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ABSTRACT
Bycatch, defined here as catch discarded for regulatory, economic or personal
reasons, from pelagic longline fisheries has contributed to wide spread
population declines of sharks and sea turtles. Opportunities to reduce impacts in
these fisheries occur throughout the fishing process and depend upon the fishing
practices within fleets, and upon the behaviour of target and bycatch species.
The overall objective of this thesis was to identify bycatch mitigation opportunities
within the Canadian Atlantic pelagic longline fishery, which targets swordfish

(Xiphias gladius), warm-water tunas (bigeye, Thunnus obesus; yellowfin T.

albacares; and albacore, T. alalt and mahi-mahi (Corypl ipp!

Bycatch includes common sharks and rays (blue shark, Prionace glauca; pelagic

stingray, Pteroplatytrygon violacea), and sea turtles

Dermochelys coriacea; loggerhead, Caretta caretta). Bycatch mitigation
approaches such as shifting to circle hooks, increased the likelihood that shark
bycatch would be released alive and with less severe hooking injuries. Shorter
longline soak times also increased hooking survival among most of the common
bycatch species. Shorter soak times would not decrease catch of the most
common landed species (swordfish), but this shift in fishing practices could

negatively impact fisher safety. Interviews with active longline captains revealed

and unis ical impacts with proposed bycatch
mitigation approaches. Longline captains also reported innovative uses of

bycatch mitigation tools that could increase post-release survival of common



bycatch species in this and other pelagic longline fleets. Finally, the combined
analysis of fisheries observer data, qualitative data from fishers’ knowledge
interviews, and concurrent environmental data suggested that high blue shark
catch rates were related to local oceanography — and did not reflect behavioural
differences between blue shark and swordfish. Clearly, there are opportunities for
bycatch mitigation within the Canadian pelagic longline fishery for swordfish and
tunas. However, the process of interviewing pelagic longline captains revealed
both interest in reducing bycatch, but also suspicion of research efforts. Such
trust issues will need to be addressed in subsequent research as the combined

use of fishery detailed ic data, practical fishing

knowledge, and on-the-water observations will be needed to decrease the

amount of and harm to discarded bycatch.
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CHAPTER 1: INTRODUCTION AND OVERVIEW

1.1 Introduction
1.1.1 Bycatch mitigation

Fisheries bycatch, that portion of the catch that is released alive or discarded

dead, has il to wit ion declines of marine species
(D'Agrosa et al. 2000; Lewison et al. 2004), has altered ocean ecosystems
(Garthe et al. 1996; Hall et al. 2000), and constitutes substantial waste from
fisheries globally (Alverson et al. 1994; Hall et al. 2000). Thus, reducing bycatch
has become a critical fisheries management and conservation issue (Hall and
Mainprize 2005). While the amount of and impacts from bycatch differ among
fisheries, gear types, and regions (Alverson et al. 1994), here | focus on two
fundamental concepts for addressing bycatch issues. First, opportunities to
reduce bycatch or harm occur throughout the fishing process. Secondly, the

efficacy of mitigation depends upon the larger ecological and societal context.

Fishing isi fish behaviour and the i ions between these two

processes affect catch rates and condition. At a broad scale, fishing decisions of
where and when to fish are largely based on expected distribution and
abundance patterns of targeted species. These fishing decisions may also be
shaped by other factors, such as individual fishing preferences, regulatory limits,

or changing costs and markets (Béné and Tewfik 2001; Branch and Hilborn



2008; de Mutsert et al. 2008) but migration patterns and seasonal aggregations
of target species are key factors in the choice of fishing grounds and seasons
(Yamaguchi 1989a; Grant and Berkes 2007). Within fishing grounds or seasons,
setting practices (e.g., time of day, depth fished, baits used, or location relative to
oceanographic or geographic features) are chosen with the movement and
feeding behaviours of target species in mind (Yamaguchi 1989b; Beverly et al.
2009; Hobday and Campbell 2009). During the last stage of the capture process,
landing and handling practices affect catch quality, and therefore price (Willis and
Millar 2001). Similarly, fishing decisions made throughout the fishing process
may be used to reduce the amount of bycatch and harm to discarded catch,
particularly if bycatch distribution patterns, feeding behaviours, and interactions

with fishing gear differ from those of target catch.

Fishing decisions, such as choice of fishing grounds to improved handling and
release practices, affect bycatch levels and release condition. Differences in the
ecology and behaviour of target and bycatch species can be used to identify
mitigation opportunities, reducing the amount of and harm to unwanted catch.

For example, marine protected areas or closures may be most effective where

bycatch species' distribution is clustered and predi and where such
distributions differ from those of targeted species (Hall 1996; Game et al. 2009).
Modified fishing practices, such as depths fished, may be used where there are

clear habitat differences between target and bycatch species (Deitrich et al.



2008; Beverly et al. 2009). Other bycatch mitigation approaches utilize

differences in how species prey upon baited gear (Willis and Millar 2001) or

in species’ iour after capture 2000; Wade et al.
2007). Finally, improved handling and discarding practices can increase the
likelihood of post-release survival (Farrell et al. 2001; Campana et al. 2009;

Milliken et al. 2009).

The efficacy of bycatch mitigation approaches depends upon the larger
ecological and societal context. Closed areas may increase bycatch levels and
harm for highly migratory species if fishing effort shifts to regions with higher
bycatch abundance or to fisheries with fewer regulations or protections (Hall
1998; Baum et al. 2003; Hall et al. 2007). Thus, the efficacy this bycatch
mitigation approach depends upon both species distributions and upon the
fishing and management context. Within fisheries, changing regulations,
targeting practices, and species associations will affect the efficacy and uptake
levels of bycatch mitigation approaches (Wade et al. 2009). Further, the social

structure within fisheries, and the relationship between fishers and management

affects and of bycatch mitigati —and

consequently their efficacy (Hall et al. 2007; Campbell and Cornwell 2008).

Before introducing the focal fishery and overall objective of this thesis, additional

information is needed on the bycatch definition used here. Bycatch is a



contentious term and it is central to this thesis. Bycatch may refer to non-target
catch that is subsequently landed; species, or sizes and sexes of species that
are discarded for economic, regulatory, or personal reasons; or the combination
of non-target catch and discards (Alverson et al. 1994). Bycatch limits or quotas
use the first definition, and refer to landed species that are not the primary target
but for which there are limiting quotas (e.g., Benoit and Allard 2009). Hall (1996)
proposed a restricted version of the second definition and used the term for catch
that are discarded dead or injured to the point that post-release mortality is likely.
By contrast, Davies et al. (2009) proposed a broader version of the third
definition, that “bycatch is the catch that is either unused or unmanaged”. In this
thesis bycatch refers to catch that is released alive or discarded dead for
economic, regulatory, or personal reasons. | chose this definition for three
reasons. First, incidental landed catch may constitute a desired and an
economically important portion of the catch. Differentiating target and incidental
landed catch is problematic in multispecies fisheries as targets shift over time
(Hall et al. 2000). Second, post-release survival is unknown or underestimated
for many species and fisheries (e.g., Davis 2002; Casale et al. 2008; Campana et
al. 2009), thus including release condition or likely post-release survival in the
definition would either be untenable or would underestimate bycatch and
consequently fishery impacts. Third, conservation, fishing, and management
efforts to reduce bycatch typically refer to unwanted and discarded catch - this is

the research and management context within which | am working.



1.1.2 Pelagic longline fisheries

Pelagic longlines, consisting of a main line suspended by floats with a series of
baited hooks hanging below, are used to target swordfish (Xiphias gladius) and
tunas (Thunnus spp.) throughout the Atlantic, Pacific, and Indian Oceans, and
the Mediterranean Sea. Discarding practices, and therefore bycatch, differ
among pelagic longline fisheries depending on fishing regulations, local markets
and price (e.g., Gilman et al. 2008; Swimmer et al. 2011). Because of the global
extent and effort levels of pelagic longline fisheries, catch and bycatch from these
fisheries has contributed to widespread population declines of teleosts, sharks,
and turtles (e.g., Baum et al. 2003; Myers and Worm 2003; Lewison et al. 2004).
While the magnitude of decline (e.g., Burgess et al. 2005; Sibert et al. 2006), and
the contribution of pelagic longline fisheries within particular regions (James et al.
2005; Ivarez de Quevedo et al. 2010) has been debated, impacts from pelagic
longline fisheries are such that mitigation efforts (e.g., time/area closures and
modified fishing gear) have been implemented in some fisheries (e.g., Watson et

al. 2005; Hall et al. 2007).

