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27 Abstract  

Changes to fishing gear configurations have  great potential to  decrease fishing interactions, 

minimize injury  and reduce mortality for non-target species  in commercial fisheries. In this two-

part study, we investigate potential options  to optimize  fishing gear configurations for United 

States Pacific pelagic  longline vessels to maintain target catch rates whilst reducing bycatch 

mortality, injury,  and harm.  In part one, a paired-gear trial was conducted on a deep-set tuna 

longline vessel to compare catch rates and catch condition of  target and non-target species 

between wire and monofilament  leader materials. Temperature-depth recorders were also 

deployed on hooks to determine sinking rates and fishing depth  between the two  leader 

materials. In part  two, hooks of different configurations (size, diameter, shape, metal  type,  and 

leader material) were soaked in a seawater flume for 360 days to obtain quantitative estimates of 

breaking strength, as well as the time taken for gear to break apart.  We found that switching from 

wire to monofilament leaders reduced the catch rate of sharks by approximately 41%, whilst 

maintaining catch rates of target species (Bigeye tuna, Thunnus obesus). However, trailing gear 

composed of monofilament did not break apart even after 360 days. In contrast, branchlines with 

wire leaders  began to break at the crimps after approximately 100 days. Additionally, the 

breaking strength of soaked fishing hooks was greater for larger, forged hooks composed of  

stainless steel typically used in United States Pacific longline fisheries. These results have direct  

implications for fisheries management and  the operational  effectiveness of bycatch mitigation 

strategies for longline fisheries worldwide.  
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52 1 Introduction  

The unintended  capture of non-target species during commercial  fishing operations is a 

fundamental international  marine conservation problem  [1,2]. Although global estimates of 

bycatch  rates are lacking  [3 - 5], overfishing is considered  the single largest threat to populations 

of endangered seabirds, sea turtles, marine mammals,  and elasmobranchs (i.e.,  sharks and rays) 

globally  [6 - 10]. Pelagic longline fishing is directly associated with high rates of bycatch for 

many species due to extremely high levels of fishing effort and the large spatial extent of 

operations throughout tropical and temperate regions of the world’s oceans   [11, 12].  

 

In the Pacific Ocean, the United States (U.S.) longline fishery is composed of three sectors; the  

Hawaii permitted longline fishery targets both bigeye tuna (i.e.,  ‘deep-set’   tuna fishery) and 

swordfish (i.e.,  ‘shallow-set’ fishery)   while the American Samoa permitted deep-set fishery 

targets albacore. Effort  for these fleets spans from California through the Pacific Island Region 

(both Hawaii permitted and American Samoa permitted)  and the Western Pacific Region (these 

combined regions and fishing sectors are hereafter referred to as the U.S.  Pacific longline 

fishery). The U.S.  Pacific longline  fishery operates under extensive regulations  to reduce 

interaction, harm,  and mortality of endangered and protected species (Regulations: 50 CFR § 

665.800). Mandated bycatch mitigation measures include catch limits of sea turtles, gear 

configuration (e.g.,  floatline length, branchline requirements, weights, bait restrictions, use of 

circle hooks), gear setting requirements (e.g.,  one hour after sunset to avoid seabirds), and annual 

exclusion zones to reduce interactions with false killer whales,  depending  on target species  and 

region (Title 50, Code of Federal Regulations (CFR), Parts 229, 300, 404, 600, and 665). In the 

Hawaii ‘deep-set’ fishery (bigeye tuna target), gear configuration regulations require float lines 

to be at least 20 meters in length, a  minimum of 15 branchlines between any two floats, a 45-

gram weighted swivel within one meter of the hook, mackerel  type bait, and no light sticks 

(Regulation: 50 CFR § 665.800). Until recently, most vessels in the Hawaii permitted sector used 

wire leaders  (gear between hook and swivel). Wire leaders were preferred for crew safety to 

reduce risk of weighted swivels flying back and causing serious injury in the event of leader 

breakage during hauling  [13].   

 

In 2021, a proposed regulatory requirement to reduce mortality in oceanic whitetip sharks  

(Carcharhinus longimanus)  in U.S.  Pacific longline fisheries was to have  all branchlines be  

composed of monofilament leader  material starting in 2022. Monofilament is a strong, light 

weight, less visible polyamide  [14]  and  has been shown to significantly reduce shark bycatch by 

increasing potential for sharks to bite through the line (i.e.,  ‘bite-offs’), whilst   increasing or 

maintaining catch rates of target species  [15,  16]. Therefore, until 2021, a typical branchline was 

composed of a monofilament branchline (µ = 12.5 m in length), to a 45-gram weighted swivel  

and 0.5 m of 49 strand (7 x 7) stainless steel wire leader attached to the hook (Figure 1). The 45-
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gram weight on a baited line is a bycatch mitigation regulation to sink gear rapidly and reduce 

the risk of seabirds getting hooked while the vessel is setting gear  [2, 17, 18]. In general, hooks  

used in the U.S.  Pacific longline fishery are barbed, stainless steel, circle hooks (14/0 - 18/0)  

with a 10° offset (Regulation: 50 CFR § 665.800).  

 

Catch rates for sharks in pelagic longline fisheries are higher than in any other fishery world-

wide  [19]. In the Western Pacific Ocean, oceanic whitetip (C.  longimanus) and silky 

(Carcharhinus  falciformis) shark populations have been assessed as overfished with overfishing 

still occurring for  C.longimanus  [20 -22]. Both species are  listed under Appendix II of the 

Conservation on International Trade in  Endangered Species (CITES) and the Convention on the 

Conservation of Migratory Species  (CMS). In 2018, C.longimanus  was listed as threatened with 

endangerment under the United States Endangered Species Act [23]. Due to conservation 

concerns  [24], several regional fisheries management organizations (RFMOs) have instigated 

efforts to reduce mortality in C.longimanus  and C. falciformis  bycatch. This includes  a no 

retention conservation and management  measure in the Western and Central Pacific Fisheries 

Commission  [25 - 27]  that also requires that sharks be released in a ‘manner that minimizes 

harm’   (CMM 2019-04). Although at present, specific guidelines and/or regulations to release 

sharks with minimal harm do not exist (but see [28]).  

