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Abstract 1 

Acoustic-trawl surveys use trawl catches to validate the species and size composition of fish 2 

aggregations detected acoustically. However, certain sizes of fish may be more likely to escape 3 

some trawls, which can bias the size and age distribution of the catch used to estimate biomass. 4 

To quantify size-selectivity, we studied 3 midwater trawls used for the United States and Canada 5 

joint survey of Pacific hake (Merluccius productus). The survey most recently used an Aleutian 6 

Wing Trawl (AWT) with different codend liners until 2023, then switched to a Multi-Function 7 

Trawl (MFT) in 2025. To prepare for the switch, we assessed differences in escapement and 8 

catch rates using recapture nets, and in paired trawls of both net-types sampling the same 9 

aggregations. All nets retained greater than 85% of hake longer than 30-cm (age 2+). In general, 10 

the MFT was more efficient than the AWT, with near full retention of all sizes. A substantial 11 

fraction of small hake (age 0 to 1) escaped the AWT. A power analysis indicated a low 12 

probability of detecting differences in escapement from the AWT with different liners. Gear 13 

selectivity information is important to improve the accuracy of fishery survey data and account 14 

for changes in sampling gear. 15 

 16 

Introduction 17 

Acoustic-Trawl Method (ATM) surveys are used to estimate the distribution and abundance of 18 

pelagic fish populations. These populations are often patchily distributed across vast ocean areas 19 

but relatively easy to detect with active acoustic sensors and to sample with midwater trawls 20 

(Everson et al., 1996; Horne, 2000; Simmonds and MacLennan, 2005). The ATM surveys of 21 

pelagic fish populations rely on active underwater acoustics to detect targets of interest and 22 

sampling by a trawl to identify the species, size, and age composition of the acoustically-detected 23 
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aggregations. Trawling is an essential component of an ATM survey because the composition of 24 

an aggregation is often difficult or impossible to discern from the acoustics alone (Horne, 2000). 25 

The composition of the aggregation obtained by trawling is used to estimate fish numbers-at-26 

length, the age distribution, and biomass by applying a species-specific, length-based acoustic 27 

target strength calculation to apportion the acoustic backscatter (Traynor, 1996; Simmonds and 28 

MacLennan, 2005). Thus, the trawl samples provide information on the composition of different 29 

fish aggregations and the acoustic backscatter informs the density. The acoustically derived 30 

biomass estimates observed along survey transects are interpolated within a geographic area to 31 

estimate total population biomass and distribution (NMFS, 2005; Simmonds and MacLennan, 32 

2005).   33 

The reliance on trawling to sample acoustically-detected fish aggregations depends on the 34 

assumption that trawl catches accurately represent the composition of a sampled aggregation. 35 

The ideal scientific trawl for an ATM survey would be one that captures all fish, and other 36 

organisms, that produce acoustic backscatter with equal probability. This presents several 37 

challenges from both the conceptual design and practical deployment of sampling gear. While 38 

the use of trawling to confirm species identification of midwater pelagic fishes is well 39 

established (Simmonds and MacLennan, 2005; Thomas et al., 2024), less is known about how 40 

variations between different trawl net designs may bias what sizes of fish are caught (Williams et 41 

al., 2011). Trawl nets used in ATM surveys are often modifications of nets used by the 42 

commercial fishing industry, which are typically larger in overall size and designed to capture 43 

certain sizes of fish. Size-selective nets benefit the fishing industry by minimizing the bycatch of 44 

unwanted species and/or certain sizes while maximizing the retention of fish that are most 45 

profitable. However, a size-selective net that is desirable for commercial fisheries can be 46 
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problematic for fisheries surveys, particularly if any biases related to net selectivity are not 47 

accounted for. This includes the potential for greater escapement of small fish from the net 48 

relative to large fish.  49 

The consequences of a size-selective net vary depending on the type of aggregations 50 

encountered. In aggregations composed of only small, or only large fish, there is little concern of 51 

biased sampling because any escapement from the net is expected to be proportional (Williams, 52 

2013). In aggregations with mixed sizes of fish, a selective net could allow a greater escapement 53 

of small fish relative to large fish resulting in an underrepresentation of small fish and 54 

overrepresentation of large fish in that sample. Biased size-selection has the potential to 55 

introduce errors into the estimates of fish abundance-at-length, age distribution, and total 56 

biomass. For example, a 2018 survey of Walleye pollock (Gadus chalcogrammus) in the Gulf of 57 

Alaska found fish abundance (mainly of small fish) was underestimated by up to 20% and 58 

biomass (mainly of large fish) overestimated by up to 9% when not accounting for the size-59 

selectivity of the trawl used to sample fish1. This was a year when the population was dominated 60 

by large adults with some mixing of small age 1 fish. A simulation of Walleye pollock survey 61 

data found that a greater mixing of juveniles and adults, which sometimes occurs, has the 62 

potential to overestimate biomass by up to 40% when net size-selectivity is not accounted for 63 

(Williams, 2013). These studies highlight the importance of quantifying the size-selectivity of 64 

sampling gear for ATM surveys to adjust for potential size bias in the estimate of fish biomass.  65 

Various methods to measure the size-selectivity of different types of fishing and survey 66 

gear have been developed (Wileman et al., 1996). Trawl nets capitalize on aggregating fish 67 

 
1 National Marine Fisheries Service.  2019.  NOAA processed report 2019-05, 101 p. [Available at 

https://doi.org/10.25923/rt3f-b427] 
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behavior by herding fish through a wide mouth into a tapering codend, where fish density 68 

increases and escapement from the net is most likely to occur (Williams et al., 2013). Size-69 

dependent escapement has been measured for midwater trawls by attaching small recapture nets, 70 

also called pocket nets, to the outside of the main body of the trawl on panels of different mesh 71 

sizes and distance from the codend (Nakashima, 1990; Dremière et al., 1999; Williams et al., 72 

2011). This method assumes that some fraction of fish that escape through a side panel before 73 

entering the codend are recaptured in a pocket net. By comparing the length distribution of fish 74 

retained in the codend to escaped fish recaptured in pocket nets, size-selectivity relationships can 75 

be developed to estimate the probability that a fish of a certain size entering the net will be 76 

retained in the codend (Williams et al., 2011). This length-based probability estimate can then be 77 

applied to correct for bias in the length-frequency distributions of trawl samples due to size-78 

dependent escapement for more accurate estimates of fish numbers-at-length, at-age, and 79 

biomass1. 80 

Pacific hake (Merluccius productus), also called Pacific whiting (hereafter, hake), is one 81 

of the most abundant and productive fish species of the California Current Ecosystem in the 82 

Northeastern Pacific Ocean (Grandin et al., 2024). Hake are generally found along the west coast 83 

of North America from southern California, United States of America (U.S.) to British 84 

Columbia, Canada. Individuals can grow in length to greater than 75-cm and can live to 20 years 85 

(Ressler et al., 2007). Females mature at a relatively young age with 50% of females successfully 86 

producing eggs between 1.9 to 3.2-years of age, depending on region and environmental 87 

conditions (Head et al., 2025). Hake consume large amounts of krill, as well as fish, including 88 

myctophids, smelt, anchovies, herring, and even cannibalize younger hake (Ressler et al., 2007; 89 

Bizzarro et al., 2023; Wassermann et al., 2024). This large standing stock of biomass plays an 90 



6 
 

important role in ecosystem dynamics since hake are both predators and prey, depending on life 91 

stage (Hicks et al., 2013). Hake migrate north along the continental shelf in the summer months 92 

to feed, typically forming large aggregations at midwater depths of 50 to 500-meters during day-93 

light hours, making them accessible for commercial midwater trawls (Ressler et al., 2007; Hamel 94 

et al., 2015). The hake fishery is the largest by volume on the west coast, and is managed jointly 95 

by the U.S. and Canada (NMFS, 2025b).  96 

The U.S. and Canada have used an ATM approach to survey hake in west coast waters of 97 

the U.S. and Canada jointly since 2001 in support of international fisheries management under 98 

the Pacific Hake/Whiting Treaty2. The Joint U.S.-Canada Integrated Ecosystem and Pacific hake 99 

Acoustic Trawl survey (hereafter, hake survey) is conducted by the National Oceanographic and 100 

Atmospheric Administration’s (NOAA) Northwest Fisheries Science Center (NOAA) and 101 

Fisheries and Oceans Canada (DFO). The hake survey occurs biennially in the summer months 102 

(June to September) and generally surveys shelf and shelf break waters from Point Conception, 103 

California, U.S. to northern British Columbia, Canada (Ressler et al., 2007; Thomas et al., 2024). 104 

The survey is extended as far north as southeast Alaska, U.S. in some years if hake are 105 

encountered on the northernmost transects. Using active acoustics and midwater trawls, the joint 106 

survey for hake provides information on age, length, abundance, and distribution to inform a 107 

biennial index of age-1 abundance, and age-2+ biomass for stock assessment.  108 

The U.S. and Canada both used a 24/20 Aleutian Wing Trawl (AWT) in recent years to 109 

validate the acoustic signal. The AWTs used by each country are the same size and configuration 110 

 
2 National Marine Fisheries Service.  2024.  NOAA Processed Report NMFS-NWFSC-PR-2024-01, 43 p. 

[Available at https://doi.org/10.25923/j8qt-kx31] 
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but with different liners in each of the codends of 32-mm and 8-mm mesh size, respectively. The 111 

AWTs are assumed to effectively retain age 2+ hake, although this has not been quantified. In 112 

2023, a new trawl net was developed to support the integration of the U.S. portion of the hake 113 

survey with the NOAA Southwest Fisheries Science Center’s California Current Ecosystem 114 

survey of Coastal Pelagic Species (hereafter, CPS survey). The Multi-Function Trawl (MFT) 115 

design differs from the AWT in several ways, which allows the net to be fished at surface and 116 

midwater depths and to target a range of pelagic species of different sizes (NMFS, 2025a). 117 

Important design differences include 2 additional finer mesh panels adjacent to the codend, and 118 

an 8-mm mesh liner of the codend, similar to the DFO’s AWT (Fig. 1). The lack of information 119 

about the size-selectivity of the 2 AWTs with the different liners, as well as design differences of 120 

the MFT relative to the AWT, limits our understanding of how a change in trawl nets may 121 

influence estimates of abundance and biomass that inform fishery management.  122 

The aim of our study was to compare the 3 nets most recently used to survey hake 123 

(NOAA’s AWT, DFO’s AWT, and the MFT) to quantify species- and size- selectivity, and to 124 

assess differences in catch efficiency, which could also influence survey methods in the amount 125 

of time nets are towed and time to process the catch. We accomplished this by using a 126 

combination of recapture ‘pocket’ nets attached to each net, and a series of paired trawl trials of 127 

the MFT and DFO’s AWT fishing on the same fish aggregations. We hypothesize that the MFT 128 

is less selective due to its design, meaning that it will retain a greater fraction of small hake and 129 

other small-sized organisms compared to the AWT, where a greater escapement of small hake is 130 

predicted. We also expect that the MFT will be more efficient at catching hake due to a larger 131 

mouth area relative to the AWT. These results are important for correcting potential sampling 132 

bias and to standardize survey data collected by different trawls. 133 
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 134 

Materials and methods 135 

Trawl nets 136 

The Aleutian Wing Trawl (AWT, [Net Systems3, Bainbridge Island, WA]) was used in the U.S. 137 

portion of the hake survey from 2005 to 2023 and the Canadian portion from 2021 to 2023. The 138 