The Canadian Atlantic pelagic longline fishery targets swordfish, warm-water
tunas (albacore, T. alalunga; yellowfin, T. albacares; and bigeye, T. obesus) and
mahi-mahi (Coryphaena hippurus). Bycatch from the fishery includes common

sharks and rays (blue shark, Prionace glauca; pelagic stingray, Pteroplatytrygon



violacea), endangered porbeagle shark (Lamna nasus; COSEWIC 2004; DFO

2005), and sea turtles D coriacea;

loggerhead, Caretta caretta). During the time this research was being conducted,
incentives and pressures to reduce bycatch and harm were increasing. The

fishery initiated an assessment for Marine Stewardship Council certification

(MSC 2011), bycatch impacts were a key i ion during the
Further, bycatch species were being assessed under Canadian endangered

species legislation (e.g., COSEWIC 2010; DFO 2010).

The overall objective of this thesis is to identify bycatch mitigation opportunities
within the Canadian pelagic longline fishery for swordfish and tunas. Given that
estimates of fishery impacts from pelagic longlines have been made for the
Canadian fishery (e.g., Campana et al. 2006; Brazner and McMillan 2008) and
for migratory populations that encounter this fishery (e.g., Baum et al. 2003;
Lewison et al. 2004), | chose to focus on identifying possible solutions within the
fishery. As such, fisheries observer data were used as the primary data source.
At-sea fisheries observers record information on landed catch and bycatch, as
well as details of the fishing practices and fished environment. Fisheries observer
data are available from 5-18% of the sea days each year (Javitech 2002; Lester
et al. 2009). Bycatch information is not available in logbook or landings data,
which are collected from the entire fleet. In addition to fisheries observer data,

within set temperature and soak time data collected during a chartered research



trip, data from qualitative fishers’ knowledge interviews with active members of
the longline fleet, and concurrent environmental data were used. These
additional data sources allowed me to differentiate fishing decisions from fish

behaviour and to focus on different stages of the fishing process.

1.2 Statement of co-authorship

The chapters of this thesis were written as separate manuscripts. My co-authors
either contributed to research design or to the interpretation of data analysis.
They also made intellectual contributions through their revisions to and
comments on draft manuscripts. | designed the research with guidance from my
co-authors, analysed the qualitative and quantitative data used in this thesis, and

wrote initial drafts of the following manuscripts:

Carruthers, E.H., Schneider, D.C., Neilson, J.D. 2009. Estimating the odds of
survival and identifying mitigation opportunities for common bycatch in pelagic

longline fisheries. Biological Conservation 142, 2620-2630. (Chapter 2)

Carruthers, E.H., Neilson, J.D., Smith, S.C. 2011. Overlooked bycatch mitigation
opportunities in pelagic longline fisheries: soak time and temperature effects on
swordfish (Xiphias gladius) and blue shark (Prionace glauca) catch. Fisheries

Research 108, 112-120. (Chapter 3)



Carruthers, E.H., Neis, B. 2011. Bycatch mitigation in context: using qualitative
interview data to improve assessment and mitigation in a data-rich fishery.

Biological Conservation 144, 2289-2299. (Chapter 4)

Carruthers, E.H., Schneider, D.C. Identifying opportunities to reduce blue shark
(Prionace glauca) bycatch: using fisheries observer data and fishers’ knowledge

to dif iate fishing isi and fish i Prepared for ission to

ICES Journal of Marine Science. (Chapter 5)

Fisheries observer data (used in Chapters 2, 3, and 5) were collected by at-sea
observers. The fishery observer database is maintained by the Population
Ecology Division of the Maritimes Region of Fisheries and Ocean Canada. |
wrote custom MATLAB programs to organize and analyse fisheries observer
data, instrumented longline data, and weather data used in these chapters.
Instrumented longline data used in Chapter 3 were collected by S.C. Smith and
the crew of the Oran Il during a chartered research trip. | collected the qualitative
data analysed in Chapter 4 using an interview guide developed with B. Neis
(Appendix 1). Chapter 5 is based on fisheries observer data, qualitative interview

data, and publicly available data recorded by moored weather buoys.
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CHAPTER 2: ESTIMATING THE ODDS OF SURVIVAL AND IDENTIFYING
MITIGATION OPPORTUNITIES FOR COMMON BYCATCH IN PELAGIC
LONGLINE FISHERIES
In this chapter | identified bycatch mitigation opportunities during the later stages

of the capture process using fisheries observer data. For those species or size
classes which have a high probability of surviving the capture process, there may
be opportunities to decrease impacts from this fishery by modifying handling and

discarding practices.

The following chapter builds upon this one by refining the metric used to estimate
soak time effects on landed catch, and therefore possible economic impacts of
modified setting practices. During fishers' knowledge interviews, detailed in
Chapter 4, longline captains described opportunities to decrease fishery impacts

by modifying their discarding practices.



Abstract

To evaluate how fishing practices affect bycatch survival and to identify
opportunities to reduce bycatch mortality, | estimated the odds of hooking
survival for common bycatch species in the Canadian longline fishery for
swordfish (Xiphias gladius) and tunas (Thunnus spp.) fishing in the North
Atlantic. Generalized linear models, with binomial response, were based on 859
sets observed between 2001 and 2004 and were tested using data from 2005
and 2006. Bycatch included targeted species in poor condition or below
regulatory size limits. Odds of survival were two to five times higher for swordfish,
yellowfin tuna (T. albacares), pelagic stingray (Pteroplatytrygon violacea),
porbeagle (Lamna nasus) and blue shark (Prionace glauca) caught on circle
hooks compared to J-hooks during the 2001-2004 period. Further, odds of
severe hooking injuries decreased for three shark species caught on circle
hooks. | found no conservation benefit for loggerhead turtles (Caretta caretta)
from circle hook use. Increased circle hook use coincided with increased
targeting and higher landings of tunas. Hooking survival rates and, therefore
opportunities to reduce bycatch mortalities differed among the ten species
commonly discarded or released. Where the odds of survival to the time of
release are high (e.g., loggerhead turtles, pelagic stingray, blue shark), methods

to reduce post-release mortality can be considered. Where the odds of hooking

survival are low (e.g., and long pi ferox),

methods to reduce encounter rates would have greater conservation impact.



2.1 Introduction

Opportunities to reduce bycatch mortality occur throughout the fishing process,
from avoidance of areas or seasons with high concentrations of unwanted catch
to handling practices that increase post-release survival (Hall 1996). Multispecies
commercial fisheries, such as pelagic longline fisheries for swordfish (Xiphias

gladius) and tunas (Thunnus spp.), discard or release a range of species and

size classes. ding dif in the likeli of survival among these

groups of animals helps identify opportunities to reduce bycatch mortality. For
species, or sizes classes, that can survive the capture process, methods to
reduce post-hooking mortality can be considered in fisheries and conservation
management strategies. For bycatch with high hooking mortality levels,
management strategies should focus on earlier stages in the capture process,

such as minimizing encounter rates.

Hooking survival rates may differ among species and among size classes within
species. In catch and release recreational fisheries, fishing choices such as hook
and bait types used, retrieval time, and handling practices affect both hooking
survival rates and likely post-hooking survival, through hooking injury and
severity (e.g., Muoneke and Childress 1994; Prince et al. 2007; Reeves and
Bruesewitz 2007). Size effects, with smaller fish having lower survival rates, have
been reported in commercial hook and line fisheries (e.g., Neilson et al. 1989;

Milliken et al. 1999; Diaz and Serafy 2005). Hooking survival rates for species



caught on pelagic longline gear ranges from less than 10% to nearly 100%
survival at haulback when the gear is retrieved (Ward et al. 2004; Kerstetter and
Graves 2006a). Estimates of post-release survival are similarly variable.
Research using satellite telemetry has shown survival levels of 31% to 100% for
a few bycatch species released from pelagic longline fisheries (e.g., Hays et al.

2003; Chaloupka et al. 2004; Kerstetter and Graves 2006b; Moyes et al. 2006).

Pelagic longlines, consisting of a main line suspended by floats and with baited
hooks hanging below, are used to fish swordfish and tuna worldwide. Although
the general design is simple, differences in how and where the gear is fished
(such as fishing depth, baits and hooks used, setting time and locations) affect
catch rates of target and bycatch species (e.g., Stone and Dixon 2001; Ward et
al. 2004; Beverly et al. 2008). Much research in swordfish and tuna longline
fisheries has focused on the use of circle hooks to reduce bycatch catch rates,
hooking mortality and post-hooking mortality — especially among marine turtles
(Watson et al. 2005; Read 2007; Brazner and McMillan 2008). The Canadian
fleet began switching to circle hooks in 1996. Now, over three-quarters of the
hooks fished are circle hooks (DFO 2004; T. Atkinson, Hi-Liner Fishing Gear

pers. comm. 2008). circle hook use coincided with i targeting

and catch rates of bigeye (T. obesus) and yellowfin tunas (T. albacares) and a

shift from a itive to an indivi quota system. Because of

these changes in the Canadian pelagic longline fleet in the North Atlantic, this



fishery offers a unique opportunity to evaluate efficacy of this bycatch reduction

method in a rapidly changing commercial fishery.