 

In U.S.  Pacific longline fisheries, it  is estimated that ~ 98% of all sharks caught as bycatch are 

discarded at sea  [25]  and of those, ~85% are released by fishers cutting the branchline leaving 

between 0.5–25 m of trailing gear attached to the animal  [27, 28]. This means that discarded 

sharks are released with a stainless  steel  circle hook, braided stainless steel wire (or  

monofilament) leader, a 45-gram weighted swivel,  and an  average ~ 9 m of monofilament. The 

length of trailing gear left on a shark at release has been shown to affect post-release survival 

(PRS) rates, where leaving < 1m attached to an animal can improve PRS  of sharks by 

approximately 40% over 360 days [28]. Large quantities of trailing gear attached to animals are  

not only energetically costly as a result of drag but may also introduce infection and risk of  

disease [30, 31], increase susceptibility to predation  [32, 33],  and cause delayed mortality 

associated with the retention of fishing hooks [34, 35]. However, small  changes to fishing gear 

configuration can drastically reduce the deleterious impacts of fishing on pelagic shark 

populations and other discarded bycatch species.  

 

In general, the conventional attitude amongst  fishers and managers is that hooks and the 

accompanying  trailing gear will eventually ‘rust out’ or break apart due to corrosion   and, 

therefore, it  is acceptable to leave gear attached to animals. However, the majority of metal types 

used for hooks in commercial fisheries (i.e.,  stainless steel, galvanized, nickel plated,  and high 

carbon steel) are selected based on strength, size,  and corrosion-resistance  [36 –   38]. Hook decay 

is likely to be affected by several technical factors including hook shape, size,  and material  [39 –   
41]  although few published studies have formally investigated corrosion rates and/or the 

compression (or tensile)  strength of hooks (but see [37, 38, 42]). This information is crucial  for  
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131 determining the length of time trailing gear may take to fall off an animal, which has direct 

implications on post-release survival. Additionally, in fisheries where approved marine mammal 

handling guidelines suggest hooks be opened or removed from protected species (e.g.,  for  false  

killer whales in the U.S.  Pacific longline fisheries), details on breaking strengths of  different 

hook  types  is  imperative.  

 

The purpose of this study was to examine potential options (i.e.,  hook characteristics and leader 

material)  for optimal longline fishing gear configuration that may help to minimize injury and/or  

mortality to non-target species whilst maintaining catch rates of target species. To do this,  we:   

1)  Assessed the effects of leader  material (wire or monofilament) on catch rates and catch 

condition of  target and non-target species through a paired gear trial on a longline fishing 

vessel,  

2)  Used temperature-depth recorders  to quantify sinking rates of branchlines  configured 

with wire and monofilament  leaders, and  

3)  Measured the breaking strength of hooks used in the U.S.  Pacific longline fisheries and  

quantified the time taken for hooks to dissolve or weaken to the point where trailing gear 

may fall off  an animal.   
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148 2 Materials and Methods  

2.1 Paired gear trials: catch comparison between wire and monofilament gear  

 

Between January and July 2019,  paired gear  trials were conducted over four trips on a longline  

commercial fishing vessel  targeting tuna. Normal fishing gear configurations  on this vessel are 

shown in Figure 1. Branchlines were composed of monofilament (µ = 12.5 m), a 45-gram  

weighted swivel,  and 0.5 m of 49 strand (7 x 7) stainless steel  wire leader to the hook. There 

were 15–20 sets per trip, 91–142 floats deployed per set, 24 hooks deployed between floats  and 

the distance between floats was ~ 300 –   500 m, (i.e.,  one ‘segment’ contained 24 hooks   and was 

~ 300 –   500 m in length, Figure 1).  Hooks used on the vessel were forged and unforged 14/0 and 

15/0 offset circle hooks. To compare catch rates between different leader material, the crew 

duplicated the normal gear configuration for the vessel and exchanged 0.5 m of monofilament 

for wire  as the leader material. Branchline leader materials (i.e.,  wire or  monofilament) were  

alternated every 10–30 segments to eliminate any influence of spatial variation on catch rates  

(Figure 1). An observer from  the  Pacific Island Region Observer Program (PIROP) recorded 

when the gear changed from monofilament to wire leaders, any bite-offs (i.e.,  lines that were 

bitten through before  the catch was brought to the vessel), the gear  type on which  each animal 

was captured,  as well as the condition of the animal when captured. Condition categories were 

based on existing classifications from the PIROP and included:  Alive (A), Alive in good 

condition (AG), Alive but injured (AI), Injured (I),  and Dead (D)  [43].  

 

2.1.1 Effect of leader material on hook sinking rate  
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To quantify whether changing leader material affected sinking rates of hooks and also  to 

determine fishing depth for each hook, 20 temperature-depth recorders (TDRs, Lotek Pty. Ltd. 

Canada) were placed within one meter of the weighted swivel during each set by the fishers. Half 

of the TDRs (n=10) were placed on each leader material (wire or monofilament)  in the same 

hook positions, where the starting hook position was determined by the set number. For example, 

on set number one, TDRs were placed on hook numbers one through ten. One TDR at hook  

number one  nearest the float with monofilament leaders and one  TDR  on  hook number one of 

the subsequent segment  with wire leaders  (see Figure 1). In successive sets, the TDRs were 

placed on the next consecutive hooks,  i.e.,  on set 2,  TDRs were placed on hooks 2–11 (for a  

monofilament segment and a wire segment), set 3,  TDRs were placed on hooks 3–12 (for a  

monofilament segment and a wire segment). TDRs were programmed to record temperature and 

depth every 45 seconds  (Figure 1).   

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  

 

 

 

 

 What’s the catch? Examining optimal longline fishing gear configurations to minimize negative impacts 

on non-target species 

170 

171 

172 

173 

174 

175 

176 

177 

178 

179 

180 

181 

182 

183 

184 

185 Figure 1:  Schematic representation  (not to scale)  of the paired gear trials from (top) an  entire section of  

pelagic longline gear with segments containing temperature-depth recorders (TDRs), and (bottom) an  

enlarged diagram of a segment from ‘Set 1’ equipped with TDRs, hooks, the lengths of the floatline and 

branchline, distance between branchlines and leader material.  
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2.2 Quantifying  the rates at which the hooks dissolve or weaken to the point where the trailing 

gear left on sharks will break away.  