AWT is a 4-seamed net, meaning it has 4 side panels attached to 4 riblines, and was designed for 139 

commercial midwater fishing on pelagic, aggregating fishes. The 2 AWTs are the same design, 140 

but the codend mesh liner in NOAA’s AWT is 32-mm mesh, whereas DFO’s AWT has 8-mm 141 

mesh. The new Multi-Function Trawl (MFT, [Swan Nets3, Seattle, WA]) is also a 4-seamed net; 142 

and was also a modification of commercial fishing nets but was designed as a scientific trawl to 143 

support NOAA’s new Integrated West Coast Pelagics Survey in U.S. waters starting in 2025 144 

(NMFS, 2025a). Important design differences among the 3 nets include an approximately 15% 145 

larger mouth opening of the MFT relative to the AWT, a more streamlined taper of the MFT, 146 

which has panels of increasingly smaller mesh that transition more quickly from large to small 147 

along the net from the mouth to the codend, culminating in 2 finer 50-mm mesh panels adjacent 148 

to the codend, and differences in the size of mesh lining each of the codends (Fig.1). The MFT 149 

has a similar 8-mm mesh liner to DFO’s AWT, which is a finer mesh liner than NOAA’s AWT. 150 

The trawl support systems also differ between the 2 net designs, which include the shape of the 151 

trawl doors, bridle configurations, and differences in the attachment points of the rigging to the 152 

doors (Table 1). Fishing performance is tracked in real-time with a net mensuration system that 153 

provides visualization of the position of the net while fishing, size and shape of the trawl 154 

 
3 Mention of trade names or commercial companies is for identification purposes only and does not imply 

endorsement by the National Marine Fisheries Service, NOAA. 
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opening, and the relative quantity of fish entering the mouth. This information is used to assess 155 

how well the net is fishing and to adjust the duration of the trawl to control the catch size. 156 

 157 

Recapture ‘pocket’ nets 158 

Recapture (‘pocket’) nets were designed at Net Systems based on previous work conducted by 159 

NOAA’s Alaska Fisheries Science Center (Williams et al., 2011). The dimensions of each pocket 160 

net were the same for all 3 nets. The diamond-shaped mouth of each pocket net was 1.62-m by 161 

1.62-m, which matched the diamond shaped meshes of the trawl. The flat length (mouth to tail) 162 

of each pocket net was 9.75-m in length, which was designed to minimize drag on the net by 163 

flying at 7.97-m in length and allowing the pocket net to shed water efficiently and not disturb 164 

the net while fishing (Tamura4). The mesh size of the pocket nets matched the mesh size of the 165 

codend liner for each respective net based on standard procedures for pocket net testing 166 

(Wileman et al., 1996). The pocket nets were sewn onto the outside of the main net and the tails 167 

folded inward and strapped closed with Velcro to create an effective codend for each pocket net. 168 

The original experimental design called for each of the 3 trawls to be outfitted with 12 169 

pocket nets to quantify the escapement of fish from different sections of the net (Williams et al., 170 

2011). Pocket nets were attached to sections made of 100-mm, 200-mm, and 800-mm size mesh 171 

(Fig. 1). Each section had a pocket net set comprised of 4 pocket nets attached to the top, bottom, 172 

port, and starboard panels of the trawl. Both NOAA’s AWT and the MFT had 3 sets of pocket 173 

nets, resulting in 12 total. Only 6 pocket nets were built for DFO’s AWT due to supply chain 174 

issues in acquiring enough fine mesh material for all 12 pocket nets. Four of these 6 pocket nets 175 

were attached to the 100-mm mesh size section on the top, bottom, port, and starboard panels, 176 

 
4 Tamura, K.  2024.  Personal commun.  Net Systems, Bainbridge Island, Washington, USA. 
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and the remaining 2 pocket nets were attached on the top and bottom panels of the 200-mm mesh 177 

section. The DFO AWT did not have pocket nets on the 800-mm mesh section. 178 

 179 

Research design and paired trawling 180 

Net testing occurred from July through August 2024 (Table 2). The objective was to build a 181 

database of species composition and size-selectivity for each of the 3 nets, and to directly 182 

compare the catch efficiency of the MFT with DFO’s AWT. The NOAA AWT was deployed on 183 

Leg 1 (5 July 2024 to 25 July 2024) of the research survey from the NOAA Ship Bell M. 184 

Shimada (hereafter, the Shimada) in coastal waters off California (Table 2, Fig. 2). This was an 185 

area where previous surveys had found mixed size aggregations of age 1 and adult hake. 186 

Modified survey year protocols were used to scout for aggregations of hake in a zig-zag pattern 187 

from north to south. A trawl was deployed when an aggregation was observed acoustically. If the 188 

aggregation was hake, the ship continued to scout 5-nm north or south along the isobath to map 189 

the spatial extent of the aggregation while the catch was being processed. If the aggregation 190 

extended beyond 5-nm, a second trawl was set 2-nm north or south (depending on the direction 191 

of the scout) from the location of the first trawl. A third trawl was set another 2-nm away. The 192 

ship returned to scouting for a new aggregation after 2 to 3 successful trawls or after the first 193 

trawl if the aggregation was too small or did not catch hake.  194 

During Leg 2 of the research survey, from 1 August 2024 to 21 August 2024, the 195 

Shimada switched to deploying the MFT and began conducting trawls in central California to 196 

assess species composition and size-selectivity as done for NOAA’s AWT on Leg 1. The 197 

Shimada then moved north and was joined by the Canadian Coast Guard Ship Sir John Franklin 198 

(hereafter, the Franklin), from 10 August 2024 to 18 August 2024 fishing in coastal waters off 199 
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northern California and Oregon. The 2 ships worked in coordination to conduct paired trawls of 200 

the MFT, deployed from the Shimada, and DFO’s AWT, deployed from the Franklin, fishing on 201 

the same acoustically detected aggregations of hake.  202 

The paired trawls followed the scouting protocols of Leg 1, and once hake were located, 203 

alternated fishing on the same aggregation. The paired trawls were either side-by-side at the 204 

same time, targeting a hake aggregation separated by 500-meters (m), or (more often) one-after-205 

the-other depending on ocean conditions. All trawl operations occurred over a similar depth 206 

profile and towing orientation.  Both ships transited across the same trawl target point to confirm 207 

a similar acoustic sign was observed before conducting the trawl.  208 

 209 

Biological sampling 210 

For all trawls, both ships recorded the time that the net was deployed as when the trawl doors 211 

entered the water, the time at arrival of the net to the target fishing depth, the time at haul back, 212 

and the time when the trawl doors reached the surface. Trawl duration was calculated as the 213 

amount of time elapsed from reaching target depth to haul back, in minutes. Trawl duration was 214 

used as a measure of effort to compare catch efficiency between the DFO AWT and MFT nets 215 

for the paired trawls. The other time measurements were used to better understand potential 216 

differences in fishing styles between the 2 ships, such as deployment and retrieval rates of the 217 

trawls, which could influence the escapement of fish from the net. 218 

The content from each partition, the trawl codend or individual pocket net, was sorted 219 

independently. Respective catches were placed in labeled baskets to measure the size and species 220 

composition of each partition. All fish were counted and identified to species or to the lowest 221 

taxonomic level possible. For each pocket net, all hake were measured for length and weight. 222 
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From the codend, a random subsample of approximately 400 hake were similarly sampled for 223 

length, and 50 of those randomly selected for enhanced sampling of individual weights.  224 

A subsampling expansion factor was calculated for any subsampled catches in the codend 225 

as the ratio of the total weight of the catch to the subsample weight. The expansion factor was 226 

used to expand the subsample count to a total count for each species or used as a weighting 227 

factor in the size-selectivity analysis. Subsampling the codend was common, with 41 out of 51 228 

hauls among all 3 nets that caught hake in the codend subsampled. Species composition was 229 

calculated as the proportion by weight of the total codend catch in kilograms (kg).  230 

 231 

Recapture ‘pocket’ net expansions 232 

The pocket net catches measure escapement from only a small area of the net and were thus 233 

expanded to a representative area of the trawl to estimate escapement from different sections of 234 

the net (Williams et al., 2011). For example, pocket nets on the 100-mm mesh section were 235 

expanded to the total area of 100-mm meshes of the trawl for each side panel. Since pocket nets 236 

were only attached to the 100-mm, 200-mm, and 800-mm mesh sections, we only considered 237 

escapement from these sections and did not consider escapement from sections of the net with 238 

mesh sizes greater than 800-mm or less than 100-mm. The MFT was the only net with mesh 239 

panels finer than 100-mm, which were the 50-mm mesh sections adjacent to the codend (Fig. 1). 240 

The DFO AWT had 6 pocket nets compared to 12 on both the NOAA AWT and MFT, so 241 

we explored 2 methods to expand the pocket net catches to estimate escapement that would be 242 

comparable to the 2 other nets. The first method was a ‘direct’ expansion method. The direct 243 

method expanded each pocket net catch to its representative mesh size area using only the 100-244 

mm and 200-mm pocket nets present on all 3 nets (Suppl. 1, Table SM1-1). This ensured that 245 
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escapement estimates were comparable among all 3 nets but only estimated escapement from the 246 

100-mm and 200-mm mesh sections of each net. Because DFO’s AWT only had 2 pocket nets 247 

on the 200-mm section, catches from the 2 pocket nets in the 200-mm section were each doubled 248 

to estimate escapement from the 200-mm mesh size section. We used this ‘direct’ recapture 249 

expansion method for all subsequent analyses for a standardized comparison among nets. 250 

In Supplemental Materials 1, we also explored a second, ‘full’ expansion method. The 251 

full expansion method included expansion of the 800-mm pocket net catches of NOAA’s AWT 252 

and the MFT, which were not present on DFO’s AWT (Suppl. 1, Table SM1-2). We used the full 253 

expansion of recaptures from NOAA’s AWT and the MFT compared to the direct 100-mm and 254 

200-mm pocket net expansion method to better understand how not including data from the 800-255 

mm section would influence the estimates of the size-selectivity parameters.  256 

 257 

Species composition 258 

We assessed differences in species composition of codend catches by comparing the proportion 259 

of hake by weight in the codend among the 3 nets. Non-hake species that represented greater 260 

than 1% of the catch by weight, or were of special interest were separated into different 261 

taxonomic groups for comparisons. These included prey species of hake (e.g., myctophids), other 262 

important forage species (e.g., anchovy), and fish species with swim bladders that also scatter 263 

sound at 38-kHz (e.g., rockfish), which was the frequency used to identify hake. 264 

 265 

Catch efficiency 266 

Data from the sets of paired trawls on Leg 2 were used to assess differences in the catch 267 

efficiency between the MFT and DFO AWT nets. Both nets had an 8-mm mesh liner in the 268 
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codend, which allowed for a direct comparison of catch rates. The general approach was to 269 

calculate the proportion of a paired trawl catch attributed to the focal net, which was the MFT in 270 

our study, for hake of different length (Kotwicki et al., 2017; NMFS, 2024). Proportions were 271 

calculated for different length classes to understand how differences in catch efficiency may vary 272 

by the size of the fish. The approach assumes that for each set of paired trawls, both nets sample 273 

the same aggregation, meaning that the same species, sizes, and numbers of fish are equally 274 

likely to be captured by both nets and that the same proportion of fish could escape either net. 275 