Reducing harm to or mortality of bycatch — defined here as captured animals
returned to the sea, either discarded dead or released alive — is a management
and conservation focus. Bycatch from this pelagic longline fishery includes

species listed by international conservation organizations, such as leatherback

(D i ) and turtles (Caretta caretta); commercially
fished species for which there are landings or size-based regulations such as
bluefin tuna (Thunnus thynnus) and swordfish; and species such as pelagic
stingray (Pteroplatytrygon violacea) and blue shark (Prionace glauca), for which
there are limited or non-existent markets. Many of these species are common
bycatch in other pelagic longline fisheries. My objectives here are 1) to identify
bycatch species or size classes more (or less) likely to survive the capture
process, 2) to identify those fishing variables that increase the odds of bycatch
survival during capture and post-release, and 3) to evaluate how changes to
fishing practices, directed at reducing harm or mortality levels of bycatch, affect

numbers of landed catch. Information on species and size-specific hooking

survival will help in { itigati ies, and in ing fishery and
conservation management plans for the suite of species discarded or released

from pelagic longline gear.
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2.2 Methods

2.2.1 Fisheries observer data

Data were obtained from the international observer program database, created
and maintained by the Population Ecology Division of the Canadian Department
of Fisheries and Oceans (DFO). As part of an ongoing monitoring program,
fisheries observers identify species, estimate or measure animal length, and
record whether bycatch were discarded dead or released alive. Fisheries
observers do not record fish status (alive or dead) for fish brought onboard and
later landed. Observers quickly assess bycatch release status, based on injuries
and movement, when the gear is retrieved and bycatch are alongside the vessel.
Bycatch release status is coded as unable to determine, alive (with and without
injury), dead, shark bit and moribund. | reduced the release status category to
alive and dead. Shark bit, moribund, and dead bycatch were coded as dead.

Bycatch of unknown status were not included in these analyses.

Information on fishing operations such as location, starting and ending time, and
details of gear configuration (i.e., longline length, hook type, bait used) are also
recorded. The Canadian pelagic longline fleet fishes in the Northwest Atlantic
along the Scotian Shelf and Grand Banks, and in international waters where
other fleets also target pelagic fish (Figure 2.1). The fleet is active from May

through to November. There is no Canadian pelagic longline fleet fishing for



swordfish or tunas in the Pacific. Since 2001, observer deployments are

intended to reflect the spatial and temporal distribution of the fleet. Annual

observer , expl as a p of sea days, has ranged from 5%
to 18%. Gear is generally set shallow, to fish in the upper 20 m (Brazner and

Macmillan 2008).

Prior to the 2001 fishing season, observers' tasks were primarily related to
landed species; length estimates or release condition of bycatch were not
consistently recorded (M. Showell, DFO, pers. comm. 2006). We, therefore,
chose data collected during the period 2001-2004 to model the effects of hook
type, soak time, and animal length on the odds of bycatch survival. Circle hooks
(size 16/0) are the most common hook type used in this fishery (Brazner and
McMillan 2008) followed by J-hooks and offset J-hooks, either 8/0 or 9/0 (Figure
2.2). Offset J-hooks had a 20°-30° offset, similar to control hooks used by
Watson et al. (2005). Soak time (T) was calculated as median set duration.
Times were recorded at four points during each set: start and end of setting and
start and end of hauling. To determine the mid-point or median soak time, |
averaged the shortest time hooks were in the water (end of setting until start of
hauling) with the longest soak time (start of setting to end of hauling). Lengths
(L), measured or estimated, included sea turtle carapace length, swordfish lower
jaw fork length and fork length for other fish species. Other possible explanatory

variables recorded in the observer data, such as water temperature or bait type,



were excluded from these analyses because of incomplete information or
because categories were not clearly differentiated. For example, water
temperatures were recorded for approximately half of the sets observed between
2001 and 2004, and bait was commonly recorded as a mix of herring, mackerel

and squid.

| identified common bycatch species based on abundance (accounting for
greater than 1% of individuals discarded or released) and frequency of
occurrence (present in more than 10% of observed sets) in any year between
2001 and 2004. Data collected in 2005 and 2006 were then used to test whether
the relationships held, whether survival estimates changed when data not used in

the model-building process were added.

2.2.2 Odds of survival models

Because survival is a binomial variable (i.e. alive or dead), | used a Generalized
Linear Model (GLM) with logit response (McCullagh and Nelder 1989), also
known as logistic regression, to estimate the odds of common bycatch species

surviving the capture process. The response variable was odds of survival,

Qdds = p/(1-p) @1
where p is the proportion of bycatch of a given species released alive. A
categorical variable with 3 levels was included for hook type (H), which may

affect hooking survival (e.g., Watson et al., 2005; Kerstetter and Graves, 2006a),

2



was included in the models. Continuous variables for individual lengths and soak
time were used. Model selection was based on likelihood ratio tests (LRT), which
compared the change in deviance between models with two-way interactions and
simpler models (Agresti 2007). Simpler models were chosen if the change in
deviance was not significant or if more complex models failed to converge to a
maximum likelihood estimate. Models used to estimate the odds of survival for

each species, including all two-way interactions, were

Odds = e" + error (2.2a)

W= B+ ByH + BLL + BrT + B HeL + BurHT + BurleT (2.2b)

where [ corresponds to the intercept and parameters to be estimated for each

explanatory variable. Mean resp (p) is the ility of survival

for a given hook type, and for the rate of change in survival with respect to soak

time (T) and animal length (L).

The fishery management system changed during the 2001-2004 period, which
likely affected targeting, handling and discarding practices. Swordfish and tuna
longliners fished within a competitive quota fishery until 2002, then an Individual

Transferable Quota (ITQ) system was i and targeting of

tunas increased (DFO 2004). Under ITQ management fishers are no longer

racing to catch quota before other fishers, they may make different decisions
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about which species to target and retain. Because these analyses were limited to
data on animals discarded or released, changes in discarding practices of target
species affect survival estimates. To evaluate whether the switch to an ITQ
system of fisheries management affected the relationship between main effects
(hook type, animal length and soak time) and odds of survival, | added a

categorical variable for management system (M) to the model:

W =Bg + BuH + B L + BT + ByM + ByHM + BylM + By T-M, (2.3)
If interaction terms were significant, indicating that the relationship between main
effects and odds of survival differed between the two management periods, |

excluded data collected in 2001 under a competitive management system.

To determine if relationships between main effects and hooking survival held
(model stability), observer data from subsequent years were added to the data
set. An additional categorical explanatory variable (D) indicated whether data
were collected between 2001-2004 or were from the test data set (2005-2006). If
interaction terms between data set and main effects were significant then the
relationship between the main effects and the odds of survival was not stable

across the two data sets:

=B+ ByH + BLL + BT + BpD + BypH-D + BoL+D + BrpT+D, (2.4)



2.2.3 Effects on landed catch and post-hooking survival
Because bycatch mitigation measures will likely be more readily accepted in

fisheries if ifications do not d the value of landed catch

(e.g., Gilman et al. 2006a; Read 2007), | estimated the effects of fishing variables
on landed catch. Landed catch was used as a simple measure of possible
impacts for the fleet. Residual plots for initial GLMs (with log links and Poisson

error distributi were Di: ion of residuals i with

fitted values. Using a negative bionomial error distribution, which includes a
dispersion parameter (k) in the equation (Agresti 2007), resulted in acceptable
residual plots. Total landed catch was calculated as the number of all fish
retained per set and included swordfish, tunas, and other landed species such as
mahi-mahi (Coryphaena hippurus) and shortfin mako (Isurus oxyrinchus). Again,

two-way i i were using likeli ratio tests,

change in deviance between models (Agresti 2007). Number of hooks fished per
set was included in landed catch models to account for effort (E) differences

among hook types (H) and soak times (T):

EY)=p, (2.52)
var(Y) = p + 2k’ (2.5b)
and,

log(u) = Bo + BuH + B7T + BeE + ByrHT + ByeH-E + + BreT'E (2.5¢)



Further, because post-hooking survival likely depends on injury type and hooking
location (Epperly and Boggs 2004; Horodysky and Graves 2005; Campana et al.
2006), | used logistic regression to determine if hooking location differed between
hook types for bycatch species commonly released alive. When animals
swallowed the hook (e.g., hooks were embedded in the esophagus) they were
categorized as ‘gut-hooked'. | limited analysis of hooking injury to species with
high likelihood of hooking survival, where more than 60% of the bycatch was
released alive. Observer data collected between 2001 and 2006 was used in the

landed catch and hooking location models.

