503 

the north mooring was deployed in a suspected spawning area where high densities of 504 

pre-spawning adult pollock are often detected on the annual survey (Wilson, 1994), but 505 

this site is not optimal as the time series is highly variable.   The mooring record (Figs. 4, 506 

5A) indicates that although backscatter at the north mooring site was low at the time of 507 

the 2015 survey, it had been ~15 times higher a week prior to the survey.  The survey was 508 

not well-timed with respect to the formation of the spawning aggregation in this specific 509 

location (however, the fish were likely in the adjacent areas covered by the survey).  510 

Areas exhibiting rapid changes in density will increase the variability of mooring-based 511 

abundance indices, and they are thus less likely to be identified as favorable mooring 512 

locations in our analysis.   513 

 In addition to producing abundance estimates, the 3 moorings documented the 514 

formation and dispersal of pollock spawning aggregations in Shelikof Strait.  The 515 

abundance index generated from the 3 moorings differs from the time series observed in 516 

individual moorings, which reflect local events as the fish migrate through the Strait.  517 

Survey timing has been demonstrated to be the major source of uncertainty in some 518 

surveys of spawning fish (e.g., O’Driscoll, 2004), and optimizing survey timing is 519 

difficult because the timing of spawning aggregations can be variable (e.g., Lawson and 520 

Rose, 2000).  Repeated surveys of Shelikof Strait have revealed that pollock abundance 521 

can change substantially over ~2 week periods during the spawning period (Nelson and 522 

Nunnallee, 1984, Wilson, 1994).  Moored echosounders can be averaged over long 523 

periods of time (a spawning season), which reduces the impacts of short-term variability 524 
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(e.g. behaviors altering target strength or detectability) and temporal mismatches on 525 

abundance indices.    526 

 The abundance indices derived from the moorings and the coarse-scale surveys 527 

indicate that the March timing of the Shelikof Strait acoustic-trawl survey is reasonable.  528 

This work supports a previous study which concluded based on repeated surveys and 529 

analyses of fish maturity state that a mid-to-late March survey in Shelikof Strait is 530 

appropriate (Wilson, 1994).  The moorings indicate that pollock abundance begins to 531 

decrease in early April, and a survey after late March would be questionable.  Direct 532 

measurement of the timing of spawning aggregations represents an improvement to 533 

monitoring the proportion of fish in spawning condition as an index of survey timing, as 534 

reproductive state is not necessarily related to abundance at spawning sites (Lawson and 535 

Rose, 2000).  Although appropriate survey timing can be estimated with repeat surveys 536 

(Wilson, 1994; O’Driscoll, 2004), there have been no repeat surveys of pre-spawning 537 

pollock in Alaska since 1994 due to the expense.  In many cases, the timing of fish 538 

aggregations subject to acoustic surveys is a source of uncertainty, and observations with 539 

echosounder moorings can be used to establish the appropriate time to conduct these 540 

surveys. 541 

 A principal limitation of autonomous acoustic applications such as bottom-542 

moored echosounders is that they measure acoustic backscatter, which although useful in 543 

some applications (Benoit-Bird and Au, 2002; Honkalehto et al., 2011; Melvin et al., 544 

2016) is not equivalent to the typical output (abundance by species/age/size class) of 545 

traditional surveys (Simmonds and MacLennan, 2005).  Identification of the primary 546 

sound scatters is not a major concern in Shelikof Strait, as in early spring, backscatter is 547 
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dominated by spawning pollock.  However, this may be a key limitation in other 548 

situations.  An important area for further development of fisheries acoustics on moorings 549 

and other autonomous platforms (Guihen et al., 2014; Meyer-Gutbrod et al., 2015) is the 550 

development of methods to incorporate ancillary information about species composition 551 

and size structure (e.g. fishery catches, stock assessment model predictions), and to 552 

exploit other sources of information contained in the acoustic signal [e.g. target strength, 553 

(Traynor, 1996),  schooling characteristics (Kaltenberg et al., 2010),    554 

frequency response (Korneliussen and Ona, 2003; Ross et al., 2013; Stanton et al., 555 

2012)].   However, these ancillary measures will likely be most effective when 556 

supplemented with independent sources of information such as trawl or optical sampling.   557 

This can be accomplished via periodic sampling, and it may be possible to incorporate 558 

optical instruments that can be used to identify sound scatters and provide size 559 

information into the moorings (O’Driscoll et al., 2012; Williams et al., 2014). The degree 560 

to which the backscatter measurements can be interpreted in biologically meaningful 561 

ways is a key issue when considering the use of moored echosounders. 562 

 The extent to which observations from moorings can be extrapolated over wider 563 

spatial areas will depend on the species present, their behavior, and the environment.  In 564 

situations where animals are relatively stationary, repeated samples from a moored 565 

instrument over time will contain little additional information as the observations 566 

represent the abundance over a very small area, particularly if the distributions are patchy 567 

as for schooling fishes.  However, when organisms move relative to the moored 568 

echosounder beam due to the combined effects of swimming and advection, the 569 

measurements from the moorings will represent abundance over a broader spatial scale 570 