 

To quantify hook dissolution, breaking strength, and the time taken for trailing gear to deteriorate 

and potentially fall off an animal, a controlled experiment was set-up in a flow-through flume at  

the Hawaiʻi Institute of Marine Biology, O’ahu, Hawaiʻi (Figure S2). Twenty-four  gear  

combinations (i.e.,  hook and leader material) were trialed, based on common gear  configurations 

used by longline fishing vessels  throughout the Western and Central Pacific (PIROP database).  

Each combination was considered a treatment  and differed by these variables; size (13/0  –   18/0), 

hook diameter (3.8  –   4.9 mm), shape (forged / unforged), ring (ring / no ring), metal  type 

(galvanized / stainless steel),  and leader material (wire /  monofilament) (Table 1, Figures S1, S2, 

S3). Treatments with wire leaders had weighted swivels with copper crimps, and treatments with 

monofilament leaders had no weighted swivels  and  aluminum crimps (to mimic U.S.  Pacific 

longline fishing gear configurations, Figure S1). Notably, the chafing gear used by  some U.S.  

fishers where the leader  is threaded through the hook eye was not used in these experiments. 

Hook diameter (i.e.,  the thickness of the metal  used to manufacture  the hooks) was measured 

using carbon fiber digital calipers (resolution 0.1 mm, Adoric 0-6”™). Measurements were taken 

from approximately 1 cm below the ring for all hooks and in front  the forged portion (for forged 

hooks). Five diameters were  measured for each hook type and average hook diameter was 

recorded. There were four replicate hook configurations per  treatment and of these, three were 

embedded in 10 x 5 cm ballistic gel  (10% gelatin, Clear Ballistics, Greenville, SC,  USA) 

sections to mimic being embedded in tissue (e.g.  the jaw of a marine animal). One hook was left  

out of the ballistic gel as a control. Two treatments (i.e.,  8 hooks from  two different gear  

configurations) were attached to a plexiglass base suspended above the bottom of  a flow-through 

seawater flume by a tagged wooden cross-strut (Figures  S2, S3). Hooks were positioned 

equidistant  from one another  to eliminate  contact within and between treatments. The control 

hooks (i.e.,  those that were not embedded in ballistic gel)  were laid along-side respective 

treatments on the bottom of the flume. The flume (24  ft  long, 14 in wide,  and 14 in deep) had a  

constant flow (2  km/ hr) of filtered seawater over the submerged hooks  (Figures S2, S3). The 

flume was cleaned twice per week to eliminate any depositing  of organic material.  

  

Every 30 days,  hooks were removed from the flume, rinsed with freshwater,  and cut out of the 

ballistic gel. Each treatment was then tagged, placed on a baking tray,  and dried in an oven at 

170°F for 15 minutes to eliminate all moisture. Configurations were brushed using a  fine 

toothbrush to remove any organic material remaining on the  hooks (avoiding all rusted parts). 

Hooks were then weighed and photographed on both sides  and the state of dissolution and gear  

deterioration were categorized into three groups  as a proxy for the amount of trailing gear that 

would remain on an animal:  1) All  Gear - all  the gear  (i.e.,  hook, leader,  and weight) still 

attached;  2) Wire Leader - the wire leader still attached to the hook (i.e.;  the upper crimp nearest 

the swivel came apart). In this scenario, the weight and branchline monofilament have fallen off;  

however,  an animal would have ~ 1m of wire  leader attached; 3) Hook Only - only the hook is 



 

 

 244 

 230 still attached (i.e.,  the lower crimp nearest the hook came apart). In this scenario, only a hook is  

hypothetically left on the animal. After weighing and classifying, all  hooks were placed back in 

ballistic gel blocks and rotated to a new position in the flume to eliminate  any possibility of 

negative hydrodynamic effects. After 360 days (February 2018–January 2019) the experiment 

was concluded,  and the breaking strength of  each soaked hook was measured using a Lindgren-

Pitman Line Puller STBRM model 190 (Lindgren-Pitman, Inc. Pompano-Beach, FL). Breaking 

strength was defined as the amount of pull strength (in pounds) required to either break the hook 

or open it by straightening it to the point where  it  came off the machine. This point corresponds  

to the degree of deformation required for a fish or marine mammal to come off  the line or  

‘escape’. Breaking strengths for identical unsoaked hooks (i.e.,  new hooks) were also measured 

for comparison (Table 1).  

 231 

 232 
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 240 

 241  

 242 Table 1: The 24 different gear configurations (size, shape, ring, diameter, leader material and metal type) 

used to test gear deterioration and the breaking strengths (lbs) of soaked and unsoaked hooks in the flow-

through flume  experiment.  
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3 Statistical Analysis  

 

3.1 Paired gear trials: Catch comparison between wire and monofilament gear  

 

Catch data were separated into single  species, species groups,  and catch groups  (see Table  2). 

Single  species included:  bigeye tuna (Thunnus obesus, target  of this fishery), skipjack tuna 

(Katsuwonus pelamis), yellowfin tuna (T. albacares), swordfish (Xiphias gladius), blue shark 

(Prionace glauca), bigeye thresher (Aliopas supercilious), shortfin mako (Isurus oxyrhinchus). 

Species groups were separated into;  tuna (Katsuwonus pelamis, T. obesus, T. albacares, T. spp.), 

billfish (Istiophoridae, Tetrapturus angustirostris, Xiphias gladius, Tetrapturus audax), 

dolphinfish (Coryphaena equiselis, C. hippurus), pomfrets (Taractichthys steindachneri, 

Taractes rubescens, Bramidae spp.),  oilfish (Ruvettus pretiosus, Lepidocybium flavobrunneum, 

Scombrolabrax heterolepis),  and sharks; blue shark, bigeye  thresher, shortfin mako,  crocodile  

shark (Pseudocarcharias kamoharai), unidentified thresher (Aliopas spp.), and unidentified 

mako sharks  (Isurus  spp). Catch groups included; marketable species, i.e.,  species and species 

groups  that are sold commercially (tunas,  billfish, dolphinfish, oilfish, pomfrets, lampris 

guttatus, Escolar, Acanthocybium solandri), other non-target species, i.e.,  species and species 

groups  that are marketable but not targeted, some discarded (Alepisaurus  ferox,  Gempylus  

serpens, Scombrolabrax  heterolepis, Zu elongatus), and sharks and rays (rays included; Dasyatis 

violacea). In this study there were three interactions with protected species. Due to low sample 

size, these species were not included in the analysis.  