Likelihood ratio tests were used in model selection and to evaluate overall model
significance (Agresti 2007). The significance level of p=0.05 was used in all
analyses. When models failed to converge or when wide confidence intervals

indicated poorly resolved model terms, | considered whether sparse data in

categorical variables affected estil Few indivi within

variables or few instances of a binomial response (e.g., 3 gut-hooked versus 250

th-hooked indivi ) will produce i i { with wide
confidence intervals (Menard 1995; Agresti 2007). Because sparse data within

categorical variables limited i | removed

containing less than 10 observations. | used the open-source statistical package

R, with ‘MASS' and ‘car’ for GLM intervals and di: ics,



to implement and evaluate the models (Venables and Ripley 2002; Fox 2007; R

Development Core Team 2007).

2.3 Results

Ten species were identified as common bycatch, species that were discarded
from more than 10% of observed sets or accounting for more than 1% of bycatch
for any year between 2001 and 2004. During this time period, 859 sets were
observed and approximately 950,000 hooks fished on observed sets (Table 2.1).
Median set duration for sets fishing J-hooks, offset J-hooks and circle hooks
were 13.5, 13.8 and 12.9 h, respectively. Common bycatch included species
such as swordfish and bigeye tuna, which are generally landed, and loggerhead
turtles and pelagic stingray, which are always released or discarded (Figure 2.3).
Hooking survival was calculated only for bycatch — animals returned to the sea —
and differed among species. Over 90% of loggerhead turtles, pelagic stingray

and blue shark bycatch were released alive from the gear but only one-third of

and (Alepis ferox) bycatch were released

alive (Figure 2.3).

2.3.1 Odds of survival estimates

Yellowfin and bigeye tunas, shortfin mako and longnose lancetfish hooking

survival estimates were not affected by the change from competitive fishery to an
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ITQ management system; interaction terms between management system and

main effects were not signi ion terms between system

and main effects were significant for swordfish, porbeagle (Lamna nasus) and
blue shark; therefore, | used data from the ITQ management system, caught
between 2002 and 2004 (Table 2.2). | was unable to model the effects of
management system on bluefin tuna or pelagic stingray hooking survival. The
bluefin tuna model, with a management system interaction term, did not
converge to a maximum likelihood estimate. Few pelagic stingray were discarded
dead under either management system, causing poorly resolved model
coefficients. Data from 2001 to 2004 were used in the models for these species. |
did not build logistic regression models for loggerhead turtles because almost all
survived the hooking process — 404 out of 407 hooked loggerhead turtles were

released alive.

Odds of survival were significantly higher on circle hooks than on J-hooks for all
common bycatch species, except shortfin mako and longnose lancetfish (Table
2.3). There was no significant difference in the odds of survival for longnose
lancetfish, porbeagle, shortfin mako, and blue sharks caught on J-hooks and
those caught on offset J-hooks (Tables 2.3 and 2.4). Logistic regression models
for porbeagle and blue shark included two-way interactions (Table 2.4); the effect

of soak time on hooking survival differed between hook types for both species.
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Logistic regression models were not significant for three species which were both
discarded as bycatch (for regulatory or other reasons) and were also retained for
sale. Likelihood ratio tests for the bluefin tuna logistic regression model showed
that the odds of survival were not related to hook type, soak time, and fish length
(LRT=2.3, df=4, p=0.68). Few bigeye tuna were caught on J-hooks; one of ten
caught on this hook type was discarded dead. Similarly, no bigeye tuna were
discarded or released from offset J-hooks (Table 2.1). Therefore, the logistic
regression model for bigeye tuna did not include a model term for hook type.
Bigeye survival odds were not related to fish length or soak time (LRT=2.5, df=2,
p=0.28). None of the model coefficients for bluefin or bigeye tuna were
significant. While the overall model for shortfin mako was not significant at
p<0.05 level (LRT=8.8, df=4, p=0.66), odds of survival were positively related to

fish length for this species (Table 2.3).

Swordfish, yellowfin tuna, porbeagle, and blue shark were 2 to 5 times more
likely to survive the capture process on circle hooks than on J-hooks (Figure 2.4).
Pelagic stingray also had higher odds of survival on circle hooks. Few pelagic
stingray were discarded dead from either circle hooks (2%) or J-hooks (10%).
Wide confidence intervals for this species indicated that the estimate was poorly
resolved, due to low occurrence of one of the binomial responses (Menard 1995).

Odds of survival of porbeagle and blue shark differed between hook types and



with soak time — for both shark species caught on J-hooks the probability of

hooking survival igni with i soak time (Figure 2.5).

The probability of swordfish, yellowfin tuna, and longnose lancetfish survival
decreased with increased soak time. Using model coefficients (Table 2.3), |
calculated that 42% of longnose lancetfish (average fork length 110 cm) caught
on J-hooks were released alive from 12 h sets. Only 28% were released alive

from 16 h sets. Similarly, the pi ility of ge-sized and yellowfin

tuna bycatch (e.g., 106 and 81 cm) survival 6% and 15%, resp

on longer soak times. Larger mako sharks had higher odds of being released
alive (Table 3). Larger swordfish and pelagic stingray bycatch were less likely to
be alive at haulback. Fish length did not significantly affect the odds of survival

for yellowfin tuna, blue shark, and longnose lancetfish (Tables 2.3 and 2.4).

The odds of survival of swordfish and blue shark caught on circle hooks (relative
to J-hooks) changed when data from 2005 and 2006 was added to the models.
Likelihood ratio tests for swordfish (LRT=50.4, df=9, p<0.001), and blue shark
(LRT=184.3, df=9, p<0.001) logistic regression models were significant.
Interaction terms for hook type and data set represented survival odds for fish
caught on circle hooks relative to those for fish caught on the reference hook (J-
hook) for the two time periods (hook x data set: swordfish, Deviance=6.408, df=2,

p=0.04; blue shark, Deviance=37.515, df=2, p<0.001). The change in relative
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survival probabilities reflected an increase in survival probabilities on J-hooks.
For example, 13% more swordfish bycatch were released alive from J-hooks
during the 2005-2006 time period than during the 2001-2004 period. For other
common bycatch species, | was unable to estimate the odds of hooking survival
relative to hook type during the latter time period because either few bycatch
were observed on J- or offset J-hooks (bluefin or yellowfin tuna, longnose
lancetfish), or few were discarded dead (pelagic stingray, shortfin mako, bigeye
tuna, porbeagle shark). Similarly, no loggerhead turtles were discarded dead

from observed trips in 2005 and 2006.

2.3.2 Landed catch and post-hooking survival

Swordfish landed catch was higher on sets that fished J-hooks or offset J-hooks.
Numbers of tunas and of all landed catch were higher on sets that fished circle
hooks (Figure 2.6). Few bigeye, yellowfin or albacore (T. alalunga) tunas were
landed from sets that fished J-or offset J-hooks, indicating these hooks were not
used when targeting tunas. Negative binomial regression models for swordfish
and all landed catch included an interaction term for median set duration and the
effort measure (number of hooks hauled), whereas models of tunas landed
included an interaction term between hook type and effort. Estimated landed
catch was based on average number of hooks fished (1115 hooks per set), and
12 and 16 h soak times (Figure 2.6). All landed catch estimates increased with

increased soak times.
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Hooking location differed between circle and J-hooks. Among the five species
commonly released alive, sharks caught on circle hooks were more likely mouth-
hooked. Porbeagle were four times (95% Cl: 2.1 - 7.2) more likely mouth-hooked
on circle hooks. Shortfin mako and blue shark were twice as likely mouth-hooked
on circle hooks (95% CI: 1.1 - 3.7 and 1.9 - 2.7, respectively). Hooking location
did not significantly differ for loggerhead sea turtles hooked on the three hook
types (LRT=4.64, df=3, p=0.20). The odds ratio for loggerhead turtles caught on
circle hooks relative to J-hooks was 0.97, not significantly different from a 1:1
relationship. Few pelagic stingray swallowed hooks of either type; only 10 out of
942 pelagic stingray caught between 2001 and 2006 swallowed the hooks. |

therefore did not model the odds of hooking location for this species.