Page 25 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

26 

 

(Brierley et al., 2006).  Shelikof Strait is a favorable environment for observation of fish 571 

from echosounder moorings as the backscatter during the spawning season is dominated 572 

by walleye pollock, which aggregate in widespread and homogenous layers (McCarthy et 573 

al., 2015).   In the spring, the population migrates through the strait and there is 574 

significant potential for advection in the south-west flowing Alaska Coastal Current 575 

(Reed and Bograd, 1995), which may increase the transport of fish past the stationary 576 

echosounders.   577 

 This work indicates that despite the modest volumes sampled by stationary 578 

echosounders, it is possible to derive quantitative indices of abundance from a relatively 579 

sparse array of echosounder moorings deployed over a wide area.  However, it is 580 

important to recognize that this technique does not produce an index of abundance-at-size 581 

or age and other biological information (weight-length relationships, maturity state) 582 

produced by a traditional survey, and the consequences of this must be considered for a 583 

given application.  This work was focused on the potential to derive quantitative 584 

abundance indices from a small number of bottom-moored echosounders in a specific 585 

survey area, but the approach is generally applicable.  The degree to which stationary 586 

echosounders represent the abundance of organisms outside of the directly observed 587 

volume is broadly relevant to the use of these instruments.  Stationary echosounders are 588 

often used in behavioral studies, and the observations from these instruments are (often 589 

implicitly) attributed to the population as a whole.  The technology for quantitative 590 

acoustic measurements from the seafloor is relatively well-developed, and the primary 591 

challenge is how to apply these methods most effectively.   Survey time series can be 592 

used to objectively estimate the number and placement of moorings required to derive a 593 
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useful index of abundance, and to formulate a method to combine observations from 594 

multiple moorings into an abundance index.  In this fashion, the potential benefit of this 595 

approach can be explored in a cost-effective manner, and the utility of long-term 596 

observations from stationary echosounders can be maximized. 597 

 598 

 599 
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Table 1.  Locations and depths of mooring sites selected in the 5-mooring retrospective 759 

analysis (i.e. Fig. 9F in text).  The mean ratio between the average nautical area 760 

backscattering coefficient observed at these sites, and the survey wide-average (sA,site / 761 

sA,survey) and the standard deviation computed across years is given.  The mean model 762 

coefficient (a, see eq. 2) and the range of model coefficients observed in the 19 out-of-763 

sample runs are listed. 764 

  765 

Mooring 

Number 

Latitude 

(°N) 

Longitude 

(°W) 

Depth 

(m) 

sA,site / sA,survey 
mean 

(SD) 

Model coefficient 

mean 

(low/high) 

1 57.8117 -154.1667 233 0.87 

(0.83) 

0.1254 

(0.1060/0.1374) 

2 57.8123 -154.9265 305 2.50 

(1.74) 

0.0387 

(0.0295/0.0429) 

3 57.6419 -155.3150 337 2.79 

(2.04) 

0.0453 

(0.0404/0.0514) 

4 56.9775 -155.3990 266 1.12 

(0.52) 

0.4122 

(0.3997/0.4282) 

5 56.2696 -156.2651 268 1.17 

(1.05) 

0.1641 

(0.1547/0.1893) 
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Figure Legends 766 

 767 

 768 
Fig. 1.  Study area in Shelikof Strait. The locations of the echosounder moorings are 769 

indicated by gray dots.  Survey transects are shown as black lines and the 5 transects 770 

comprising the coarse-scale survey are indicated by thick gray lines.  The inset shows the 771 

ship track during a small-scale mooring survey, with the mooring location indicated by 772 

the grey circle.  A trawl haul was conducted each time a mooring was visited. The 200 m 773 

depth contour is indicated by the light gray lines. Map data on this and subsequent maps 774 

are from Wessel and Smith (1996). 775 

 776 

Fig. 2.  Acoustic backscatter (sA, m
2
 nmi

-2
) observed during the 2015 acoustic-trawl 777 

survey in Shelikof Strait.  The height of each bar corresponds to the observed pollock 778 

backscatter.  Transects comprising the coarse-scale survey are depicted in black, others in 779 

grey. The locations of the echosounder moorings are indicated by gray circles, and the 780 

200 m depth contour is indicated by light gray lines.  A scale bar is provided at the 781 

bottom of the figure.  782 

 783 

Fig. 3.  Acoustic backscatter observed during the coarse-scale surveys of Shelikof Strait.  784 

The 200 m depth contour is indicated by light gray lines.  The height of each bar 785 

corresponds to the observed backscatter.  The survey date and mean nautical area 786 

backscattering coefficient (sA, m
2
 nmi

-2
), are listed on each panel.  787 

 788 

Fig. 4.  Echograms from the north mooring highlighting the rapid changes in pollock 789 

abundance and distribution at this site.  The records start at 12:00 UTC on the dates 790 

indicated and last 400 s. 791 

 792 

Fig. 5.  Time series of backscatter at the A) north B) central and C) south mooring sites.  793 