 

Generalized Linear Mixed Models (GLMMs) were used to investigate  the effect of  leader 

material on catch. GLMMs were employed because longline data are hierarchical  [44]  in that 

longline sets occur together in space and time and sets within a trip are expected to be more 

closely related than sets between trips. Catch data was  recorded as the number of individuals  of 

each species  caught on either wire or monofilament leader material. Catch data  were  aggregated 

(summed) per set  for  each species, species group and catch group. Due to  the discrete nature of 

the data (i.e.  counts) both  poisson and negative binomial distributions were tested  [45]. Model  

selection was based on the corrected Akaike Information Criteria (AIC), and model  fit and 

assumptions were examined using residual plots, all of which were satisfactory.  Negative 

binomial error distribution with a log-link was selected to account for the non-normal and 

overdispersed nature of the count data.  For each analysis, the GLMM predicted catch as an 

interaction between the number of individuals caught and leader type.  Due to the differing 

number of wire and monofilament hooks deployed per set, an offset parameter  (i.e.,  the number 

of wire or  monofilament hooks deployed during a set) was added to the model. To account for 

spatial and temporal variation within and between sets, a nested variable (trip number/set 

number) was included in each model providing an estimate of  catch over levels of trip. 

Therefore, for each model the response variable  was catch, and predictor variables were the 

interactions  between leader type (either wire or monofilament) and either individual  species  
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(each species analyzed separately), species groups  (analyzed together),  or catch groups  (analyzed 

together).  To compare catch of sharks as a group between leader materials, two datasets were 

generated. One that included ‘bite-offs’, which used the assumption that   all bite-offs were caught 

sharks following [16], and the second that compared the numbers of bite-offs between 

monofilament and wire gear only. Each subset of the data (i.e.,  single  species, species groups, 

catch groups, sharks only) were analyzed separately. All analyses were conducted in R Statistical  

Program  [46] using the packages lme4 [47], DHARMa [48], glmmTMB  [49], MASS [50]. Tukey’s   
adjusted pairwise comparisons (emmeans;[51]) were used  to examine differences  in  catch  

between wire and monofilament gear types for each subset of data.  Emmeans  computes 

estimated marginal means (or least-squares means) from fitted models  and  enables comparisons  

among and between estimates  using   Tukey’s adjustment   [51].  

 

3.1.1 Paired gear trials: Catch condition  

 

Catch condition of all sharks brought to the vessel was scored into one of five categories:  

Alive (A), Alive in good condition (AG), Alive but injured (AI), Dead (D), and Injured (I). Only 

sharks that were brought to the vessel were  included in the analysis, so the response variable 

(catch) was > 1. Data were again aggregated by catch  per set  for all sharks and blue sharks. The 

data were count data that were not overdispersed, so a Poisson distribution with trip number/set 

number nested within the model and a log link function was used to compare caught condition of 

sharks as  a group and blue sharks (analyzed separately) between monofilament and wire gear 

types across each trip. The offset parameter (i.e.,  the number of wire or  monofilament hooks 

deployed during a set) was also included in these models. Again, Tukey’s   adjusted pairwise   
comparisons were used to examine differences  in  catch  and  catch condition between  wire and 

monofilament gear types [51].  

 

3.1.2 Paired gear trials: Temperature-depth recorders (TDRs)  

 

For each TDR deployment, we classified a) sinking rate—the rate of change in depth across the 

first 50 m of the hooks deployment and b) fishing depth, i.e.,  when a hook was not sinking or  

being hauled, but sitting at a relatively ‘stable’ depth   (as defined by [52]). The sinking period 

was defined as the first 50 m of the deployment when each consecutive depth reading was ≥ 5 m 

from the previous. The first 50 m was chosen to ensure that sinking rates  were not influenced by 

setting of gear, currents,  or oceanographic features at deeper  depths (i.e.,  ≥ 200 m). Sinking rate 

was calculated as the average distance (i.e.,  difference in depth between first reading at 

deployment and last reading at 50 m)  over time (seconds or minutes). To ascertain the initial 

shape and depth of when the gear reached its fishing depth, average depth was calculated across 

the same hook number for wire and monofilament gear. Data from  two  TDRs were excluded due 

to technical malfunctions. A paired t-test was used to determine whether there were differences 

in sinking rates and fishing depth between gear types.  
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3.2 Flume experiment: Gear deterioration & breaking strength  

 

To test  the influence of  hook characteristics on the breaking strength and deterioration of gear, 

six variables were examined; hook size (13/0 - 18/0), hook diameter (3.8 - 4.9 mm), shape 

(forged / unforged), ring (ring / no ring), and metal type (galvanized /  stainless steel),  as well as 

leader material  (wire / monofilament)  (Table 1). There was a direct positive correlation between  

hook size and hook weight (in grams), so hook weight was used as a proxy for size and added as  

a continuous variable into our models. Similarly, hook diameter was positively correlated with 

hook size  (Figure S4), so separate models were used to test the influence of hook diameter and 

hook size explicitly.  

 

3.2.1  Breaking strength  

 

To determine the influence of the six hook characteristics on breaking strength of experimental 

circle hooks  (i.e.,  those that were soaked in the flume for 360 days) and new hooks (those that 

were unsoaked),  GLMMs with a gamma distribution (log-link function) for continuous  non-

negative data  were employed. Breaking strength (lbs) was the response variable and hook size, 

diameter, shape, ring, metal type,  and leader material were predictors variables. Due to the 

unbalanced nature of the experimental design (i.e.,  unequal amount of replicate treatments), the 

data were re-weighted via an inverse sample size weighting and included in the models as 

weights. To compare differences in the breaking strength of experimental versus new hooks, a 

paired t-test was conducted.   