Deviations from these assumptions, especially for paired trawls on small and patchy 276 

aggregations, contribute to inherent variability in the paired trawl catches.  277 

To compare catch rate efficiency for different lengths of hake, we first calculated the 278 

catch-per-unit-effort (CPUE) for each net in terms of the number of hake caught per trawl minute 279 

by length bin to compare a standardized number of fish entering the net and retained in the 280 

codend. To maximize the number of data points for the analysis, we binned fish into 5-cm length 281 

bins (NMFS, 2024). Next, we used the CPUE of each net to calculate the catch efficiency ratio 282 

(𝑝_𝑀𝐹𝑇) for each set of paired trawls 𝑠 and each length bin 𝑙 in that set:  283 

 284 

                                                  𝑝𝑀𝐹𝑇𝑠𝑙
 =  

𝐶𝑃𝑈𝐸𝑀𝐹𝑇𝑠𝑙

𝐶𝑃𝑈𝐸𝑀𝐹𝑇𝑠𝑙 + 𝐶𝑃𝑈𝐸𝐴𝑊𝑇𝑠𝑙

  .                                             (1)  285 

 286 

The catch efficiency ratio is thus the proportion of the catch rate in each length bin attributed to 287 

the MFT relative to the combined catch rate of both nets for each set of paired trawls (Kotwicki 288 

et al., 2017; NMFS, 2024). The catch efficiency ratio is a continuous variable of proportions and 289 

bounded by 0 and 1.  290 
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To understand how catch efficiency may differ between nets by fish size, we fit a beta 291 

regression to the catch efficiency ratios over the range in observed lengths. A beta regression is 292 

appropriate to model data that are proportions, but cannot accommodate exact 0s or 1s, so we 293 

first rescaled the data to slightly shift values away from 0 and 1 before fitting the beta regression 294 

(Douma and Weedon, 2019; NMFS, 2024): 295 

 296 

                                                  𝑝𝑀𝐹𝑇𝑠𝑙
∗  =  

𝑝𝑀𝐹𝑇𝑠𝑙 (𝑛−1)+ 0.5

𝑛
 .                                                     (2)  297 

 298 

In equation (2), 𝑝_𝑀𝐹𝑇𝑠𝑙 ∗ is the rescaled catch efficiency ratio, of which the data no longer 299 

contain exact 0s or 1s, and 𝑛 is the number of observations. 300 

We modeled the rescaled catch efficiency ratios using a beta distribution with mean 𝜇 301 

and precision 𝜙 (Ferrari and Cribari-Neto, 2004): 302 

 303 

                                                  𝑝_𝑀𝐹𝑇𝑠𝑙 ∗  ~ 𝐵𝑒𝑡𝑎(𝜇, 𝜙) .                                                          (3)  304 

 305 

The expected mean proportion of the catch rate attributed to the MFT was modeled as a linear 306 

function of fish length 𝐿 using a logit link function (Douma and Weedon, 2019): 307 

 308 

                                            𝐸(𝑝_𝑀𝐹𝑇𝑠𝑙 ∗)  = 𝜇  =  
1

1+ 𝑒(𝛼𝜇+ 𝛽𝜇𝐿)  .                                              (4) 309 

 310 

The estimated parameters 𝛼𝜇 and 𝛽𝜇 are the intercept and slope, respectively, for the effect of 311 

fish length on the mean proportion. Precision was estimated as a single value and not dependent 312 

on fish length (Douma and Weedon, 2019). 313 
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To account for vastly different catch rates among the different length bins, which ranged 314 

from less than 1 fish per minute as a combined CPUE to greater than 10,000 fish per minute for 315 

some length bins, the catch efficiency ratios were weighted by the combined catch rate for each 316 

length bin and each set of paired trawls (i.e., weighted by the denominator of equation 1, [Douma 317 

& Weedon, 2019]).  318 

We compared differences in catch efficiency between the MFT and DFO’s AWT for both 319 

the codend and the total catch. The codend catch represented only fish retained in the codend. 320 

The total catch was the sum of fish retained in the codend and the estimate of escapement from 321 

the net using the number of hake recaptured in pocket nets expanded to the representative area of 322 

the net. Thus, the total catch provided an estimate of the number of hake entering the net prior to 323 

escapement, and the codend catch reflected only retained hake. The total catch efficiency 324 

comparison was used to show potential differences in catch rates of fish entering the net, with an 325 

expected slope of 0 (i.e., 𝛽𝜇 = 0) if both nets were equally likely to encounter fish of the same 326 

sizes. The codend catch efficiency comparison reflected potential differences in the retained 327 

catch, where some fish may have entered the net but then escaped through the sides. Because of 328 

this, the slope of the regression was expected to be different than 0 if one net selectively retained 329 

a greater fraction of a certain size class of fish, such as small fish, relative to the other net.  330 

The 95% confidence intervals of the expected means for the beta regression were 331 

estimated by bootstrapping (NMFS, 2024). For bootstrapping procedures, catch efficiency ratios 332 

were simulated by randomly sampling the sets of paired trawls 1000 times, with replacement, 333 

and fitting a beta regression to each simulation. We then extracted the 2.5 and 97.5-percentiles of 334 

the predicted values for each length bin to obtain the 95% confidence intervals. Confidence 335 

https://www.zotero.org/google-docs/?C2Qamt
https://www.zotero.org/google-docs/?C2Qamt
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intervals that did not overlap with 0.5 indicated a significant difference in the catch efficiency of 336 

the MFT relative to DFO’s AWT. 337 

 338 

Size-selectivity 339 

To first understand which sizes of hake could physically fit through different size mesh, we 340 

developed a relationship of fish length and girth and compared this to the perimeter measurement 341 

of different mesh sizes of the nets. We measured fish length in centimeters (cm), head girth (cm), 342 

and maximum body girth (cm) for a subset of hake to develop a linear relationship of body 343 

length and girth (Mendes et al., 2006). We fit a simple linear least squares regression to the data 344 

of the form y = mx+b. This relationship was then compared to the perimeter measurement of 345 

different sized diamond shaped meshes, where the perimeter measurement was the sum of 346 

lengths (cm) from knot to knot around the 4-knot diamond mesh. Both the perimeter and body 347 

girth measurements clarified what sizes of hake could, or could not, physically escape from 348 

different mesh sizes not represented by pocket nets (i.e., finer than 100-mm). This allowed us to 349 

better understand the potential for escapement from the 2 50-mm mesh size panels on the MFT, 350 

which did not have pocket nets and were not present on the AWTs, and the potential for 351 

escapement from the different sized liners of each codend. 352 

Next, we used pocket net data to fit length-based size-selectivity relationships for each 353 

net. This analysis used pocket net data from the 100-mm and 200-mm mesh sections of each net 354 

for both the paired and unpaired trawls. We estimated length-based size-selectivity for hake as 355 

the probability that a fish of a given length was retained in the codend when entering the net. The 356 

data were binomial, where fish retained in the codend were coded as ‘1’ and fish escaping into a 357 

recapture net were coded as ‘0’. Lengths were rounded to the nearest 1-cm. For the size-358 

https://www.zotero.org/google-docs/?FnnX5L
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selectivity model, we used the raw, subsampled data of measured fish weighted by the combined 359 

expansion factors for each partition of either the codend or a pocket net. The combined 360 

expansion factors were the subsampling expansion multiplied by the recapture expansion, where 361 

the recapture expansion was 1 for codend catches and expanded to the representative area of the 362 

net for each pocket net (see Recapture ‘pocket’ net expansions). 363 

We fit a generalized linear mixed-effects model (GLMM) to the weighted data using a 364 

binomial distribution and logit link function. Trawl identity was modeled as a random effect to 365 

account for unexplained variability among trawls, including sampling different aggregation 366 

types, environmental conditions, and vessel effects. The probability of fish 𝑖 in trawl 𝑗 with 367 

length 𝐿 being retained in net 𝑘 was modeled as: 368 

 369 

        𝑃[𝑅𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛𝑖𝑗𝑘]  =
1

1 + 𝑒
−[(𝛼𝑘 + 𝑎𝑗𝑘) + (𝛽𝑘 + 𝑏𝑗𝑘)𝐿𝑖𝑗𝑘]

 .                             (5) 370 

 371 

The coefficients 𝛼𝑘 and  𝛽𝑘 are the intercept and slope, respectively, for the fixed effect of net as 372 

a function of the continuous predictor of length. The correlated coefficient pairs 𝑎𝑗𝑘and 𝑏𝑗𝑘 are 373 

the random effect of trawl identity for each net, which was modeled as a normal distribution 374 

centered on 0, with normal variances of 𝜎𝑎 and 𝜎𝑏, respectively, and correlation 𝜌. This full 375 

complexity model allowed for both the intercept and slope parameters to vary by net. 376 

A simple logistic equation to model net selectivity can be reparametrized, where −
𝛼

𝛽
 is 377 

the length at 50% retention, 𝐿50%, and 
2𝑙𝑜𝑔(3)

𝛽
 is the selection range, 𝑆𝑅. The 𝑆𝑅 is the measure, 378 

in centimeters, between the length at 25% and 75% retention (Williams et al., 2011). This 379 

parametrization is helpful to compare differences more easily in 𝐿50% and in the shape of the 380 
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size-selectivity curves among nets. All analyses were conducted in R (version 4.3.3, R Core 381 

Team, 2024) using the ‘lmer4’, ‘glmmTMB’, and ‘ggeffects’ packages (Bates et al., 2015; 382 

Brooks et al., 2017; Lüdecke, 2018). Significance was assumed at P < 0.05. 383 

 384 

Power analysis 385 

Following the size-selectivity analysis, we used simulation methods to determine whether we 386 

had adequate statistical power to detect differences among nets based on the number of trawls 387 

conducted. Specifically, we assessed the statistical power to detect significant differences in the 388 

intercept parameter of the size-selectivity model among all 3 nets (i.e., contributing to 389 

differences in the length at 50% retention among the NOAA AWT, DFO AWT, and MFT) for 390 

which we were most interested in. To develop the power analysis, we used the data collected by 391 

this study to simulate new escapement datasets, which included total catch size (i.e., the 392 

estimated number of fish entering the net), the size distribution of the total catch, and whether 393 

fish were retained in the codend or escaped.  394 

To simulate catch size, we fit a negative binomial distribution to the empirical 395 

distribution of catch sizes of hake from our collected dataset. We used the parameters of this 396 

fitted binomial distribution to simulate the number of fish caught for a new, simulated trawl. 397 

Catches were capped at 55,000 fish based on the maximum total catch size (codend plus 398 

estimated escapement) in the original dataset. Next, we simulated the size distribution of the total 399 

catch by sampling the bins of an empirical histogram of length frequency information for all 400 

hake caught, with replacement. From this simulated total catch, which now had associated length 401 

information, we simulated whether each of these fish was either retained in the codend or 402 

escaped the net. We did this by sampling from a binomial distribution with a size of 1 and a 403 

https://www.zotero.org/google-docs/?uLAOa2
https://www.zotero.org/google-docs/?uLAOa2
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probability equal to the logistic size-dependent retention probability estimated by the data for 404 

each net (i.e., we applied the net-specific, size-selectivity curve from equation 5 to determine if a 405 

fish was retained or escaped in the simulated dataset). This probability included a random offset 406 

of both the intercept and slope parameters for each trawl by sampling a random variability offset 407 

from a normal distribution of mean 0 and standard deviation equal to the standard deviation of 408 

the random effect of trawl from the analysis. Thus, the simulated data included total catch size, 409 

fish length, whether each fish was retained or escaped the net, and included random variability 410 

by trawl. 411 

We then fitted the same mixed effects logistic model in equation 5 to the simulated 412 

dataset to test for a significant difference in the intercept parameters of all 3 nets (i.e., whether 413 

the coefficient for the intercept parameter was statistically different than 0 for the comparison of 414 

all 3 nets). We did not consider the power to test for statistical differences in slope because the 415 

slope parameters for the 3 nets were ultimately similar and we were more interested in lateral 416 

shifts in the selectivity curves, shown mainly by differences in the estimated intercept parameter. 417 