2.4 Discussion

Hooking survival rates and, therefore, opportunities to reduce bycatch mortalities,
differed among the ten species commonly discarded or released from the
Canadian Atlantic longline fishery for swordfish and tuna. My objectives were to
determine species or size-specific hooking survival rates, to determine which
fishing practices increased the odds of survival and what, if any, effects those
fishing practices had on landed catch or post-release survival. In the Canadian

longline fleet, the switch from J-hooks to circle hooks likely increased bycatch
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hooking survival and decreased post-release mortality. The switch to circle hooks
coincided with increased targeting of tunas and higher landings of those fish.
Longer soak times increased landed catch, however, this fishing practice also

increased the likelihood of hooking mortalities.

2.4.1 Species and size-specific survival probabilities

Common bycatch for the Canadian fishery are discarded or released from other
pelagic longline fisheries in the North and South Atlantic (e.g., Watson et al.
2005; Kerstetter and Graves 2006a; Kerstetter et al. 2007) and in the Western
Pacific (e.g., Ward et al. 2004). Survival rates were comparable among the
different fisheries. Most loggerhead turtles, blue sharks, and pelagic stingrays
were released alive (Kerstetter and Graves 2006a; Kerstetter et al. 2007; Read

2007). Kerstetter and Graves (2006a) also reported low survival rates for

(Alepi: sp.). hooking survival levels in US Atlantic
(Kerstetter and Graves 2006a) and Brazilian fleets (Kerstetter et al. 2007) were
similar to those reported here with only 20% to 30% of swordfish alive at
haulback. These hooking survival rates suggest opportunities for bycatch
mitigation may be similar among these different fisheries. Mitigation strategies for
loggerhead turtles, blue sharks, and pelagic stingray could include careful
handling and release, whereas strategies to reduce swordfish and longnose

lancetfish mortalities would have to focus earlier in the capture process.
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Our results did not support the expected positive relationship between fish length
and survival (e.g., Neilson et al. 1989; Diaz and Serafy 2005); only shortfin mako
showed an increase in the odds of survival with fish length. Size-related handling
and discarding practices likely affected survival rates (Muoneke and Childress
1994). For landed species, such as swordfish, bigeye, and yellowfin tunas,
discarding practices reflect minimum size regulations and commercial

marketability. Swordfish, for example, were discarded if below minimum landing

orif by p ion (coded as shark bit). When GLMs were
run without 45 shark bit swordfish, the negative relationship between fish length
and survival was no longer significant (Deviance=1.699, df=1, p=0.19). Handling
practices likely affected hooking survival of bycatch such as blue shark, which
are rarely landed by the Canadian fleet, and may account for differences in
survival estimates reported here and by Diaz and Serafy (2005). For small (75
cm) blue shark caught by US longliners off the Grand Banks, Diaz and Serafy
(2005) estimated 47% would be released alive after 14 h soak times. Since J-
hooks were the predominant hook type for the US fleet between 1992 and 2002
(Hoey and Moore 1999; Watson et al. 2005), | based my calculations on this
hook type and estimated 87% of small blue shark would be released alive. Either
observer protocols differed markedly or survival rates reflect differences in fishing
and discarding practices. Hoey and Moore (1999) reported that hooks were
removed from blue sharks - and accounted for high mortality levels - on several

US longline fishing trips to the Grand Banks during the same time period. These



were likely included in Diaz and Serafy's (2005) models. A direct comparison of
observer protocols is warranted because hooking mortality estimates affect stock

it and isi (Diaz and Serafy 2005; Campana et al.

2006). If, however, the difference in survival rates reflect fishing and discarding
practices then the difference in survival estimates identifies an important

opportunity to reduce blue shark bycatch mortalities.

Despite limitations of using fisheries observers' estimates of hooking survival,
these data provide the basis for building demographic models to estimate
population-level impacts of existing fishing practices. Because observers did not
record the capture status of fish that were landed, | was unable to determine the
physiological relationship between length and survival for species such as
swordfish, bigeye and yellowfin tuna. Discard mortality data are, however,
needed to evaluate how discards affect overall fishing mortality levels and
consequently, the efficacy of conservation or fisheries management plans
(Coggins et al. 2007). Further, for bycatch species which are rarely landed and
for which assessments are limited by data availability (e.g., loggerhead turtles
and blue shark), species and size-specific survival data can be used in stage-
based demographic models to identify key stages for conservation (Crouse et al.

1987; Aires da Silva and Gallucci 2007).
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2.4.2 Fishing practices

Much conservation research on pelagic longline fisheries has focused on
differences in catch rates and mortality levels — both at haulback and post-
release mortality estimated from injury type and release condition — between

traight-shank (J-hooks or tuna hooks) and circle hooks (e.g., Watson

et al. 2005; Yokota et al. 2006; Read 2007). Odds of hooking survival were
significantly higher for common bycatch species caught on circle hooks in the
Canadian pelagic longline fishery (Figure 3). Similarly, Kerstetter and Graves
(2006a) showed survival rates were higher on circle hooks for almost all of the
commonly caught fish. | found, however, odds ratios for swordfish and blue shark
hooking survival changed during the latter time period, reflecting an increase in

the odds of survival on J-hooks. Increased odds of survival likely does not reflect

in T ¥ because many of them were onboard
vessels fishing circle hooks or were onboard vessels fishing during the earlier
period. Increased targeting of tunas and decreased observer coverage meant
that survival estimates for fish caught on J-hooks were based on fewer vessels.
Decreased variability or improved practices among observed vessels may have
affected survival estimates. For example, the swordfish and tuna longline fleet
purchased turtle dehooking kits to be used on all vessels starting in 2005 (DFO
2004). These line cutters and dehookers can be used to remove hooks from
other bycatch species (Watson et al. 2005). Increased use of these kits could

have contributed to higher bycatch survival rates in recent years.



Circle hooks are widely used in catch and release recreational fisheries to

decrease the amount of deep-hooking or gut-hooking (Cooke and Suski, 2004),
which is considered one of the worst hooking injuries for post-release survival

(Prince et al. 2007; Reeves and itz 2007). Odds of th-hooking

relative to gut-hooking were higher on circle hooks for three shark species.
Similarly, Watson et al. (2005) reported a significant decrease in gut-hooking of
blue sharks caught on circle hooks. Unlike Watson et al. (2005), Brazner and
McMillan (2008), Gilman et al. (2007) and the studies reviewed by Gilman et al.
(2006a) and Read (2007), | found no conservation benefit for loggerhead turtles
- one of the bycatch species for which conservation benefits were expected.
Conflicting results reported here and by Brazner and McMillan (2008) result from
differing statistical approaches. Both studies used observer data from the
Canadian longline fleet. Brazner and McMillan (2008) tested for difference in the
proportion of turtles gut-hooked relative to all loggerheads captured, including
entangled turtles and those for which hooking location was not recorded. In
contrast, the logistic regression approach used here allows the direct comparison

of one outcome relative to the other (McCullagh and Nelder 1989), in this case

ith-hooking relative to gut-hooking. Because | show no difference in hook
location, any conservation benefit for this species depends on differences in
dehooking and handling practices for loggerhead turtles caught on different hook

types. There were conservation benefits for other common bycatch species; odds



of severe hooking injuries were significantly lower for porbeagle, shortfin mako

and blue shark caught on circle hooks than for those caught on J-hooks.

Increased soak time generally increases hooking mortality although magnitude of
the effect differs among species (Ward et al. 2004). Odds of survival decreased
with longer soak times for swordfish, yellowfin tuna and longnose lancetfish.
Landed catch, however, increased with longer soak times. Thus, there appears
to be a trade-off between landed catch and numbers of these fish available for
live release. When circle hooks were fished, there was no trade-off between
landed catch and hooking mortalities among porbeagle or blue shark. Hooking
survival for these species only decreased, with longer soak time, when caught on
J-hooks. The unexpected slight increase in survival probabilities of porbeagle
caught on circle hooks (Figure 2.5) was driven by few surviving porbeagle caught

on the longest duration sets (>16 h).

Our analysis showed that switching to circle hooks and shorter soak times
increased hooking survival for a number of common bycatch species caught by
the Canadian Atlantic longline fishery. Similar fishing practices may increase
bycatch survival odds in other longline fisheries. Comparable observer data from
other nations’ fleets could be used to evaluate this possibility. If observers

recorded capture status (live, dead or unknown) for all catch (e.g., Kerstetter and

Graves 2006a), could better ine the i ip between fish



length and hooking survival for both landed and discarded catch. Recorded soak
time per hook or longline section would better reflect time spent on hooks than
median soak time used here (e.g., Ward et al. 2004; Yokota et al. 2009). Further,
systematic records of dehooking and discarding practices could help identify
bycatch mitigation opportunities in this and other pelagic longline fisheries.
Existing data from other pelagic longline fisheries — in the North Atlantic (e.g.,
Diaz and Serafy 2005), throughout the Pacific (e.g., Ward et al. 2004) and
elsewhere — could be used to identify species or size-specific vulnerabilities and

to identify mitigation opportunities.