The light gray lines indicate the average of the 200 ping ensembles collected hourly, the 794 

darker gray lines and circles give the daily averages.  The black symbols indicate the 795 

average backscatter observed during the ship-based survey in the vicinity of the mooring.  796 

The ship measurements have been scaled to account for differences in frequency (38 vs. 797 

70 kHz) and observation geometry (i.e. down vs. up-looking).  This was done by 798 

multiplying the 38 kHz ship backscatter by 0.76, which corresponds to the reciprocal of 799 

the mooring/ship ratio described in section 2.3.   The error bars, which in some cases are 800 

not visible, represent the 95% confidence intervals estimated for this ratio.  Note the 801 

different scales for each panel and the scale breaks. 802 

 803 

Fig. 6. Relationship between the backscatter observed by the echosounder moorings and 804 

survey vessels over the same time period presented on a natural-log scale.  Each data 805 

point represents the average of observations over the duration of a 50 nmi
2 
small-scale 806 

ship survey in the vicinity of a mooring (n=16). The open circles represent the 807 

observations in May when the moorings sampled once every 6 hours rather than once per 808 

hour.  The dashed line represents the fitted vessel/mooring ratio of 1.32.  809 

 810 
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Fig. 7   Backscatter from moorings and the coarse-scale surveys.  The coarse-scale survey 811 

is the mean backscatter observed during the 5-transect surveys depicted in Fig. 3.   The 3-812 

mooring average is the mean backscatter observed by the 3 echosounder moorings over 813 

the duration of the coarse-scale survey. The backscatter measurements of each type have 814 

been normalized to a mean of 1. 815 

 816 

Fig. 8.  Prediction error of out-of-sample predictions of observed survey backscatter 817 

decreases with the number of virtual moorings considered in the retrospective analysis.  818 

The prediction error is expressed as the absolute value of the percent difference from the 819 

survey observation in a given year (n=19). The box plots demarcate the 10
th
, 25

th
, 50

th
, 820 

75
th
 and 90

th
 percentiles of the prediction error, with the minimum and maximum 821 

depicted as black circles and the mean as an open circle. 822 

 823 

Fig 9.  Results of retrospective analysis using historical survey data as a proxy for 824 

observations from echosounder moorings.  A-B) 3 virtual mooring sites, C-D) 4 virtual 825 

mooring sites, E-F) 5 virtual mooring sites. Panels to the left show the mean backscatter 826 

observed on the survey and the out-of-sample predictions (i.e. with the year being 827 

predicted excluded from the training set) for ‘virtual moorings’.  Panels to the right give 828 

the optimal locations established for the virtual moorings.  Strata are color-coded, and the 829 

size of the symbol is proportional to the number of times a given location was selected as 830 

an optimal location in the 19 out-of-sample predictions.  831 

 832 

Fig.10.  Estimates of backscatter in Shelikof Strait derived from the 3 bottom-moored 833 

echosounders deployed in 2015.  Daily backscatter estimates for the Shelikof Strait 834 

survey area (open squares) were generated by combining the average daily backscatter 835 

from individual moorings (eq. 4).  These observations are averaged over time as a 15 day 836 

running mean (grey line), over the 2015 survey duration (17-24 March), and over the 837 

historical range of the Shelikof Strait survey dates (13 March to 1 April).  Ship-based 838 

estimates of backscatter from the 2015 acoustic survey (dashed line) and survey-wide 839 

predictions from the four coarse-scale surveys during this period (black circles: details in 840 

Fig. S1) are given for comparison.  841 

 842 

 843 

 844 

 845 

Page 37 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

  

 

 

Fig. 1  

 

123x151mm (279 x 279 DPI)  

 

 

Page 38 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

  

 

 

Fig. 2  

 

133x146mm (279 x 279 DPI)  

 

 

Page 39 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

  

 

 

Fig. 3  

 

186x163mm (279 x 279 DPI)  

 

 

Page 40 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

  

 

 

Fig. 4  

 

173x120mm (279 x 279 DPI)  

 

 

Page 41 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

  

 

 

Fig. 5  

 

166x183mm (279 x 279 DPI)  

 

 

Page 42 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

  

 

 

Fig. 6  

 

172x141mm (279 x 279 DPI)  

 

 

Page 43 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

  

 

 

Fig. 7  

 

152x121mm (279 x 279 DPI)  

 

 

Page 44 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

  

 

 

Fig. 8  

 

163x125mm (279 x 279 DPI)  

 

 

Page 45 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

  

 

 

Fig. 9  

 

184x175mm (279 x 279 DPI)  

 

 

Page 46 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences



Draft

  

 

 

Fig. 10  

 

186x114mm (279 x 279 DPI)  

 

 

Page 47 of 47

https://mc06.manuscriptcentral.com/cjfas-pubs

Canadian Journal of Fisheries and Aquatic Sciences