For each simulation we recorded the result using P < 0.05 to indicate a significant difference 418 

among all 3 nets. 419 

For different sets of trawl sample sizes, we ran 100 simulations to determine the power 420 

we had to detect a significant difference. Statistical power was defined as the fraction of positive 421 

detections out of the total number of simulations. We ran the 100 simulations for 8 different sets 422 

of trawl sample sizes by net. The first set of simulations used the actual sample size of the 423 

number of trawls conducted for each net in this study. This allowed us to first determine the 424 

statistical power we had to detect a significant difference in all 3 nets based on our study findings 425 

and trawl sample sizes. The subsequent sets of simulations incrementally added 15 additional 426 
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trawls for each net more than the 2024 study trawl sample sizes. These simulations of additional 427 

trawls were used to inform future research decisions to determine how many trawls per net are 428 

likely needed to obtain adequate statistical power to detect significant differences among all 3 429 

nets, if differences exist. Predictions from the power analysis assume that the nets will continue 430 

to encounter similar conditions in the future, such as similar catch sizes, length distributions of 431 

fish, and similar random variability among trawls. See Supplemental Materials 2 for more details 432 

on the power analysis. 433 

 434 

Results 435 

Summary of trawl operations 436 

We successfully completed 22 trawls using NOAA’s AWT during leg 1 of the research survey, 437 

and 21 trawls using the MFT during leg 2 of the research survey aboard the NOAA Ship 438 

Shimada (Table 2). The CCGS Franklin completed 13 trawls with DFO’s AWT. Of the DFO 439 

AWT trawls, 12 were paired with the MFT fished by the Shimada, and both nets caught hake in 440 

11 of those trawls. Sampled hake ranged in size from 3-cm to 82-cm (Table 3). 441 

The 3 nets were fished at similar depths and tow speeds (Fig. 3, D and E). The MFT was 442 

intentionally deployed at a slightly slower rate than the AWTs because it was the first time the 443 

Shimada’s crew deployed this net, but this rate did not differ from the mean rate of deployment 444 

of NOAA’s AWT on Leg 1 (Fig. 3, A). Trawl duration was variable for each trawl because of 445 

differences in fish density detected by the trawl sonar and differences in the mouth size between 446 

the AWT and MFT but did not significantly differ among nets (Fig. 3, B). The DFO AWT and 447 

MFT were retrieved at similar rates for paired trawls on Leg 2, compared to a slightly faster 448 

mean retrieval rate of NOAA’s AWT during Leg 1 (Fig. 3, C). 449 
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 450 

Species composition 451 

Hake composed the majority of the codend catch by weight for NOAA’s AWT (Fig. 4). 452 

Although hake was the target species, it is not always clear that an acoustically detected 453 

aggregation would be hake. For example, one trawl on Leg 1 caught a large number of rockfish 454 

(Sebastes spp), which also have swim bladders that reflect sound similar to hake and can form 455 

the same type of aggregations. The larger 32-mm mesh liner of NOAA’s AWT codend did not 456 

retain many small organisms as a proportion of total weight of the catch. On leg 2, the MFT and 457 

DFO’s AWT also predominantly caught hake but the codend catches were more diverse. The 458 

finer 8-mm mesh liner in the codend of both the MFT and DFO’s AWT retained greater numbers 459 

of small organisms, such as myctophids and euphausiids. Similar to Leg 1, a few trawls were 460 

composed of mostly rockfishes, and 2 MFT hauls were relatively empty, only catching 461 

cnidarians and other invertebrates. 462 

 463 

Catch efficiency of MFT relative to AWT from paired trawls 464 

As expected, the MFT was more efficient, in general, at catching hake relative to DFO’s AWT in 465 

the paired trawl comparisons (Fig. 5, A and B). Differences in the comparison of codend catches 466 

were significant for medium sized hake (fork length: 20 to 55-cm) but with large uncertainty 467 

intervals overlapping the equal efficiency value of 0.5 for smaller and larger fish. The slope of 468 

the beta regression for retained fish (codend catch) was negative (Table 4, Fig. 5, A), which 469 

suggested very high retention of small hake in the MFT relative to the AWT.  470 

Results for the total catch (codend plus estimated escapement from the net) were 471 

different. The analysis of total catch showed a similar pattern of a greater catch efficiency of the 472 
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MFT for medium sized hake relative to the AWT with larger uncertainty intervals overlapping 473 

the equal efficiency value of 0.5 for small and large fish (Fig. 5, B). However, the slope of the 474 

beta regression for the total catch was positive (Table 4, Fig. 5, B).  475 

 476 

Comparison of size-selectivity among nets 477 

The body length and girth relationships for hake were compared to the perimeter measurements 478 

of different sizes of mesh to better understand which mesh sizes and areas of each net hake could 479 

physically fit through (Fig. 6). This was as an approximation for potential escapement since 480 

many other factors, such as fish behavior, angle of attack, and other unaccounted for fish 481 

anatomical features (i.e., fins and gills) and construction of meshes (i.e., knot size, flexibility of 482 

material, and mesh shape) can influence the ability of a fish to escape. The relationship showed 483 

that the 8-mm codend liners of DFO’s AWT and the MFT were likely to retain almost all sizes of 484 

hake greater than 3.9-cm in length. The 32-mm mesh size codend liner of NOAA’s AWT was 485 

likely to retain nearly all sizes of age 1 hake longer than 16-cm. The 50-mm mesh size panels 486 

closest to the codend on the MFT, which did not have pocket nets attached, were likely to retain 487 

all larger-sized age 1 and all age 2+ hake longer than 25-cm.  488 

A total of 177 hake escaped from the NOAA AWT into recapture pocket nets (Table 3). 489 

Escaped fish ranged in length from 8-cm to 43-cm. The DFO AWT had a fewer number of trawls 490 

and fewer recapture nets, but a similar number of hake (n = 163) escaped into recapture nets with 491 

a range in lengths from 8-cm to 40-cm. Only 12 hake escaped from the MFT into recapture nets 492 

with a range in lengths from 3-cm to 28-cm. For NOAA’s AWT, the escapement rate into pocket 493 

nets (i.e., the mean count of hake caught in a pocket net per trawl minute, [fish/min]) differed 494 

among the 100-mm, 200-mm, and 800-mm mesh sections of the net (ANOVA, F2,261 = 18.6, P < 495 
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0.001). The greatest escapement rate into pocket nets occurred from the 100-mm mesh section, 496 

which was closest to the codend, with a mean escapement rate of 0.94 fish/min. In comparison, 497 

mean escapement into pocket nets on the 200-mm mesh section was of 0.06 fish/min, and 0.04 498 

fish/min for the 800-mm section. For DFO’s AWT, the mean escapement rate was 0.46 fish/min 499 

into pocket nets on the 100-mm mesh section, which did not differ from the mean escapement 500 

rate of 0.02 fish/min into pocket nets on the 200-mm mesh section (ANOVA, F1,76 = 1.83, P = 501 

0.18). The mean escapement rates for the MFT also differed by section of the net (ANOVA, 502 

F2,201 = 5.62, P = 0.004), but were low, in general, with the greatest escapement rate into pockets 503 

nets on the 200-mm section of the net (0.04 fish/min) compared to pocket nets on the 100-mm 504 

(0.004 fish/min) and 800-mm sections (< 0.001 fish/min). Even with few recaptures for the 505 

MFT, each of the 100-mm, 200-mm, and 800-mm mesh sections had at least 1 hake recaptured 506 

in a pocket net.  507 

All 3 nets encountered a broad size range of hake, which allowed us to assess size-508 

selectivity over the full range of lengths (Fig. 7, A and B). This included juvenile hake less than 509 

15-cm in length, which were assumed to be age 0 fish, as well as fish between 15-cm and 30-cm, 510 

which were assumed to be age 1, and longer than 30-cm, which were assumed to be age 2+ based 511 

on previous surveys’ age and growth information (Thomas et al. in prep). The 3-net comparison 512 

of size-selectivity found a significant difference in the intercept parameter of the size-selectivity 513 

curve for the MFT relative to the AWTs (GLMM, P = 0.001, Table 5). The MFT retained all 514 

sizes of hake, including small fish, with an estimated probability of relative retention near 1.0 for 515 

all sizes. This contrasted with the 2 AWTs, which successfully retained larger fish, but allowed a 516 

greater fraction of small fish to escape. The length at 50% retention was 11.2-cm for NOAA’s 517 

AWT and 19.3-cm for DFO’s AWT. The intercepts were not statistically different between the 2 518 
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AWTs with the different codend liners. Also, the slope parameters did not statistically differ 519 

among nets (Table 5). There was greater uncertainty in the size-selectivity parameter estimates 520 

for DFO’s AWT, indicated by wide 95% confidence intervals, which likely were a result of the 521 

fewer number of trawls and fewer encounters of age 0 hake with that net. 522 

The size-selectivity parameters of the 2 AWTs were not statistically different in the 3-net 523 

analysis so the data were pooled for the AWTs to compare with the MFT. The analysis of pooled 524 

AWT data compared to the MFT also showed a statistical difference in the intercept size-525 

selectivity parameter of the MFT compared to the combined AWTs (GLMM, P = 0.017, [Table 526 

5, Suppl. 1, Fig. SM1-3]) and, again, no difference in slope.  527 

 528 

Power analysis 529 

The size-selectivity analysis found that the MFT was less selective relative to the AWTs, but 530 

there was no difference in the size-selectivity parameters between the AWTs with the 2 different 531 

liners. However, given the number of trawls, the subsequent power analysis found that we only 532 

had a 15% chance of detecting a significant difference between the 2 AWTs, in addition to the 533 

already significant difference of the MFT (Suppl. 2, Fig. SM2-3) given the number of trawls. 534 

Simulating additional hauls in the power analysis indicated that 105 more trawls per net would 535 

be needed to approach an adequate power of 80% to detect statistical differences among all 3 536 

nets, assuming that the underlying observed patterns in size-selectivity were true. 537 

 538 

Discussion 539 

The species composition, catch efficiency, and size-selectivity of the 2 Aleutian Wing Trawls 540 

(AWTs) used to survey hake differed from the new Multi-Function Trawl (MFT) and, in some 541 
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cases, from each other due to differences in the size of the mesh lining in the codend, and 542 

possible differences in how the nets are fished from different ships. The DFO AWT encountered 543 

fewer age 0 hake compared to the other 2 nets, which could have influenced the comparison of 544 

size-selectivity and the intercept ‘anchoring’ of the selectivity curve. This was reflected in the 545 

greater uncertainty of the estimated size-selectivity parameters for DFO’s AWT. These 546 

differences are important to consider in order to standardize data from different gear types, 547 

vessels, and when switching to a new survey trawl gear. Different gear types (or the same gear 548 

type fished in different ways) may sample different sizes of the same fish population, as well as 549 

different non-target species. Differences in catch introduced by a change in survey gear should 550 

be identified and corrected for (or back-corrected), if needed, to maintain consistency of survey 551 

data products over time and to better address uncertainty in biomass estimates. 552 