 

3.2.2  Gear deterioration  

 

To quantify the time taken for trailing gear to deteriorate, data were classified into three 

categories;  1) All  gear 2) Wire leader 3) Hook only (see Methodology). Because the same hooks 

were repeatedly measured through time, and the categories of gear deterioration were ordinal in 

nature (i.e.,  All gear, Wire leader, Hook only), an ordinal logistic cumulative link mixed model 

(CLMM) for repeated measures was used (logit  link function, R package:  ordinal, [53]) to assess 

the influence of the six hook characteristics on the breakdown of the gear over  time. CLMMs are 

useful for ordinal regression models with random effects and hook was included as a random 

effect in the model. Estimation via maximum likelihood using the Laplace approximation or 

adaptive Gauss-Hermite quadrature (for one random effect) was used. Data were again re-

weighted via an inverse sample size weighting and were included in the model as weights.  

 

We also wanted to measure corrosion rates, i.e.,  change in density of hooks across time. 

Unfortunately, we were unable to measure changes in hook density due to unexpected pitting and 

exposure blisters  in some hooks which overinflated weights and diameters and subsequently 

impacted hook density. Instead, we sub-sampled data to include only the weight of  the hook 

across the sampling period;  this meant there was a gap in data until  trailing gear fell off the hook 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

and we were able to measure hook weight only. Due to the nature of these data, the analysis  was 

limited to exploratory plots fitted using locally estimated scatterplot smoothing (LOESS).  

 

4 Results  

 

4.1 Paired gear trials: Catch comparison  

 

The raw catch and nominal CPUE for the 20 most commonly caught species on monofilament  (n 

=  97,032 hooks) and wire (n  = 97,212 hooks)  are  shown in Table  2. Across the four trips, the 

vessel deployed between 15 - 20 sets per trip. Within each set, 91 - 142 floats (mean = 129 

floats) were deployed, with 24 hooks per float. Therefore, the number of  hooks deployed per set 

varied between 2001 - 3247 (mean = 2948 hooks). Floatline lengths were 20.4 m ±  0.15m 

(mean ± SD),  and branchline lengths were 9.3 ± 0.18 m (mean± SD).  

 

 

Table 2:  Catch summary for the 20 most commonly caught  species on wire and mono gear for four  

commercial longline trips.  Numbers are raw catch and nominal CPUE in parentheses.   

 

In total, 2984 individuals from 34 species were caught, 1465 on monofilament, 1519 on wire  

gear. Bigeye tuna, the fishery target, were the most frequently caught species (CPUE = 4.762)  

across all four sampling trips, followed by the longnose lancetfish (A. ferox, CPUE = 2.758) and 

the common dolphinfish (CPUE = 1.869). A comparison of catch rates for the four most 

common marketable species; Bigeye tuna, Yellowfin tuna, Skipjack tuna, and Swordfish 

demonstrated no significant differences in CPUE between wire and monofilament gear types  

(Table  3, Figure 2b & 2c). For the marketable species group as a whole, there was slightly higher 

catch on wire compared  with monofilament gear (Figure 2c). Although not significant, this 

difference was primarily driven by higher catch of pomfret  and oilfish on wire gear (p=0.857, 

Table  3, Figure 2b).  
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403 

404 Figure 2.  Modelled estimates of mean CPUE  of a) catch groups, b)  species groups, and c) single species 

between wire (orange) and  monofilament (purple) leader materials  for the paired-gear trials (n=4 trips). 

Error bars indicate standard error.  

405 

406 

407 

408 A total of 235 sharks were captured across the four trips. There were significantly higher (41%) 

catch rates of sharks (all species grouped together) on wire (CPUE = 1.36) compared with 

monofilament gear (CPUE = 0.76) (p=0.004, Table  3, Figure 3a). However, these data only 

represented  sharks that were  brought to the vessel. A total of 55 bite-offs were recorded, four of  

these bite-offs were on wire leaders  and the remaining 51 (94  %) occurred on lines with 

monofilament leaders  (Figure 3b). If we assume that bite-offs were made by undetected sharks, 

differences in shark catchability between leader types disappear (p=0.963, Table  3, Figure 3c). 

At an individual species  level, blue shark was the most commonly caught  shark (CPUE = 0.62)  

comprising 75.9% of the total shark catch (Table 1)  and there were  35.3%  more blue sharks  

caught on wire (CPUE = 1.5) compared with monofilament (CPUE = 0.97) gear types 

(p=0.0034, Table 2, Figure 2c). Similarly, there  was a 64.5% increase in shortfin mako sharks (I. 

oxyrhincus) caught on wire gear (CPUE = 0.62) compared with monofilament (CPUE = 0.22) 

leaders (p=0.0086, Table 3, Figure 2c).  
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425 Figure 3:  Modelled estimates of mean  CPUE between wire and monofilament leader material  for a) all 

sharks brought to vessel, b) bite-off data,  and c) sharks plus bite-off data. Error bars indicate standard 

error.  
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Table 3:  Contrast table (monofilament  vs.  wire) showing catch comparisons of single species (most 

commonly captured, each species analyzed  separately), species groups, catch groups,  and sharks that were 

i) brought to the vessel, ii) bite offs,  ii)  combination of  vessel and bite offs. The catch condition for all 

sharks and blue sharks between monofilament and wire is also shown.  Model notation is shown in  italics  

at the top of each data subset. Individual species were  analyzed separately.  The p-value in bold indicates a 

significant difference in catch and / or catch condition between monofilament  and wire  leader materials.  
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462 4.1.1 Paired gear trials: Catch condition  

 

Catch condition of all sharks (grouped together) and blue sharks (analyzed separately) that  were 

brought to the vessel were also compared across gear types (Table  3). Of the 172 sharks caught  

in total, 26  (15%) were brought to the vessel dead  (n=4 on monofilament and n=22 on wire). 

This result suggests wire leaders may cause higher mortality for sharks (as a group).  
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468 Surprisingly, for blue sharks, whether they were caught on wire or monofilament  leaders had no 

bearing on their catch condition  (Table 3).  