Our data show conservation benefits of circle hook use for a number of common
bycatch species, but circle hook use may not decrease catch rates of common
bycatch species, such as blue shark and loggerhead turtles (Watson et al. 2005;
Yokota et al. 2006; Mejuto et al. 2008). Catch rates of loggerhead turtles
increased when hooks were baited with squid (e.g., Yokota et al. 2009). Mejuto
et al. (2008) reported increased loggerhead catch rates with squid bait
irrespective of hook type, whereas Watson et al. (2005) noted lower catch rates

on circle hooks. C ly, results from i fishing trials, using

alternating hook types within longline sets, showed reduced swordfish catch
rates on circle hooks baited with squid (Watson et al. 2005). Watson et al. (2005)
reported small increases in swordfish catch rates when circle hooks were baited

with mackerel. Few vessels in the Canadian longline fishery used J-hooks when
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targeting tunas; indicated by the low numbers of tunas landed when fishing J- or
offset J-hooks (Figure 2.6). Increased swordfish catch when vessels were fishing
J-hooks likely reflect targeting decisions such as location, setting time, and bait,
as well as hook type. Mandating a complete shift to circle hooks would have a
greater impact on vessels targeting swordfish than those targeting tunas. Such a
mandated change would likely increase hooking survival and decrease the

severity of hooking injuries, but may not decrease incidence of common bycatch.

2.4.3 Broader implications

Knowledge of hooking survival helps evaluate current mitigation strategies. For

example, Canada, like other tri ibuting to i C

for the Conservation of Atlantic Tunas (ICCAT) management in the North

Atlantic, the ion of small that can be landed (DFO

2004). As a conservation measure, minil i { either
fishing effort in times and places where small fish are not abundant or mandate

release of ized fish. If mini size ions increase discard rates but

not encounter rates, then conservation benefits depend upon a high proportion of

small fish released live and high post-rels survival rates and
Childress 1994; Reeves and Bruesewitz 2007). This was not the case for small

swordfish released from pelagic longline gear. Because 60% to 75% of swordfish

bycatch are discarded dead, minimum size { have limited

benefit. Efforts to reduce mortality of small swordfish should focus earlier in the
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capture process, such as avoiding areas or time periods with high abundances of
small swordfish. This could be achieved by fleet-wide communication systems
and bycatch caps (Gilman et al. 2006b), or by implementing time or area
closures where catches of small swordfish occur. Similarly, if reducing mortalities
of longnose lancetfish bycatch is identified as a priority, then mitigation strategies

should focus on reducing encounter rates.

Our research identified opportunities to reduce bycatch mortality at one stage
during the capture process, based on available data from the commercial fishery
and applied to a suite of species. Even though | was unable to estimate the odds

of survival for loggerhead turtles or the odds of hooking injuries in pelagic

stingray, these data did point toward i conservation ities. Few
loggerhead turtles were discarded dead and few pelagic stingray were deeply
hooked. This suggests bycatch mitigation strategies for these species could
include gear removal and careful release. These species, as well as porbeagle
and blue sharks, are possible candidates for post-release survival studies. |
recognize sub-lethal capture effects increase post-hooking mortality (e.g.,
Borucinska et al. 2002; Davis 2002; Horodysky and Graves 2005). Further,

bycatch mitigatic ies that reduce it ion rates also reduce capture

stressors. For example, using mackerel bait would likely be a better mitigation

strategy for loggerhead turtles, reducing catch rates and, therefore, sub-lethal

effects. on post-rel mortality or i effects of capture on
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large pelagic species using satellite tags has, thus far, been limited to a few
species (Polovina et al. 2000; Chaloupka et al. 2004; Horodysky and Graves
2005; Moyes et al. 2006). In contrast, existing fisheries observer data, and the
methods described here, could be used to determine current hooking mortality
levels and identify mitigation opportunities for a suite of species throughout the
world’s oceans. In the Canadian Atlantic longline fisheries for swordfish and
tunas, methods to reduce post-release mortality can be considered for some —

but not all - common bycatch.
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Table 2.1. Summary of bycatch (limited to animals discarded dead or released alive) lengths and numbers observed in

each hook category (J: J-hooks, size 8/0 or 9/0 J-hooks, OJ: size 8/0 or 9/0 offset J-hooks; C: size 16/0 circle hooks).

Sample sizes (in parentheses) for hook categories indicate number of sets observed for each hook type.

Species Number Length (cm) Hook type (859)
observed Mean s.d. Range J (193 0OJ (70) C (596;
Swordfish Xiphias gladius 1271 106.1 20.1 45-200 358 119 794
Bluefin tuna Thunnus thynnus 164 1713 471 57-305 28 13 123
Yellowfin tuna Thunnus albacares 642 81.3 109 50-118 113 6 523
Bigeye tuna Thunnus obesus 133 109.2 251 40-175 10 0 123
Porbeagle shark Lamna nasus 611 958 189 50-250 306 129 176
Blue shark Prionace glauca 10549 157.2 51.0 30-450 1684 468 8397
Shortfin mako /surus oxyrinchus 389 899 350 45-300 111 33 245
Pelagic stingray Pteroplatytrygon violacea ~ 781 723 194 12-140 157 29 595
Longnose lancetfish Alepisaurus ferox 218 1149 316 50-210 45 12 161
Loggerhead turtle Caretta caretta 407 90.9 26.1 40-150 73 1 323

Note: These data were used in logistic regression models. Swordfish, blue shark and porbeagle counts were based on
565 sets observed during 2002-2004: 100 sets fished J-hooks, 50 sets fished offset-J hooks and 415 sets fished circle

hooks.



Table 2.2. Modeled effects of management system on odds of survival estimates

for swordfish, porbeagle, and blue shark. Likelihood ratio tests (LRT) were

to ine overall model signil (df=9, p<0.001).

Species Term Coefficient SE zvalue Pr(>z|)
Swordfish (LRT=145.8, df=9, p<0.001)

J-hook 0.073 0.811  0.090 0.928

Circle hook -1.286 0.221 -5.807 <0.001

Offset J-hook -0.077 0.458 -0.169 0.866

Soak time -0.155 0.047 -3.339 <0.001

Length -0.017 0.004 4.447 <0.001

Management system -0.303 0.879 -0.345 0.730

Management system x circle hook 2,052 0263 7.803 <0.001

Management system x offset J 0.753 0.510 1.477 0.140

Management system x soak time 0.158 0.047 3.388 <0.001

Management system x length -0.025 0.005 -5.244 <0.001
Porbeagle (LRT=62.3, df=9, p<0.001)

-hook -0.549 1.313 -0.418 0.676

Circle hook -0.608 0.771 -0.788 0.430

Offset J-hook 0.849 0313 2713 0.007

Soak time 0.013 0.096 0.132 0.895

Length 0.015 0.009 1.633 0.102

Management system 3579 1528 2.343 0.019

Management system x circle hook 1.505 0.815 1.846 0.065

Management system x offset J -1.662 0.384 -4.329 <0.001

Management system x soak time -0.053 0.106 -0.497 0.619

Management system x length -0.034 0.011 -3.203 0.001
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Blue shark (LRT=319.2, df=9, p<0.001)
J-hook
Circle hook
Offset J-hook
Soak time

Length

Management system
Management system x circle hook
Management system x offset J
Management system x soak time
Management system x length

0.345
0.114
0.250
0.024
0.001
0.373
0.143
0.285
0.024
0.001




Table 2.3. Modeled effects of hook type, soak time, and animal length on the

odds of survival of common bycatch species. Likelihood ratio tests (LRT) were

conducted to determine overall model significance.

Species Term Coefficient SE zvalue Pr
(lz)

Swordfish®

(LRT=45.5, df<4, p<0.001)  J-hook 0.781 0572 1364 0.172
Circle hook 0.740  0.143 5179 <0.001
Offset J-hook 0670 0225 2985 0.003
Soak time -0.068 0.033 -2.090 0.037
Length -0.008 0.003 -2.849 0.004

Yellowfin tuna

(LRT=31.0, df=3, p<0.001)  J-hook 2427 1.068 2274 0.023
Circle hook 1418 0277 5128 <0.001
Soak time -0.220 0.063 -3.495 <0.001
Length -0.008 0.007 -1.018  0.309

Shortfin mako

(LRT=8.8, df=4, p=0.066) J-hook 0211 1.249 0.169 0.866
Circle hook 0.293 0.305 0961 0.337
Offset J-hook 0.582 0587 0.991 0.322
Soak time -0.001 0.079 -0.021 0.984
Length 0.013 0.005 2254 0.024

Pelagic stingray

(LRT=17.2, df=3, p<0.001) J-hook 4196 1.888 2223 0.026
Circle hook 1.594 0.467 3.412 <0.001
Soak time 0.034 0.111 0306 0.759
Length -0.028 0.013 -2.123 0.034

Longnose lancetfish

(LRT=16.9, df=4, p=0.002) J-hook 1113  1.147 0971 0.332
Circle hook -0.558 0.387 -1.442 0.149
Offset J-hook 1.567 0747 2099 0.036
Soak time -0.157  0.068 -2.308 0.021
Length 0.004 0.005 0.905 0.365

“ The swordfish logistic regression model was based on 565 sets observed
between 2002 and 2004. Other models were based on 859 sets observed

between 2001 and 2004.