 553 

Improved information on species diversity 554 

The finer codend mesh liner of DFO’s AWT and the MFT retained a greater number of small 555 

pelagic organisms and increased the diversity of the catch relative to the larger mesh size of the 556 

codend liner of NOAA’s AWT. This was most likely due to differences in mesh size of the 557 

codend, although we could not entirely rule out spatial effects of sampling different regions and 558 

hake aggregations along the coast. The NOAA AWT was mostly deployed in central California, 559 

whereas DFO’s AWT and the MFT were mostly deployed off northern California and Oregon, 560 

with the first 6 trawls of the MFT in central California. The early trawls of the MFT in central 561 

California, near where NOAA’s AWT had been deployed, also showed a greater diversity of 562 

catch, which suggested differences were less likely due to geographic region and more likely due 563 

to differences in the mesh size of the codend liner.  564 
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The greater diversity of small organisms caught by DFO’s AWT and the MFT probably 565 

represent a more accurate species composition of mixed aggregations and other organisms 566 

present in the water column. The finer codend mesh liner of these 2 nets retained more 567 

myctophids and krill, which are important prey of hake. Additional quantitative data on these 568 

taxa may be useful to improve information on predator-prey dynamics and other ecosystem food 569 

web interactions, which could better inform studies of growth and productivity of the 570 

commercially and ecologically important species such as hake (Iglesias et al., 2023; Phillips et 571 

al., 2023).  572 

In addition, many of these small organisms also effectively reflect sound, such as small 573 

fishes with gas-bearing swim bladders and some invertebrates (Becker and Warren, 2015). The 574 

ability to more completely sample all organisms that are mixed within aggregations of hake can 575 

be used to improve the assignment and apportioning of backscatter to species within an 576 

acoustically detected aggregation. A more accurate accounting for these types of species mixed 577 

with hake has the potential to improve biomass estimates of hake and could reduce uncertainty of 578 

the estimate. One drawback of sampling smaller organisms with the finer mesh codend liner is an 579 

increase in the time to sort, identify, and measure small organisms in the catch, which could limit 580 

the overall number of trawls that can occur during an ATM fisheries survey. 581 

 582 

Greater catch efficiency 583 

The generally greater efficiency of the MFT to catch hake relative to the AWT is explained, in 584 

part, by its slightly larger size. The mouth opening of the MFT is 15.5% larger than the AWT. 585 

While a larger mouth means a larger area and volume of water sampled, this does not entirely 586 

explain the much greater catch efficiency of the MFT, which caught, on average, approximately 587 
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80% of the combined catch for each of the paired trawls. This greater than expected efficiency 588 

could be due to other differences in the design of the MFT trawl system, which may be more 589 

effective at herding and retaining hake relative to the AWT (NMFS, 2025a), or could reflect the 590 

few numbers of paired trawls and high variability in the types of aggregations that were sampled. 591 

Many of the aggregations encountered for the paired trawls were small and patchy and some 592 

were mixed with rockfish. These small, patchy, and mixed aggregations likely contributed to 593 

greater variability of the catch, and the ability of each ship to adequately sample the same 594 

aggregation. Ultimately, proportional differences in catch rates among nets will not influence the 595 

apportioning of the acoustic density; however, the duration spent at depth may be reduced if the 596 

target sample size of hake is reached more quickly with a more efficient net. 597 

The patterns in catch efficiency based on fish size were less clear. We expected greater 598 

escapement of small hake from the AWT relative to the MFT based on differences in the designs 599 

of the nets. As expected, the MFT retained a greater fraction of small hake in the codend relative 600 

to the AWT, shown by a greater proportion of small fish retained in the codend relative to the 601 

AWT in the size-selectivity analysis. This trend was also reflected in the catch efficiency 602 

analysis for the comparison of codend catches. Unexpectedly, the paired trawl catch efficiency 603 

analysis for the total catch, which included the estimated escapement from each net, suggested 604 

that the MFT was slightly less efficient than expected at encountering small hake relative to the 605 

mid- and larger-sized hake. It is somewhat unclear why the MFT would not equally encounter 606 

small hake entering the net relative to the AWT when fishing on the same aggregation. The 607 

uncertainty intervals for small hake were very large and overlapped with the equal efficiency 608 

value of 0.5, making it difficult to know if the trend in the slope was real or, more likely, due to 609 
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low sample sizes of small fish and high variability in the catch efficiency ratios of the paired 610 

trawls.  611 

One alternative explanation is that some escapement of small fish may have been missed 612 

from the MFT in the sections represented by pocket nets potentially due to the distance of the 613 

pocket nets from the codend. The pocket nets were attached to the same 100-mm and 200-mm 614 

mesh sections as the AWT, but were farther from the codend for the MFT because of the 2 615 

additional 50-mm mesh panels adjacent to the codend that were not present on the AWT. If we 616 

had missed some escapement due to the greater distance of the pocket nets from the codend, this 617 

could have underestimated the total catch by the MFT and artificially resulted in a lower-than-618 

expected catch efficiency ratio for small fish entering the net. Any potential missed escapement 619 

would not influence the codend catch efficiency analysis and, indeed, the codend catch 620 

comparison for the paired trawls showed a greater retention of small hake by the MFT relative to 621 

the AWT, with slightly less uncertainty relative to the total catch analysis. 622 

A trawl size-selectivity study of Walleye Pollock (Gadus chalcogrammus), which is a 623 

similar midwater shoaling species in the North Pacific, found that escapement generally occurs 624 

closer to the codend, although this pattern can vary with the response of fish to ship noise 625 

(Williams et al., 2011). The large meshes near the mouth of the net act as a herding mechanism 626 

for schooling and shoaling species, and escapement is likely to increase as fish density increases 627 

near the codend (Williams et al., 2011; Williams et al., 2013). Escapement may also vary due to 628 

other factors that influence herding behavior, such as differences in light levels between day and 629 

night (Williams et al., 2013); however, all trawls in this study occurred during daylight hours. 630 

 631 

Size-selectivity differs by net 632 
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The size-selectivity analysis, which used pocket net recapture data from all 3 nets, was more 633 

conclusive in demonstrating a greater retention of small hake by the MFT compared to both 634 

AWTs. Results from the size-selectivity analysis showed that all 3 nets had a greater than 85% 635 

probability of retaining age 2+ hake that were longer than 30-cm. For smaller fish, the MFT had 636 

a much greater probability of retaining age 0 and age 1 hake between 10 and 30-cm relative to 637 

the AWT. The MFT retained nearly all of these sizes and ages, with the probability of relative 638 

retention close to 1, with some uncertainty. These findings support our hypothesis that the MFT 639 

would retain more small fish compared to the AWT due to differences in the design of the net. 640 

The different taper and quicker transition of meshes on the MFT from large mesh size to small 641 

mesh size along the net is thought to capitalize on the aggregating behavior of hake and to 642 

streamline water flow to effectively funnel fish through the center of the net and into the codend 643 

(Melly5). Furthermore, the 50-mm mesh panels closest to the codend on the MFT may have 644 

improved retention, acting similarly to an extended codend, especially for larger-sized age 1 and 645 

age 2+ hake, which we demonstrated were physically unable to fit through the 50-mm mesh size.  646 

All 3 nets encountered nearly the full size range of hake, and large numbers of age 0 and 647 

age 1 were encountered by the MFT, as shown by the codend catches. This indicates that such 648 

low escapement from the MFT was not due to a lack of encountering small fish relative to the 649 

AWTs. In fact, the greater catch efficiency and retention of small fish by the MFT resulted in 650 

very large numbers of age 0 and age 1 hake caught relative to both AWTs. Of these small fish, 651 

the majority were retained in the codend. Only a single age 0 was recaptured in one of the pocket 652 

nets on the 800-mm mesh section of the MFT. Because it was not caught in the 100-mm or 200-653 

mm recapture nets, it was excluded from the size-selectivity analysis, which only included 654 

 
5 Melly, S.  2024.  Personal commun.  Swan Nets, Seattle, Washington, USA. 
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recaptures from the 100-mm and 200-mm mesh area pocket nets present on all 3 nets. A 655 

sensitivity to including escapement from the 800-mm mesh section of the MFT made little 656 

difference in the estimated probability of escapement for age 0, 1 and older/larger hake, but 657 

slightly modified the size-selectivity parameters (Suppl. 1, Table SM1-3, Fig. SM1-2). 658 

A power analysis simulating data for all 3 nets demonstrated low statistical power to 659 

detect a significant difference in the size-selectivity parameters between the 2 AWTs given the 660 

number of trawls in our study, even though a difference with the MFT was found. The power 661 

analysis also suggested that more than 100 additional trawls for each net would be needed to 662 

increase the statistical power to an adequate level to detect differences among all 3 nets, if true. 663 

Although a large number, this substantial increase in sample size is not unreasonable given that 664 

50 to 100 trawls are possible during a typical survey and that the processing of pocket net 665 

recaptures can be incorporated into existing survey protocols (NMFS, 2024). For the survey of 666 

Walleye Pollock in Alaska, the NOAA Alaska Fisheries Science Center regularly collects 667 

escapement and size-selectivity information for their midwater trawls on annual ATM surveys, 668 

and uses that information to bias-correct for the under sampling of small fish in mixed size 669 

aggregations1.  670 

While understanding potential differences in size-selectivity between the NOAA and 671 

DFO AWTs is important, the back-correction of biased size sampling is likely less relevant for 672 

DFO’s AWT because of the types of hake aggregations encountered in Canada. The Canadian 673 

portion of the survey of hake typically encounters fewer small-sized hake since migration into 674 

the northern part of the range is typically by larger, age 2+ fish (Thomas et al. in prep), which 675 

were fully selected for by both types of nets. When only large fish are present, a net which 676 

under-samples small fish will have little impact on biasing the size frequency of catches. The 677 
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mixing of large adult hake and smaller juveniles in the U.S. portion of the survey is more 678 

problematic. Based on our findings, a back-correction in the survey time series to account for the 679 

escapement of age 0 and age 1 fish from samples of mixed size aggregations is required to 680 

maintain consistency and standardization of survey products following the switch to the new 681 

MFT. Also, both portions of the survey can encounter other small pelagic species mixed with 682 

hake. Understanding the relative net selectivity for these species is also necessary to fully 683 

account for their contribution to the total acoustic backscatter. 684 

 685 

Remaining questions and future research 686 

Moving forward, a change in trawl system from the AWT to MFT for the hake survey is 687 

expected to improve ecosystem information collected by the survey through improved sampling 688 

of smaller organisms, including the prey of hake and other forage species along the west coast of 689 

the U.S. and Canada. This additional data on these species could be used to develop or improve 690 

indices of abundance for important prey and other ecosystem forage species in addition to hake. 691 

Based on our findings, the MFT is expected to retain a greater fraction of small age 0 and age 1 692 

hake, and thus catches by the MFT should more accurately reflect the full species and size 693 

composition of acoustically detected aggregations. This will improve information for the age 1 694 

index of hake to better inform year class strength of new cohorts entering the fishery, and should 695 

increase the accuracy of the biennial estimate of age 2+ biomass by using a less size-biased net. 696 