4.1.2 Paired gear trials: TDRs - Fishing depth and sinking rates  

 

Temperature-depth recorder data determined the most common depths fished to be  192.9 ± 16.6 

m (mean ± SD), the minimum fishing depth was 27.2 m,  and the maximum was 330.9 m. Fishing  

depths were relatively similar between wire and monofilament gear types for shallower hooks 

(i.e.,  hooks 1- 8 and 17 - 24) where average fishing depth for hooks with monofilament leaders  

was 139.3 ± 61.6 m (mean ± SD) and for wire  leaders 142.7 ± 63.1 m (mean ± SD) (t=-0.155, p 

= 0.8775). However, for deeper set hooks (i.e.,  hooks 9 - 16, > 200 m), the difference in fishing 

depth between gear  types increased significantly so that hooks with wire  leaders  fished on 

average 29.3 m deeper (272.3 ± 22.9 m, mean ± SD) than hooks with monofilament leaders (243 

± 12.3 m, mean ± SD) in the same position (t=-3.1812, p = 0.009) (Figure 4). Irrespective of  

differences in fishing depth, we found no differences in the sinking rates between wire and 

monofilament leader types (t=1.317,  p = 0.188). The mean sinking rate for monofilament gear 

was 0.21 ± 0.026 m/sec (12.62 ± 1.58 m/min, mean  ± SD) and for wire was 0.21 ± 0.037 m/sec 

(12.37 ±  2.21 m/min, mean ± SD).   
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487 Figure 4:  Box-and-whisker plots showing the average fishing depth for each hook (1-24) across wire 

(orange) and  monofilament (purple) gear types. The median depth for each hook is represented by the 

middle line in each plot, with the upper and lower 25% above and below the median represented by the 

box. The whiskers are extended to extreme values.  
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493 4.2 Flume experiment  

 

4.2.1 Flume experiment:  Gear deterioration  

 

For all gear  combinations, hooks rigged with monofilament leaders did not break apart,  and all  

gear stayed attached to the hook for 360 days (Figure 5). In contrast, gear rigged with wire  

leaders began to break apart after an average of 109.61  ± 32.47 days  (mean ± SD),  primarily due  

to corrosion of the copperlock crimps composed of dissimilar metals locking the stainless steel 

wire leader nearest the hook eye/ring or at the weighted swivel in place. Wire leaders remained 

attached to the hooks for an average of 163.92 ± 47.05  days (mean ± SD);  however,  the crimps 

connecting the hooks to wire leaders  began to break apart around 174.6 ± 46 days (mean ± SD) 

(Figure 5). For hooks with wire leaders, metal type and shape had the strongest influence on the 

time when trailing gear  fell apart  (Table 4, Figure S5). For example, unforged, galvanized hooks 

had completely disintegrated after an average  of 195 ± 14.4 days (mean ± SD) whereas, forged 

stainless steel hooks took on average 217.5 ± 24.8 days (mean ± SD) to break apart, although 

there was a  large amount of variability in gear deterioration between hook types (Figure S5).  
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511 Figure 5: Amount of time (days) taken for various components of trailing gear to fall off hooks rigged  

with monofilament leaders (left panel) and hooks rigged with wire leaders (right panel). In red:  all trailing  

gear is intact and remains on the hook. In yellow:  the crimp near the weighted swivel failed and trailing 

gear above the wire leader came off. In teal:  the crimp nearest the hook failed and the leader plus the 

swivel came  off (i.e.,  all trailing gear would have come off the animal except the hook).  
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Table 4: Statistical output for the ordinal repeated measures mixed effects models testing the influence of  

five hook characteristics on the time taken for trailing gear to  deteriorate.  

   

 

4.2.2 Flume experiment:  Hook weight change  

 

Though actual rates of corrosion (i.e.,  change in density of hooks over time) were unable to be 

determined, Figure 6 shows the change in weight of hooks across time. For all hooks except 14/0 

forged, stainless steel there was a gradual decrease in weight between 0  - 360 days. Weight  loss  

was primarily influenced by metal type and hook size, where larger, galvanized hooks lost up to 

~11.5% ± 2.9% of their  original weight compared with stainless steel hooks that  lost  ~1.2% ±  

0.8% of their original weight between days 0 and 360 (Figure 6).  
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533 Figure 6: Average weight loss in grams (y-axis, used as proxy for corrosion rate) across 360 days (x-axis) 

of soaking. Horizontal panels represent hook size, whilst vertical panels compare forged and unforged 534 
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hooks This graph shows the data for hooks with wire leaders only. 

4.2.3 Flume experiment: Breaking strength 

Breaking strength of soaked hooks across the 12 different hook configurations (excluding leader 

material) varied between 1 - 654.2 lb (398.6 ± 136.15, mean ± SD) and the breaking strength of 

the unsoaked (i.e., new) hooks varied between 325.6 - 824.8 lb (582.0 ± 117.9 mean ± SD) 

indicating that hooks that had been soaked for 360 days had a substantially lower breaking 

strength (up to 178 lb less on average) than their identical unsoaked counterparts (t = -5.10, p 

<0.001, Table 1, Figure 7). Hook shape (forged / unforged), metal type (galvanized / stainless 

steel), size (14/0 - 18/0) and diameter (3.8 - 4.9 mm) were the most influential predictors for the 

breaking strength of soaked hooks (Figure 7, Table 1, Table 5). There was a positive increasing 

relationship between breaking strength, hook size, and hook diameter where larger hooks, greater 

in diameter, had higher breaking strengths (Figure 7). However, hook shape was the strongest 

predictor where forged hooks had consistently higher breaking strengths than unforged hooks. 

For example, larger, forged, stainless steel hooks required up to 612.35 ± 188.5 lb (mean ± SD) 

of force to open or break them compared with 175.05 ± 192.35 lb required to open or break 

smaller, unforged galvanized hooks (Figure 7, Table 1). Interestingly, breaking strength differed 

markedly for similar sized hooks (i.e., 15/0) of different shapes and diameters. For example, the 

average breaking strength of a 15/0, forged, 4.2 mm, stainless steel hook was 415.17 ± 217.9 lb 

(mean ± SD) while the average breaking strength of a 15/0, unforged, 4.4 mm hook was 324.63 

± 212.74 lb (mean ± SD) (Table 1, Figure 7). The difference of 90.54 lb of force required to 

break or open these similar hook types suggests that both shape and diameter are important 

predictors of breaking strength (Table 1). The hook with the lowest breaking strength (115.35 ± 

115.81 mean ± SD) was the 16/0, 3.9 mm, Mustad, unforged, galvanized hook with no ring 

(Table 1, Figure 7). Although whether or not a hook had a ring did not influence its breaking 

strength (Table 1, Table 5). For new (unsoaked) hooks, size, diameter, and metal type were 

influential predictors of breaking strength (Table 1, Table 5); however, shape (forged / unforged) 

and whether or not the hook had a ring did not influence breaking strength for unsoaked hooks. 