Table 2.4. Logistic regression models, including interaction terms, for porbeagle and blue shark were based on 565 sets

observed between 2002 and 2004. Likelihood ratio tests (LRT) were conducted to determine overall model significance.

Species Term Coefficient SE zvalue Pr(>|z])

Porbeagle shark

(LRT=67.4, df=9, p<0.001)  J-hook 8.477 1647 5145 <0.001
Circle hook -7.166  1.967 -3.643 <0.001
Offset J-hook -3.965 3.654 -1.085 0.278
Soak time -0.301 0.095 -3.180 0.001
Length -0.038 0.008 -4.566 <0.001
Circle hook x soak time 0348 0.111 3.148 0.002
Offset J-hook x soak time 0.061 0.181 0.335 0.738
Circle hook x length 0.034 0.013 2518 0.012
Offset J-hook x length 0.025 0.022 1.118 0.263

Blue shark

(LRT=184.0, df=6, p<0.001) J-hook 6.787 0.873 7.778 <0.001
Circle hook -3.621 0914 -3.963 <0.001
Offset J-hook -2231 1384 -1.612 0.107
Soak time -0.341 0.059 -5.762 <0.001
Length -0.0001 0.0007 -0.253 0.800
Circle hook x soak time 0.305 0.063 4.818 <0.001
Offset J-hook x soak time 0.125 0.094 1.334 0.182
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Figure 2.1 Distribution of observed sets of the Canadian Atlantic pelagic longline
fisheries for swordfish and tuna fished between 2001 and 2004. Boundary of the

Canadian Exclusive Economic Zone shown.



Figure 2.2 Straight shank J-hooks (8/0 and 9/0) and 16/0 circle hooks (from left to
right) are used in the Canadian swordfish and tuna pelagic longline fishery.
Maximum hook widths are 36, 41, and 50 mm, respectively. Offset J-hooks used
had the same maximum hook widths as J-hooks (8/0 and 9/0) but barbs were

offset 20-30°.
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Figure 2.3 Species identified as common bycatch, based on frequency or amount of discarding, included species

that are commonly landed. Sample sizes, indic in

p include all indivi caught during observed
trips in the Canadian longline fishery for swordfish and tuna between 2001 and 2004. Hooking survival models

were limited to bycatch; therefore, they only included proportions released alive and discarded dead.
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Figure 2.4 Odds ratio of common bycatch released from circle hooks relative to
previously used J-hooks. An odds ratio of 1 (dashed line) indicated no change in
the odds of survival. An odds ratio of 2 indicated the bycatch were twice as likely
to be released alive from circle hooks than from J-hooks. Confidence intervals

(95%) indicated by horizontal lines.
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Figure 2.5 Probability of porbeagle and blue shark survival (+ 95% Cl) compared
between hook types and with soak times. Soak times were calcuated as the
median time baited hooks were in the water. Sample sizes (in parentheses)
indicate numbers of bycatch caught on circle or J-hooks, sample distribution over

time shown along x-axes. Note y-axes differ for the two shark species.
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Figure 2.6 Modeled relationship between soak time, hook type and landed catch.
Differences in in fishing effort were accounted for by including number of hooks
hauled in the negative binomial GLM. Mean number of hooks per set (1115) were
used to calculate landed catch. Soak times (x-axis) were calculated as the

median time baited hooks were in the water.



CHAPTER 3: OVERLOOKED BYCATCH MITIGATION OPPORTUNITIES IN
PELAGIC LONGLINE FISHERIES: SOAK TIME AND TEMPERATURE
EFFECTS ON SWORDFISH AND BLUE SHARK CATCH

Chapter 3 builds upon results reported in the previous chapter where | showed
that hooking survival levels increased with longer soak times. In Chapter 2 | used
the midpoint of total soak time, the average minimum and maximum soak time, to
evaluate soak time effects on hooking survival. This metric includes a portion of

setting and haulback time. Excluding setting and haulback time would have

the stresses i with capture and therefore would be an
inappropriate metric for hooking survival models. However, in the following
chapter | find that the association between target catch and soak time was likely
a function of the increased haulback time associated with handling longline
catch. Thus, this chapter highlights the importance of understanding the fishing

practices that shape fishery-dependent data.

Observations from the field study reported here and observations reported by

pelagic longline captains (Chapter 4) led to the hypotheses tested in Chapter 5.

63



Abstract

Bycatch mitigation approaches aim to either reduce the incidence of unwanted
catch or reduce bycatch mortalities. In pelagic longline fisheries incidence of
unwanted catch can be reduced by limiting the availability of baited hooks (e.g.,

within bycatch species’ preferred depths and water temperatures), whereas

bycatch ities can be by gear ificati and changes to
fishing practices (e.g., by limiting soak time). To evaluate the effects of
temperature, depth, and soak time on catch of target and bycatch species,
temperature recorders were set along the length of the longline to characterize
the environment at which hooks were fishing. Although few instrumented sets
were fished, observations at the within set scale — specifically, that swordfish

(Xiphias gladius) catch did not increase with longer soak times — led us to re-

examine i made in fleet-wide catch models. catch did not
increase with soak time in generalized linear models based on fisheries observer
data collected from swordfish-targeted sets fished by the Canadian pelagic
longline fleet in 2008 and 2009 (n=42 and n=78, respectively). Minimum soak
time, from end of setting to start of hauling, was used in swordfish catch models.
Total soak time is inappropriate for catch models because it includes haulback
time, which increases as a function of catch. If landed catch does not increase as
a function of soak time, then limiting longline soak time to reduce bycatch
mortalities would not cause decreased swordfish catch nor result in economic

losses for fishers. While minimum soak time limits would likely decrease bycatch



mortality rates in swordfish longline fisheries, impacts on other aspects of the
fishing process would need to be considered, such as negative impacts on fisher

safety.
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3.1 Introduction

Bycatch mitigation approaches either aim to reduce the incidence of unwanted
catch or aim to decrease bycatch mortality rates. For pelagic longline fisheries,
methods to reduce the incidence of unwanted catch include setting practices that
decrease availability of baited hooks within bycatch species’ habitats or foraging
areas (e.g., Dietrich et al. 2008; Beverly et al. 2009). Research differentiating
species distributions, and inferred foraging areas, has largely focused on depth
distributions (Boggs 1992; Bertrand et al. 2002; Bach et al. 2003; Ward and
Myers 2005; Beverly et al. 2009). However, higher catch rates of target and non-
target species, such as tunas (Thunnus spp.), swordfish (Xiphias gladius), and
loggerhead turtles (Caretta caretta), are also associated with particular water

temperatures or with thermal fronts (e.g., Podesta et al. 1993; Polovina et al.

2000; Brazner and McMillan 2008). Methods to decrease bycatch mortality or
injury rates include changes to hook size and type, reduced time on hooks, and
modified handling practices (e.g., Hoey and Moore 1999; Diaz and Serafy 2005;
Campana et al. 2009; Carruthers et al. 2009). Thus, depth and temperature
fished, as well as soak time affect both catch rates and mortality levels of

bycatch.

Because fishers are more likely to adopt mitigation methods that do not decrease

landed catch (but see Campbell and Cornwell 2008), effects on target species



catch rates are i in bycatch mitigation research (e.g., Hall et

al. 2007; Ward et al. 2008; Wade et al. 2009). For example, Beverly et al. (2009)
demonstrated that removing shallow hooks from pelagic longline gear decreased
catch rates of epipelagic species, and presumably endangered sea turtles, and
maintained catch rates of targeted tunas. In contrast, reduced longline soak
times decrease mortality levels of unwanted catch but may also decrease catch
rates of targeted and marketable species (Ward et al. 2004; Carruthers et al.
2009). Due to this presumed trade-off between economic benefits for fishers and
decreased mortality levels among bycatch species, it has been argued that
regulations to decrease soak time would be unacceptable to industry (Diaz and

Serafy 2005).