Previous biased size-sampling of mixed aggregations by the AWT will need to be back-corrected 697 

to ensure consistency and comparability of survey data products. 698 

Whether some escapement was potentially missed by the MFT due to the farther distance 699 

of recapture nets from the codend compared to placement on the AWTs remains an open 700 
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question. Escapement patterns from the AWTs, and other studies of midwater trawls, indicate 701 

that the most escapement occurs closest to the codend where fish density increases as fish are 702 

herded into the codend (Williams et al., 2011). Future research should consider placing recapture 703 

nets on the MFT to be the same distance from the codend as the AWTs, while also maintaining 704 

the original locations of the 100-mm and 200-mm recapture nets for comparison. Updated 705 

placement of recapture nets will most likely resolve the question of possible missed escapement, 706 

and improve information for the size-selectivity parameters for the MFT. 707 

Future research should also focus on covariates of net escapement, such as the influence 708 

of different light levels, density of fish aggregations, and at what sequence in the trawl 709 

escapement occurs, such as during net retrieval, or during a sudden change in depth during the 710 

trawl that may cause fluctuations in water flow. A better understanding of other factors 711 

influencing escapement may help to better understand variability and potential vessel effects in 712 

surveys that use more than 1 vessel. Different ocean conditions, including changes in 713 

temperature and current strength, may also influence fish behavior and escapement, so it is 714 

important to continue to monitor for future change in net selectivity (Williams et al., 2013).  715 

 716 

Conclusions 717 

Understanding biased sampling and accounting for changes in gear selectivity is critical to 718 

developing accurate survey methods and the interpretation of results. For ATM surveys, 719 

understanding trawl net selectivity is important to accurately use length-frequency information of 720 

the catch to apportion the backscatter density of an acoustically detected fish aggregation. 721 

Correcting for biased under-sampling of small fish will improve estimates of abundance and 722 

biomass of hake at age and length. In this study we estimated initial size-selectivity parameters 723 
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for the AWT, the net most recently used in the survey of hake, and for the MFT, a new net 724 

designed for the integration of the hake survey with the west coast ATM survey of small coastal 725 

pelagic species. A change in trawl systems to the MFT benefits the integrated survey in the 726 

ability to deploy a single net and trawl system in a midwater mode for hake and in a surface 727 

mode for small coastal pelagics. The size-selectivity information collected for both AWTs will 728 

be essential for back-correcting the time series of hake biomass and to better understand 729 

sampling bias moving forward. The back-correction will also provide insight into how gear 730 

selectivity influences the estimate of hake biomass, particularly in years of increase age 1 hake 731 

abundance. Last, we showed that a power analysis is a useful tool to contextualize findings and 732 

to inform future research design and sampling requirements. Common to many fisheries, 733 

maintaining consistency in survey data products, such as comparable abundance and biomass 734 

estimates through time, is critical for monitoring changes in population dynamics and to achieve 735 

sustainable fisheries management goals. 736 
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Tables 744 

Table 1: Relevant differences among trawl nets most recently used to survey Pacific hake 745 

(Merluccius productus). Measurements are in meters (m), millimeters (mm), or kilograms (kg). 746 

Category Description 

Agency NOAA Fisheries (NOAA) 
Fisheries and Ocean 

Canada (DFO) 

Ship Bell M. Shimada Sir John Franklin 

Description 
64-m acoustically quieted fisheries 

survey vessel; stern trawler 

63-m Canadian Coast 

Guard Ship; stern 

trawler 

Nets 

Type 
Aleutian Wing 

Trawl (AWT) 

Multi-Function 

Trawl (MFT) 

Aleutian Wing  

Trawl (AWT) 

Name NOAA AWT MFT DFO AWT 

Mouth opening  

(Height x width) 
20 x 40-m 22 x 42-m 20 x 40-m 

Mesh size of codend 

liner and pocket nets  
32-mm 8-mm 8-mm 
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Trawl System 

Doors 

Super V 

Fishbuster 

4-m2 

Thyboron Type 22-

VK Bluestream  

4-m2 

Super V 

Fishbuster 

4-m2 

Bridles 

Length 82.3-m; 

Setback 3-m; 

Parallel 

configuration 

Length 73-m; 

Setback 5.48-m; 

V-rig  

configuration 

Length 82.3-m;  

Setback 3-m; 

Parallel  

configuration 

Cluster weights 340-kg 454-kg 340-kg 

Net mensuration 
Simrad FS70, 

Kongsberg 

Simrad FS70, 

Kongsberg; PX90 

Simrad FS70,  

Kongsberg 

  747 
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Table 2. The number of trawls, sampling dates, and which ship each net was deployed from on 748 

the 2 research legs of the study. The nets are the Aleutian Wing Trawl (AWT) and Multi-749 

Function Trawl (MFT). 750 

Leg Dates Ship Net No. of trawls 

1  5 - 25 July 2024 Bell M. Shimada NOAA AWT 22 

2 10 - 18 August 2024 Sir John Franklin DFO AWT 13a 

2 1 - 21 August 2024 Bell M. Shimada MFT 21a 

a12 paired trawls; 11 where both nets caught and measured Pacific hake (Merluccius productus)  751 
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Table 3: Sampling of Pacific hake (Merluccius productus) by net and partition (codend or 752 

recapture ‘pocket’ net). All fish caught in pocket nets were measured. Fish caught in the codend 753 

were subsampled to collect representative measurements. The nets are the Aleutian Wing Trawl 754 

(AWT) and Multi-Function Trawl (MFT). The size range of fish lengths is measured in 755 

centimeters (cm). 756 

 NOAA AWT DFO AWT MFT 

 Codend Pockets Codend Pockets Codend Pockets 

No. of hake 

measured  

8024 177 3861 163 5724 12 

Size range 

(cm) 

4 - 82 8 - 43 6 - 70 8 - 40 6 - 78 3 - 28 

 757 

  758 
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Table 4. Parameters of the beta regressions (Eq. 4), which estimated differences in catch rate 759 

efficiency by fish length for paired trawls of the Multi-Function Trawl (MFT) and DFO’s 760 

Aleutian Wing Trawl (AWT) fishing on the same aggregations. The expected proportion of catch 761 

rate efficiency of the MFT relative to the combined catch rate is shown for representative small, 762 

medium, and large Pacific hake (Merluccius productus) with the 95% confidence intervals (CI) 763 

calculated from bootstrapping. Lengths are measured in centimeters (cm). A catch efficiency 764 

ratio of 0.5 indicates equal catch efficiency between nets. 765 

Comparison Beta regression parameters 

(Eq. 4) 

Expected proportion of paired trawl catch rate 

attributed to MFT for different size hake 

(95% CI) 

 Mean (𝜇) Precision  

(𝜙) 

Small 

10-cm 

Medium 

40-cm 

Large 

70-cm 
𝛼𝜇 𝛽𝜇 

Codend  

(Retained 

fish) 

2.07* -0.01* 9.48 0.88 

(0.44 - 0.98) 

0.85 

(0.65 - 0.90)** 

0.81 

(0.28 - 0.97) 

Total catch 

(Codend plus 

estimated 

escapement) 

0.72* 0.03* 4.88 0.72 

(0.17 - 0.97) 

0.85 

(0.59 - 0.92)** 

0.92 

(0.27 - 1.00) 

* P < 0.05  766 

** Confidence intervals do not overlap 0.5, indicating a significant difference.  767 
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Table 5. Parameters of the logistic size-selectivity analysis (Eq. 5), which estimated the effect of 768 

length on the probability that a fish entering the net will be retained in the codend. The derived 769 

parameter 𝐿50% is the length at 50% retention, and 𝑆𝑅 is the selection range between the length 770 

at 25% and 75% retention. Lengths are measured in centimeters (cm). The nets are the Aleutian 771 

Wing Trawl (AWT) and Multi-Function Trawl (MFT). 772 

Comparison Net Logistic regression 

parameters (Eq. 5) 

Derived parameters 

  𝛼𝑘 𝛽
𝑘
 𝐿50% (cm) 𝑆𝑅 (cm) 

Three nets NOAA AWT -1.96 0.18 11.2 12.5 

 DFO AWT -3.19 0.17 19.3 13.3 

 MFT 4.43* 0.10 -42.8 21.2 

      

Two net-types Pooled AWTs  -2.26 0.17 13.5 13.1 

 MFT 5.16* 0.08 -67.8 28.9 

* P < 0.05  773 
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FIGURES 774 

 775 

 776 

Figure 1. Differences in net designs and pocket net locations of the NOAA Aleutian Wing Trawl 777 

(AWT, [A]), DFO’s AWT (B), and the Multi-Function Trawl (MFT, [C]). Mesh sizes (in 778 

millimeters [mm]), are labeled for each net showing the taper of large to finer mesh from the 779 

mouth to the codend for the top side panel of each net. Recapture ‘pocket’ nets were attached to 780 

the 100-mm, 200-mm, and 800-mm mesh size sections on the top, bottom, port, and starboard 781 

sides of NOAA’s AWT and the MFT. The DFO AWT had 6 pocket nets, of which 4 were 782 

attached on all sides of the 100-mm mesh section and 2 on the top and bottom of the 200-mm 783 

mesh section. 784 

  785 
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 786 

 787 

Figure 2. Map of the study area showing trawl locations of NOAA’s Aleutian Wing Trawl 788 

(AWT) on Leg 1 (solid circles), and DFO’s AWT (open circles) and the Multi-Function Trawl 789 

(MFT, [triangles]) on Leg 2 of the research survey. 790 

  791 
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 792 

 793 

Figure 3. Summary of trawl operations for NOAA’s Aleutian Wing Trawl (AWT) on Leg 1, and 794 

DFO’s AWT and the Multi-Function Trawl (MFT) on Leg 2. Trawl operations included A) the 795 

rate (meters[m]/minute[min]) that each net was deployed from the surface to the target fishing 796 

depth, B) the time elapsed from the net reaching the target depth to the time at haul back (trawl 797 

duration, [minutes]), C) the rate of retrieval from depth back to the surface (m/min), D) the mean 798 

depth while fishing (meters), and E) the mean ship speed (knots). Boxplots show the median 799 

(horizontal center line), 25th and 75th quantiles (bottom and top of box), and the range of data 800 

within 1.5 times the interquartile range (whiskers). Plotted individual points are outliers. 801 

Significant differences are shown by different lowercase letters (ANOVA and post-hoc Tukey).  802 

  803 
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 804 

 805 

Figure 4. Species composition for each trawl as the proportion of different taxonomic groups by 806 

weight (kilograms) showing a qualitatively greater taxonomic diversity of the catch for DFO’s 807 

Aleutian Wing Trawl (AWT) and the Multi-Function Trawl (MFT) on Leg 2, both of which have 808 

the finer 8-mm mesh size codend liner, compared to NOAA’s AWT on Leg 1. Trawls are 809 

numbered sequentially on the x axis. Trawls in vertical alignment were paired trawls of DFO’s 810 

AWT and the MFT fishing on the same acoustically-detected aggregation.  811 

  812 
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 813 

 814 

Figure 5. Comparison of catch efficiency for Pacific hake (Merluccius productus) of different 815 

length from paired trawls of DFO’s Aleutian Wing Trawl (AWT) and the Multi-Function Trawl 816 