Therefore, whether or not a hook is forged may be an important consideration in breaking 

strength for soaked hooks. 
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567 

568 Figure 7: Predicted mean breaking strength (lb) of soaked galvanized (left panel) and stainless steel (right 

panel) hooks across increasing sizes (x-axis) and shapes; forged (blue circles) and unforged (purple 

circles). Black vertical lines represent the 95% confidence intervals around the mean.  
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  Table 5: Statistical output for the influence of hook characteristics on the breaking strength  of soaked and  

unsoaked hooks. Bold p-values show which characteristics had the most influence on breaking strength 

for soaked and unsoaked hooks.  
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593 5 Discussion  

 

As concerns for fishery sustainability have increased over time, some of  the largest 

improvements in bycatch mitigation strategies within U.S.  fisheries have been due to changes in 

fishing gear  configurations, where simple adjustments have produced encouraging outcomes [16, 

54, 55]. In this study, we show that leader material, as well as hook size, diameter, shape,  and 

metal type are influential factors to consider  for optimizing fishing gear configurations,  

potentially enhancing operational effectiveness and reducing harm and injury to  bycatch species 

in the U.S.  Pacific longline fisheries. Our results echo previous studies that demonstrate a 

reduction in shark bycatch and mortality on monofilament leaders compared with wire, whilst 

catch rates of target species were maintained or increased [15, 16]. This finding is primarily 

driven by the assumption that sharks are more likely to bite through monofilament  [16, 56]  and  

are  therefore less likely to be brought to the vessel on monofilament gear. We found that the  

number of  sharks brought to the vessel was ~ 41% higher on wire leaders compared with 

monofilament,  whereas  94% of bite-offs occurred on monofilament leaders. Although wire 

leaders reduce the probability of caught individuals escaping the vessel to a large extent  [16],  we 

also show that wire leaders increase the potential  for at vessel mortality for sharks by up to 20%. 

Further, the proportion of bite-offs to the number of sharks caught (23.4%) suggests that a 

significant number of sharks may fail to be accounted for in longline fisheries catch statistics and 

population assessments when monofilament  leaders are used. Therefore,  while switching gear 

types to monofilament may provide an effective mechanism  to allow sharks to free  themselves  

from fishing gear and reduce shark mortality rates  [28], this could result in an underestimation of 

shark interaction rates which has significant implications for  stock assessment and fisheries  
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616 management globally  [16]. U.S.  Pacific observer programs are not required to include the 

number of bite-offs in a set. However, recording bite-offs may help resolve non-specific shark 

catch rates that could prove influential in future stock assessments as the U.S.  switches from wire  

leaders to monofilament in the Hawaii permitted deep-set tuna fishery.  

 

However, switching gear types from wire to monofilament may only be beneficial to non-target 

species that are discarded alive if  trailing gear is minimized. We found that monofilament gear 

did not ‘rust out’ or break apart under laboratory settings during our sampling period of 360 

days. This finding indicates that sharks and other protected species released with monofilament 

trailing gear may be burdened with it for at least a year. In contrast, the copper crimps  used by 

most U.S.  Pacific longliners on branchlines with wire leaders  began to break apart after ~100 

days in the lab setting  which could substantially decrease the amount of time an animal is 

carrying trailing gear. This switch in gear types may evidently lead to a trade-off between 

allowing sharks to bite through monofilament and the negative effects of carrying trailing gear  

for up to a year if it is not removed. Post-release survival (PRS) studies of sharks have 

documented a 40% increase in PRS rates over 360 days for animals released with less than 1m of  

trailing gear;  however,  survival rates dropped from 90% at 60 days post release to 73% after 180 

days if  > 10 m of trailing gear was left on an animal [28]. Trailing gear attached to animals is 

likely to reduce survival by restricting swimming efficiency  (as a result of drag) which may 

increase susceptibility to predation [32, 33]  and potentially  introduce infection and disease 

through hook retention and gear abrasion [34, 35]. Thus, fishery managers should consider  

handling and release recommendations that require fishers to remove as much trailing gear as 

possible [27,  28,  57]. More specifically,  in the U.S.  Pacific fisheries where weights are required 

for seabird bycatch mitigation, fishers should be instructed to ensure the weights are  removed. 

Recently, there have been promising technological advancements in the development of 

biodegradable monofilament  that can degrade within 2 years  [58]. And,  although the majority of 

current research is focused on gill nets [59], there is a push for the expansion of this material to 

longline fisheries  [60]. Therefore, a combination of certain hook types with biodegradable 

monofilament may provide an optimal gear configuration to reduce harm, interaction,  and injury 

to bycatch species that  cannot be brought to the vessel for gear removal. Further  research on the 

efficacy of biodegradable monofilament  is warranted.  

In general, longline fisheries around the world use a variety of hooks of different, sizes, 

diameters, shapes,  and metal  types  [61]. Here, we  show that these four  characteristics (shape, 

size, diameter  and metal type) as well as leader material strongly  influence the breaking strength 

of hooks  and the time taken for the gear to deteriorate or theoretically ‘rust out’ of an animal. 

These data have direct implications for the management of several protected species, but 

primarily false killer  whales. The current regulatory measures under the False Killer  Whale Take 

Reduction Plan (FWKTRP) require the use of   ‘strong’   monofilament branchlines greater than 2  

mm in diameter and ‘weaker’ hooks   less than 4.5 mm   in diameter  [62]. Protected species  

handling guidelines require the vessel to create enough tension on the branchline to open or 

straighten the hook by tying the  line off and backing the vessel away from the animal  [63]. It  is 
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657 assumed that stronger branchlines and weaker hooks will reduce the force required to unbend or 

‘open’ the hook so an animal can be released without embedded hooks and trailing gear   [62, 64]. 

Our results confirm previous studies demonstrating weaker hooks < 4.5 mm in diameter have 

lower breaking strength than hooks with larger diameters  [64, 65]. However, we highlight the 

importance of also considering the shape of the hook. Weak hooks are often  formed from bent 

wire that is  circular  in cross section (i.e.,  round, unforged hooks) compared to traditional forged 

‘strong’ hooks that are oval in cross section [65]. Our results demonstrate that  the breaking 

strength of hooks of the same diameter is ~163 lb less on an unforged hook compared with a 

forged hook.  Studies have shown unforged, polished steel, Mustad circle hooks (sizes; 9/0, 16/0 

and 18/0)   to be ‘weaker’ and more readily removed from   the jaw of pelagic odontocetes 

compared with forged Korean 16/0 and 18/0 hooks that had higher breaking strengths and caused 

more destructive tissue injuries [42]. However,  the  same  study found that both Mustad 16/0 and 

Korean 18/0 hooks were strong enough to potentially fracture the mandible of odontocetes  [66]. 

This information supports a determination of serious injury should a hook become entangled in 

the jaw of a small cetacean [67]  and warrants  additional  investigation. Further, our results 

determined metal type to be a strong predictor of breaking strength, where galvanized hooks had 

a lower breaking strength than stainless steel. Currently, under the FKWTRP,  there are no 

requirements for hook shape or metal type used in the U.S.  Pacific longline fisheries. Therefore, 

we suggest that the FKWTRP consider  the use of unforged and / or galvanized hooks < 4.5 mm 

in diameter, as these characteristics may reduce the amount of force required to break (straighten 

or open) a hook by up to ~70%, substantially minimizing harm and injury to protected species.  

Finally, it  is widely recognised that increasing the sinking rate of a baited hook is the single most  

effective means of reducing seabird bycatch in longline  fisheries  [2, 17, 18]. However, it is 

unclear whether a switch from wire to monofilament  leaders may influence the sinking rate of 

hooks. There was  no difference in the sinking rate of hooks between wire and monofilament gear  

types  in this study  (~0.21 m/sec or 12.5 m/min)  with values  very  similar to the 6 –   12 m/min 

values reported for longline vessel hooks by [68]. This information is encouraging for vessel 

operators and fisheries managers  as the U.S.  Pacific longline fishery switches to monofilament 

branchlines to ensure  that monofilament leaders will not affect the sinking rate of gear. 

Furthermore, TDR data collected in this study indicate that hooks deployed on a U.S.  tuna 

longline vessel fished a range of depths between 27 - 331 m.  The average depth fished was 193 

m, and the median fishing depth was 205 m, with 80% of hooks fishing deeper  than 100 m. 

These results are similar to previous studies of Japanese longline hooks (15 hooks per  float), 

where hooks fished depths between 100 - 200 m 60% of the time  [69]. Notably however, our 

results show that a  switch from wire to monofilament  leaders may  lead to deeper hooks (i.e.  

those fishing > 200 m) fishing up to 30 m shallower than wire gear. For  example, we found that 

hooks with monofilament  leaders, set for > 200 m, fished on average 30 m shallower than a hook  

on wire gear set for the same depth. This difference is most  likely driven by differences in weight 

between  monofilament and wire, and  lighter monofilament gear being more affected by abiotic  

drivers such as wind and current that shoal the longline [70]. This  information is important for  
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697 vessel operators to consider when targeting depths > 200 m as the fishery switches to 

monofilament gear.  

Conclusion  

 

In conclusion, this study examines possible options for optimal U.S.  longline fishing gear 

configurations that may assist in minimizing injury, harm,  and mortality to non-target species. 

Simple changes to gear configurations are often more readily accepted and implemented by 

vessel owners, skippers,  and crew [15]. Importantly, gear trials conducted on a U.S.  tuna longline 

vessel showed no difference in the capture rates of target species (i.e.,  tunas) while  reducing 

catch rates of sharks. These results should be broadly applicable to other longline fisheries 

because the U.S.  Pacific longline fishery exhibits similar operational characteristics (e.g.,  deep 

daytime sets) and target  species (e.g.,  Thunnus obesus) to other fishing nations globally  [71]. We 

show that a gear switch from wire to monofilament leaders has the potential to allow sharks and 

other protected species to bite through monofilament and free themselves from the gear, thereby 

reducing mortality. However, monofilament gear may not  deteriorate  even after  360 days. This  

suggests a potential trade-off  in the gear switch such that animals that  are not able to bite through 

the line  close to the hook could be burdened with trailing gear for over one year. Recent 

developments in biodegradable monofilament for longline fishing vessels may provide a solution 

to this problem, and  more research into the efficacy of biodegradable fishing  gear is strongly 

encouraged. It is strongly recommended that crew remove as much trailing gear as  possible from 

animals that are brought to the vessel to increase post-release survival rates of discarded 

individuals. Furthermore, smaller  (in diameter  and size), unforged, and/ or galvanized hooks with 

lower breaking strength are recommended to reduce harm and injury to false killer whales. 

Finally, the results of  this study reaffirm the critical need to collect a range of information from 

fisheries on fishing practices which influence the performance of fishing gears. These  data  

provide a strong baseline against which future changes in fishing practices and fishing 

effectiveness can be compared.  
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737 Supplementary Information  

738 

739 

740 

741 Figure S1: An example of one treatment. Two different configurations of hook size, shape, 

leader material, ring,  and weighted swivel. Monofilament gear configurations are shown in the  

top four hooks, and wire gear with the weighted swivel in the bottom  four  hooks.  
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745 

746 Figure S2: Image of the gear configuration set up in the flume at HIMB. Each strut contains  two 

treatments (i.e.,  eight hooks). The flume dimensions were: 24  ft long, 14  in wide and 14  in deep, 

and the wooden cross struts holding the treatments were 17.5  in wide. The ballistic gel cut-offs 

holding the control hooks were 12 in wide.  

 

747 

748 

749 

750 



 

 

  

 

 

 

 

 

 What’s the catch? Examining optimal longline fishing gear configurations to minimize negative impacts 

on non-target species 

751 

752 Figure S3: Depiction of two treatments (i.e. 8 hooks from  two different gear configurations) 

attached to wooden struts and a plexiglass base suspended above the bottom of the flow-through 

flume with hooks embedded in balistic gel  to mimic being embedded in tissue (of  a marine 

mammal). One hook from each configuration was left out of the gel as a control.  
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758 Figure S4: Positive correlation between hook diameter and size. Hook sizes with ‘-M’ are 

Mustad, galvanized hooks.  
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762 Figure S5:  Amount of time (days)  taken for All  Gear, Wire  Leaders,  and Hook Only (y-axis) to 

remain components of  trailing gear  to break apart from hooks rigged with wire leaders only.  
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