(MFT) fishing on the same aggregations. The data (solid circles) are the proportion of the paired 817 

catch rate attributed to the MFT relative to the combined catch rate for different fish length, 818 

which were binned by 5-centimeter (cm) increments. A beta regression fit to the data shows the 819 

expected mean proportion of the paired catch rate attributed to the MFT (solid line) with 95% 820 

confidence intervals from bootstrapping (shaded area). Confidence intervals not overlapping 0.5 821 

indicate a significant difference in the catch efficiency of the MFT relative to the AWT. Data are 822 

shown for the codend comparison (retained fish, [A]) and for the total catch comparison (codend 823 

plus estimated escapement of fish from each net, [B]).  824 

  825 
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 826 

 827 

Figure 6. The relationships among Pacific hake (Merluccius productus) length (x axis), body 828 

girth (solid triangles), and head girth (open circles) compared to the perimeter measurement of 829 

different mesh sizes of the nets. Girth and mesh perimeter were measured in centimeters (cm). 830 

Fish with a larger girth than the perimeter measurement of a diamond-shaped mesh were 831 

assumed unable to physically escape that mesh size. Age classes shown for reference. 832 

  833 
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 834 

 835 

Figure 7: Size-selectivity curves for Pacific hake (Merluccius productus) estimated from the 3 836 

net analysis for NOAA’s Aleutian Wing Trawl (AWT), DFO’s AWT, and the Multi-Function 837 

Trawl (MFT, [A]). Solid lines are the expected probability of retention-at-length and shading is 838 

the 95% confidence interval. The raw, unweighted data are shown as 0 for fish escaping the net 839 

into recapture nets and 1 for fish retained in the codend (circles). The vertical dashed lines are 840 

length-based age cutoffs to show differences in the probability of retention for age 0, age 1, and 841 

age 2+ hake. The bottom panel (B) shows the expanded length frequency distributions of 842 

retained hake (light gray bars) and estimates of escapement (dark gray bars) from the 100-mm 843 

and 200-mm mesh sections represented by pocket nets for each net.  844 

  845 



48 
 

LITERATURE CITED 846 

Bates, D., M. Mächler, B. Bolker, and S. Walker. 847 

  2015.  Fitting linear mixed-effects models using lme4.  J. Stat. Soft. 67.  848 

https://doi.org/10.18637/jss.v067.i01 849 

Becker, K. N., and J. D. Warren.  850 

  2015.  Material properties of Pacific hake, Humboldt squid, and two species of 851 

myctophids in the California Current.  J. Acoust. Soc. Am. 137:2522–2532.  852 

  https://doi.org/10.1121/1.4919308 853 

Bizzarro, J. J., L. Dewitt, B. K. Wells, K. A. Curtis, J. A. Santora, and J. C. Field.  854 

2023.  A multi-predator trophic database for the California Current Large Marine 855 

 Ecosystem.  Sci. Data 10:496.  https://doi.org/10.1038/s41597-023-02399-2 856 

Brooks, M. E., K. Kristensen, K. J. van Benthem, A. Magnusson, C. W. Berg, A. Nielsen,  857 

     H. J. Skaug, M. Maechler, and B. M. Bolker. 858 

 2017.  glmmTMB balances speed and flexibility among packages for zero-inflated 859 

   generalized linear mixed modeling.  The R Journal 9:378–400.  860 

https://doi.org/10.32614/RJ-2017-066  861 

Douma, J. C., and J. T. Weedon.  862 

  2019.  Analysing continuous proportions in ecology and evolution: A practical 863 

 introduction to beta and Dirichlet regression.  Methods Ecol. Evol. 864 

10:1412–1430.  https://doi.org/10.1111/2041-210X.13234 865 

Dremière, P.-Y., L. Fiorentini, G. Cosimi, I. Leonori, A. Sala, and A. Spagnolo.  866 

  1999.  Escapement from the main body of the bottom trawl used for the Mediterranean 867 



49 
 

international trawl survey (MEDITS). Aquat. Living Resour. 12:207–217. 868 

https://doi.org/10.1016/S0990-7440(00)88471-5  869 

Everson, I., M. Bravington, and C. Goss.  870 

  1996.  A combined acoustic and trawl survey for efficiently estimating fish abundance. 871 

   Fish. Res. 26:75–91.  https://doi.org/10.1016/0165-7836(95)00404-1 872 

Ferrari S., and F. Cribari-Neto.  873 

  2004. Beta regression for modelling rates and proportions. J. Appl. Stat. 31:799–815.  874 

https://doi.org/10.1080/0266476042000214501 875 

NMFS (National Marine Fisheries Service)  876 

  2005.  The 2003 Integrated Acoustic and Trawl Survey of Pacific Hake, Merluccius 877 

 productus, in U.S. and Canadian waters off the Pacific Coast.  NOAA Tech.  878 

Memo. NMFS-NWFSC-65, 45 p.  879 

https://repository.library.noaa.gov/view/noaa/3418/noaa_3418_DS1.pdf 880 

2024.  Midwater trawl comparison study for acoustic surveys of walleye pollock (Gadus 881 

chalcogrammus) in Alaska.  NOAA Tech. Memo. NMFS-AFSC-484, 41 p.  882 

https://doi.org/10.25923/ttx4-5y37 883 

2025a.  Bridging science and industry: Next-generation multi-function trawl  884 

system for NOAA’s fisheries research.  NOAA Tech. Memo. NMFS-SWFSC- 885 

722, 38 p.  https://doi.org/10.25923/zawd-1675 886 

2025b.  Economic status of the Pacific hake fishery, 2009-23.  NOAA Tech. Memo.  887 

NMFS-NWFSC-200, 12 p.  https://doi.org/10.25923/gcr3-ph80 888 

Grandin, C. J., K. F. Johnson, A. M. Edwards, and A. M. Berger.  889 

 2024.  Status of the Pacific Hake (whiting) stock in U.S. and Canadian waters in 2024. 890 



50 
 

Prepared by the Joint Technical Committee of the U.S. and Canada Pacific 891 

Hake/Whiting Agreement, National Marine Fisheries Service and Fisheries and  892 

Oceans Canada. 246 p.  Accessed online at https://www.fisheries.noaa.gov/west-  893 

coast/laws-policies/pacific-whiting-treaty-management-documents 894 

Hamel, O. S., P. H. Ressler, R. E. Thomas, D. A. Waldeck, A. C. Hicks, J. A. Holmes, and   895 

     G. W. Fleischer.  896 

  2015.  Biology, fisheries, assessment, and management of Pacific hake  897 

(Merluccius productus). In Hakes: Biology and Exploitation, 1st ed. (H.  898 

Arancibia, ed.), p. 234–262. Wiley.  https://doi.org/10.1002/9781118568262.ch9  899 

Head, M. A., A. A. Billings, V. J. Tuttle, K. F. Johnson, A. M. Berger, and S. A. Heppell.  900 

  2025.  Decade-scale spatio-temporal variability in maturity of Pacific hake, Merluccius 901 

   productus, along the US West Coast.  Environ. Biol. Fish. 108:317-338.  902 

https://doi.org/10.1007/s10641-025-01671-1  903 

Hicks, A. C., N. Taylor, C. Grandin, I. G. Taylor, and S. Cox.  904 

 2013.  Status of the Pacific hake (whiting) stock in U.S. and Canadian waters in 905 

2013. Prepared by the Joint Technical Committee of the U.S. and Canada Pacific  906 

Hake/Whiting Agreement, National Marine Fisheries Service and Fisheries and 907 

Oceans Canada. 190 p. Accessed online at 908 

https://www.fisheries.noaa.gov/resource/document/pacific-whiting-treaty-2012-909 

2017-management-documents  910 

Horne, J. K. 911 

 2000.  Acoustic approaches to remote species identification: A review.  Fish. Oceano.  912 

9:356–371.  https://doi.org/10.1046/j.1365-2419.2000.00143.x  913 



51 
 

Iglesias, I. S., J. A. Santora, J. Fiechter, and J. C. Field.  914 

 2023.  Mesopelagic fishes are important prey for a diversity of predators.  Front. Mar.  915 

Sci. 10:1220088.  https://doi.org/10.3389/fmars.2023.1220088  916 

Kotwicki, S., R. R. Lauth, K. Williams, and S. E. Goodman.  917 

 2017.  Selectivity ratio: A useful tool for comparing size selectivity of multiple survey 918 

 gears.  Fish. Res. 191:76–86.  https://doi.org/10.1016/j.fishres.2017.02.012   919 

Lüdecke, D. 920 

 2018.  ggeffects: Tidy data frames of marginal effects from regression models.  J. Open  921 

Source Softw. 3:1-5.  https://doi.org/10.21105/joss.00772 922 

Nakashima, B. S. 923 

 1990.  Escapement from a Diamond IX midwater trawl during acoustic surveys for  924 

capelin (Mallotus villosus) in the Northwest Atlantic.  ICES J. Mar. Sci. 47:76–925 

82.  https://doi.org/10.1093/icesjms/47.1.76 926 

Phillips, E. M., M. J. Malick, S. Gauthier, M. A. Haltuch, M. E. Hunsicker, S. L. Parker‐Stetter,  927 

     and R. E. Thomas.  928 

 2023. The influence of temperature on Pacific hake co‐occurrence with euphausiids in  929 

the California Current Ecosystem.  Fish. Oceano. 32:267–279.   930 

https://doi.org/10.1111/fog.12628 931 

Ressler, P. H., J. A. Holmes, G. W. Fleischer, R. E. Thomas, and K. C. Cooke.  932 

 2007.  Pacific Hake, Merluccius productus, Autecology: A timely review.  Mar. Fish.  933 

Rev. 69:1–24.  Accessed online at https://spo.nmfs.noaa.gov/content/pacific- 934 

hake-merluccius-productus-autecology-timely-review 935 



52 
 

Simmonds, E. J. and D. N. MacLennan.  936 

 2005.  Fisheries acoustics: theory and practice, 2nd ed., 437 p.  Blackwell Science,  937 

   Oxford, UK. 938 

Thomas, R. E., S. Gauthier, C. Grandin, A. Hicks, and S. Parker-Stetter.  939 

  2024.  To trawl or not to trawl: Questioning core assumptions of trawl placement choice 940 

 in fisheries acoustics surveys.  Fish. Res. 270:106897.   941 

https://doi.org/10.1016/j.fishres.2023.106897   942 

Traynor, J. J. 943 

 1996.  Target-strength measurements of walleye pollock (Theragra chalcogramma) and 944 

 Pacific whiting (Merluccius productus).  ICES J. Mar. Sci. 53:253–258.   945 

https://doi.org/10.1006/jmsc.1996.0031  946 

Wassermann, S. N., G. D. Adams, M. A. Haltuch, I. C. Kaplan, K. N. Marshall, and A.E. Punt. 947 

 2024.  Even low levels of cannibalism can bias population estimates for Pacific hake.   948 

 ICES J. Mar. Sci. 82:fsae064.  https://doi.org/10.1093/icesjms/fsae064  949 

Wileman, D. A., R. S. T. Ferro, R. Fonteyne, and R. B. Millar.  950 

  1996.  Manual of methods of measuring the selectivity of towed fishing gears.  ICES  951 

Coop. Res. Rep. 215. 126 p.  https://doi.org/10.17895/ices.pub.4628  952 

Williams, K. 953 

 2013.  Evaluation of midwater trawl selectivity and its influence on acoustic-based fish 954 

 population surveys.  Ph.D. diss., 154 p.  Univ. of Washington, Seattle,  955 

Washington, USA.  http://hdl.handle.net/1773/22816  956 

Williams, K., A. E. Punt, C. D. Wilson, and J. K. Horne.  957 

 2011.  Length-selective retention of walleye pollock, Theragra chalcogramma, by 958 



53 
 

 midwater trawls. ICES J. Mar. Sci. 68:119–129. 959 

Williams, K., C. D. Wilson, and J. K. Horne.  960 

 2013. Walleye pollock (Theragra chalcogramma) behavior in midwater trawls. Fish.  961 

Res. 143:109–118.  https://doi.org/10.1093/icesjms/fsq155 962 

  963 

https://doi.org/10.1093/icesjms/fsq155


54 
 

Supplementary Materials 1 964 

 965 

Mesh expansions for pocket net catches 966 

NOAA AWT and MFT 967 

Both NOAA’s AWT and the MFT had 12 pocket nets attached to each net. The locations of the 968 

pocket nets were on the 100-mm, 200-mm, and 800-mm mesh size sections of each net attached 969 

to the top, bottom, starboard, and port sides. The size-selectivity analysis using the ‘direct’ 970 

comparison method, which includes only the pocket net recaptures from the 100-mm and 200-971 

mm mesh pocket nets present on all 3 nets, excludes escapement through meshes greater than 972 

200-mm, and excludes any potential, unmonitored escapement from the additional 50-mm mesh 973 

size sections just forward of the codend on the MFT. Pocket nets were not attached to the 400-974 

mm mesh section in between the 800-mm and 200 mm-mesh sections to prevent pocket nets 975 

from overlapping and interfering with one another while fishing and during trawl deployment 976 

and retrieval.  977 

The ‘direct’ expansion method expanded the pocket net catches to the respective 100-mm 978 

and 200-mm mesh size area of each net. A second, ‘full’ expansion method was conducted as a 979 

sensitivity of the size-selectivity parameters to the unused escapement information from the 800-980 

mm mesh section on NOAA’s AWT and the MFT (the DFO AWT did not have pocket nets 981 

attached to the 800-mm section). The ‘full’ expansion method divided the net into general areas 982 

of fore, mid, and aft, which included the area of the 400-mm mesh. The area of the 400-mm 983 

mesh section was evenly divided and attributed to catches from either the 800-mm or 200-mm 984 

pocket nets, similar to how unrepresented areas are apportioned in other midwater net selectivity 985 

studies (Williams et al., 2011, [Fig. SM1-1]).  986 

https://www.zotero.org/google-docs/?2iUyHW
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 987 

DFO AWT 988 

The DFO AWT had 6 pocket nets attached to the net. The fewer number of pocket nets was due 989 

to supply chain issues and a lack of 8-mm mesh material to build all 12 pocket nets as originally 990 

planned. Four pocket nets were attached to the top, bottom, starboard, and port sides of the 100-991 

mm mesh section, similar to NOAA’s AWT and the MFT. The remaining 2 pocket nets were 992 

attached to the top and bottom of the 200-mm mesh section. 993 

For all comparisons, the catches from each of the 2 pocket nets on the 200-mm section 994 

were doubled. For the ‘direct’ comparison method, the 100-mm and the doubled 200-mm pocket 995 

net catches were expanded to their respective mesh size areas of the net. For the ‘full’ expansion 996 

method for DFO’s AWT, the 200-mm catches were expanded to also include half of the 400-mm 997 

section, similar to the ‘full’ expansion method for NOAA’s AWT and the MFT recaptures (Fig. 998 

SM1-1). The other half of the 400-mm mesh area section was not included because there were no 999 

pocket nets in the neighboring 800-mm section. 1000 

  1001 
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Table SM1-1. Expansion factors for pocket net catches used in the ‘direct’ expansion method 1002 

comparison of the Aleutian Wing Trawls (AWTs) and the Multi-Function Trawl (MFT). 1003 

Expansion factors are shown for pocket nets attached to the 800-mm mesh size section but were 1004 

not used in the analysis because DFO’s AWT did not have pocket nets in the 800-mm section. 1005 

Mesh size Panel NOAA AWT 

expansion factor 

DFO AWT 

expansion factor 

MFT expansion 

factor 

100-mm top 85.87 85.87 149.08 

100-mm bottom 85.87 85.87 149.08 

100-mm port 85.87 85.87 149.08 

100-mm starboard 85.87 85.87 149.08 

200-mm top 25.46 50.32 99.89 

200-mm bottom 25.46 50.32 99.89 

200-mm port 24.86 N/A 99.89 

200-mm starboard 24.86 N/A 99.89 

800-mm top 89.72 N/A 189.45 

800-mm bottom 89.72 N/A 189.45 

800-mm port 75.17 N/A 189.45 

800-mm starboard 75.17 N/A 189.45 

 1006 

1007 
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Table SM1-2. Expansion factors for pocket net catches used in the ‘full’ expansion method 1008 

comparison. Description follows table SM1-1. 1009 

Mesh size Side panel NOAA AWT 

expansion factor 

DFO AWT 

expansion factor 

MFT expansion 

factor 

100-mm top 85.87 85.87 149.08 

100-mm bottom 85.87 85.87 149.08 

100-mm port 85.87 85.87 149.08 

100-mm starboard 85.87 85.87 149.08 

200-mm top 53.97 104.08 215.42 

200-mm bottom 53.97 104.08 215.42 

200-mm port 50.11 N/A 215.42 

200-mm starboard 50.11 N/A 215.42 

800-mm top 118.23 N/A 304.99 

800-mm bottom 118.23 N/A 304.99 

800-mm port 100.43 N/A 304.99 

800-mm starboard 100.43 N/A 304.99 

 1010 

  1011 
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Table SM1-3 Sensitivity of derived size-selectivity parameters of length at 50% retention (𝐿50%) 1012 

and the selection range (𝑆𝑅) to estimation using either the ‘direct’ or ‘full’ pocket net expansion 1013 

method.       1014 

Net  

 

‘Direct’ expansion 

(100 mm and 200 mm pocket nets) 

‘Full’ expansion 

(All pocket nets present) 

 𝐿50% (cm) 𝑆𝑅 (cm) 𝐿50% (cm) 𝑆𝑅 (cm) 

NOAA AWT 11.2 12.5 10.9 14.0 

DFO AWT 19.3 13.3 19.9 12.2 

MFT -42.8 21.2 -14.0 13.3 

 1015 

1016 
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Supplemental 1 Figures 1017 

 1018 

 1019 

 1020 

Figure SM1-1. A diagram of NOAA’s Aleutian Wing Trawl (AWT, [A]), DFO’s AWT (B), and 1021 

the Multi-Function Trawl (MFT, [C]), which shows the ‘full’ mesh area expansion method to 1022 

expand pocket net catches to their respective aft, mid, and fore sections of each net. Only the top 1023 

panel of each net is shown. The DFO AWT did not have pocket nets on the 800-mm mesh area 1024 

section and only 2 pocket nets, attached to the top and bottom panel of the 200-mm mesh size 1025 

section. The ‘full’ mesh area expansion attributes half of the unrepresented 400-mm mesh size 1026 

area to recapture in pocket nets attached to the 200-mm and 800-mm mesh size sections. 1027 

  1028 
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 1029 

Figure SM1-2. A sensitivity of using the ‘full’ mesh area expansion method to estimate size-1030 

selectivity parameters for NOAA’s Aleutian Wing Trawl (AWT), DFO’s AWT, and the Multi-1031 

function Trawl (MFT). The top panel (A) shows the selectivity curves and the bottom panel (B) 1032 

shows the length frequency information for retained fish in the codend (light gray bars) and 1033 

estimated escaped fish (dark gray bars). 1034 

  1035 
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 1036 

Figure SM1-3. Size-selectivity curves (A) and the corresponding expanded length frequency 1037 

information (B) for the 2 net-type comparison using the ‘direct’ mesh area expansion method, 1038 

which pooled the NOAA and DFO Aleutian Wing Trawl (AWT) data to again compare with the 1039 

Multi-Function Trawl (MFT). Graphical features are the same as for figure SM1-2. 1040 

  1041 
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 1043 

Power analysis 1044 

The power analysis was conducted by simulating new data sets from the data collected in this 1045 

study and testing for significant differences in the intercept parameter of all 3 nets. Below are the 1046 

detailed steps of the simulation. 1047 

 1048 

Step 1. Simulate the size of the catch.  1049 

A negative binomial was fitted to the distribution of expanded catch sizes from the net testing 1050 

dataset. The total catches (codend plus estimated escapement) of all 3 nets were combined. We 1051 

used the parameters of the fitted negative binomial to randomly draw catch sizes of simulated 1052 

trawls (Fig. SM2-1). The maximum catch size of hake in our dataset was 50,362 so catch size 1053 

was capped at 55,000. Any larger simulated catches were replaced with the maximum of 55,000. 1054 

 1055 

 1056 

Figure SM2-1. Data of all catches used to fit a binomial distribution (left) and simulated catches 1057 

for an equal sized data set (right). The total count of hake on the x axis is the estimated total 1058 

number of hake entering each net, which is the expanded codend and pocket net catches. The y 1059 

axis shows density (not frequency) to compare directly with the fitted negative binomial curve.  1060 

 1061 
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Step 2: Simulate the length of each fish in the catch. 1062 

Fish length for each fish in the simulated catches was assigned by randomly sampling from the 1063 

combined empirical length frequency distribution for all nets with replacement (Fig. SM2-2). 1064 

 1065 

Figure SM2-2. The empirical length frequency distribution. 1066 

 1067 

Step 3: Simulate whether each fish was retained or escaped the net. 1068 

Retention of a fish in the codend was assigned for each fish based on the net-specific, length-1069 

based probability of retention (size-selectivity curves). For each fish, retention or escapement 1070 

was assigned by a random draw from a binomial distribution with a size of 1 and mean equal to 1071 

the expected size-dependent probability of retention for each net (Suppl. Fig. SM2-3). 1072 
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 1073 

Figure SM2-3. The net-specific, size-selectivity curves, which were used to simulate the ‘true’ 1074 

selectivity of each net for the power analysis. The selectivity curves are shown for NOAA’s 1075 

Aleutian Wing Trawl (AWT, [solid line]), DFO’s AWT (dashed line), and the Multi-Function 1076 

Trawl (MFT, [dotted line]). Fish length is shown on the x axis and the probability of retention in 1077 

the codend on the y axis. Reference parameters are show for the length at 50% retention (L50) 1078 

and the selection range (SR) in units of centimeters (cm). 1079 
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Step 4: Test for a significant difference in the intercept parameter of all 3 nets in the 1081 

simulated data.  1082 

Define significance as P < 0.05. Run the simulation 100 times and record statistical power as the 1083 

number of positive detections at P < 0.05 out of the 100 simulations. Start with the original 1084 

number of trawls to test for the statistical power to detect differences in all 3 nets from the 2024 1085 

dataset and then run 100 simulations for increasing the number of trawls per net to estimate how 1086 

many trawls are needed to obtain adequate statistical power of an 80% detection rate. The 1087 

number of trawls were increased in increments of an additional 15 trawls per net greater than the 1088 

2024 number of trawls (Fig. SM2-4). 1089 

 1090 

Figure SM2-4. The power analysis showing the probability of detecting a significant difference 1091 

in the size-selectivity parameters of all 3 nets (y axis), given the number of trawls and patterns 1092 

observed in this study (NOAA’s AWT = 22 trawls, DFO’s AWT = 13 trawls, and the MFT = 1093 

17), and a hypothetical increase in the number of trawls (x axis) needed to obtain an adequate 1094 

statistical power of 80%. 1095 