Pelagic longline bycatch research typically uses fishery-dependent observer data
to estimate the magnitude of fishing impacts and the importance of different
fishing factors on bycatch levels and mortality rates (Bigelow et al. 1999; Lewison

et al. 2004; Ward et al. 2004; Campana et al. 2006; Carruthers et al. 2009).

, longlines i with depth y gauges
or hook timers are used to determine how depths, temperatures, and soak times
fished affect catch rates and species composition (e.g., Boggs 1992; Bach et al.
2003; Beverly et al. 2009). However, few bycatch mitigation studies use
observations from fishing experiments to improve fleet-wide catch models, in

order to evaluate how specific fishing practices affect overall fishery impacts (but
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see Cox et al. 2007; Campana et al. 2009). In this paper, | demonstrate how
observations from instrumented longline sets can be used to improve landed
catch models and to evaluate mitigation methods in the Canadian pelagic

longline fishery.

The Canadian pelagic longline fishery targets swordfish and tunas in the
Northwest Atlantic along the continental shelf edge and further offshore in waters
north of the Gulf Stream (Figure 3.1). Although the fishery has increasingly
targeted bigeye (T. obesus), albacore (T. alalunga), and yellowfin (T. albacares)
tunas, swordfish catch still accounts for the majority of landings by this fleet (Paul
and Neilson 2010). Fishing practices, catch rates, and species compositions
differ for swordfish and tuna-targeted sets (He et al. 1997; Brazner and McMillan
2008). For the purposes of this study, targeted species were determined from
catch composition (Rogers and Pikitch 1992; He et al. 1997; Paul and Neilson
2010); swordfish-targeted sets were identified as those where swordfish was the
most common species. Here | examine the effects of temperature, depth, and
soak time on catch rates of swordfish and the most commonly caught bycatch
species (blue shark, Prionace glauca). Instrumented longline sets were used to
characterize the depth and temperature environment at which the hooks were
fishing and to determine if catch rates of swordfish and blue shark were affected
by within set temperature or soak time differences. Observations at the within set

level, caused us to re-examine assumed relationships between catch, soak time,



and temperature used in fleet-wide catch models and used to evaluate bycatch

mitigation techniques.

3.2 Methods

3.2.1 Instrumented fishing sets

Within set temperature and depth variability were sampled opportunistically
during a charter of a commercial longline vessel with the primary purpose to
release swordfish and bluefin tuna (T. thynnus) marked with pop-up satellite tags
(Neilson et al. 2009). Instrumented longline sets were fished east of the Grand
Banks between August 17th and 20th, 2008 (Figure 3.1). Fishing practices were
similar to those used by the commercial longline fishery when targeting swordfish
(Table 3.1). Gear was set to fish in the upper 20 m, using 4.5 m drop lines and 8
m branch lines (gangions) (Figure 3.2). Three hooks were fished between buoys
or within each basket. Circle hooks (size 16/0, 10% offset) were baited with
mackerel. Fourteen sections were fished in the first two sets (900 hooks) and 17
sections were fished in the last set (1000 hooks). Each section consisted of
approximately 20 baskets (Figure 3.2). Sections were approximately 3 km and
total mainline length was between 40 and 50 km. Gear was set in the evening,
soaked overnight, and haulback began at 6 am. Instrumented longlines were

counter-retrieved; the first hook set was the last retrieved.



Temperature and depth were recorded from the depth at which the gear fished.
Temperature recorders (TRs) replaced baited hooks at the end of gangions
(Figure 3.2). Eighteen TRs were attached at midpoints of longline sections. A
temperature depth recorder (TDR) was attached at the midpoint of the longline
set. Therefore, the TDR recorded a range of depths while setting and hauling, but
depths were recorded from the deepest point of the longline for the majority of

the TR and TDR ion was + 0.4 m and = 0.2 °C, with stated

accuracy = 2.0 m and = 0.3 °C (Vemco Division, AMIRIX Systems Inc., NS
Canada). Temperature and depth were recorded every 5 minutes. Relative
positions (i.e., longline basket or hook number) of species and TRs were
recorded during haulback. Before each set water temperature was recorded to
25 m depth using a second TDR. In addition, surface water temperature and time
were recorded at four points during the longline sets: start and end of setting, and

start and end of hauling.

3.2.2 Fisheries observer data

Data collected from the pelagic longline fishery by at-sea fisheries observers
were obtained from the International Observer Program database, created and
maintained by the Population Ecology Division of the Canadian Department of
Fisheries and Oceans (DFO). Fisheries observer data were used instead of
logbook data because catch of bycatch species, such as blue shark, are neither

required nor consistently recorded in logbooks. In addition to identifying species



caught, fisheries observers recorded information on gear characteristics (i.e.,
longline length, bait, and hook type), and on the location, timing, and water
temperature during setting and hauling. Fisheries observers reported from 11 of
164 trips fished during the 2008 season, accounting for 5% of sea days.
Observers reported from longline trips that were fished from late May until mid-
October and were distributed from Georges Bank in the south to the eastern
Grand Banks in the north (Figure 3.1). Prior to analysis, individual vessel
identifiers were replaced with unique identifiers to maintain confidentiality.
Swordfish-targeted sets were identified as sets in which the number of swordfish
exceeded that of tunas or of other landed species. This approach was validated
using a K-means cluster analysis (Xu and Wunsch 2009), which differentiated
swordfish and tuna-targeted sets in the first division, and identified the same
swordfish-targeted sets as the simpler method. Data from 78 swordfish-targeted
sets observed the following fishing season were used to test whether modeled

effects of soak time and temperature held across years and data sets.

3.2.3 Statistical analyses

Effects of soak time and water temperature on catch were tested for sections
within the three instrumented longline sets. Because TRs were set out along the
longline, soak times differed. Soak times were identified by a large temperature
change (>2° C) occurring within a 10 minute period (i.e., two recording intervals)

within the TR or TDR records. Identified start and end times fell within the setting



and hauling periods recorded on deck sheets and were checked against the
order in which recorders were set and retrieved (e.g., TR 3 was set before but
retrieved after TR 4). Data were imported, compiled, and error checked using
custom programs (MATLAB version R2007a). To test for effects of temperature
(T) and soak time (duration; D) on swordfish and blue shark catch (number of
fish/section between TRs), | used Generalized Linear Models (GLMs) with a
Poisson error distribution and log link, appropriate for count data (Maunder and

Punt 2004):

Catch =¢" +¢. (3.1)

Because diagnostic plots showed dispersion of residuals did not increase with
fitted values, | considered the Poisson error distribution sufficient for data from
instrumented longline sets. Within each set, catch from adjacent sections may be
related (Ward et al. 2004), e.g., clustered catches may indicate schooling fish
(Rey and Mufioz-Chapuli 1992). Therefore, a categorical variable for fishing set
(S) was used to account for differences among sets. Number of hooks between
temperature recorders was not included in the model as this variable was not

significant nor did it improve explanatory power. The model for swordfish and

blue shark catches ing to sections i with each
recorder was:
=B + BrT + BpD + BsS + BrysTxS, 32)

where p corresponds to mean catch for each section.



Similarly, | modeled soak time and temperature effects using fisheries observer
data collected from swordfish-targeted sets fished during the 2008 fishing
season. However, soak time is not recorded for sections within a longline during
observed commercial fishing sets. Instead, time is recorded at four points in the
longline set. Before using total soak time (start of setting until end of hauling), |
first determined if the number of target species caught (i.e., tunas and swordfish)
increased haulback time. In the Canadian longline fishery, and in other fresh-
chilled swordfish fisheries (P. Ward, pers. comm. July 27, 2010), hauling often
stops to bring fish aboard and may take considerable time depending on the size
and activity level of fish. Because haulback time increased as a function of the
number of target species, | used minimum soak time (duration; D, end of setting
until start of hauling) in landed catch models. Minimum soak time is not affected
by setting and hauling practices (e.g., number of hooks fished or amount of
landed catch). Estimated fishing depth was not included in catch models because
it was not clear how such estimates were made. For example, water column
depth was reported instead of fishing depth for 6 of the 42 swordfish-targeted
sets observed in 2008. Number of hooks hauled (H), an effort measure, and
water temperature (T) averaged from four points in the longline set, were

included as factors in the catch model:

W =Bo + BT + BpD + ByH, (3.3)
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where p corresponds to mean catch for each set. Previous catch rate models for
blue shark caught by the Canadian pelagic longline fishery included categorical
variables for fishing quarter and region (e.g., Scotian Shelf or Grand Banks;
Campana et al., 2006). However, the majority of swordfish-targeted sets
observed during 2008 were fished on the Scotian Shelf and in the third quarter.
Curvilinear relationships between soak time or temperature and catch levels
were not evident in the fisheries observer data. Therefore, | used GLMs that
paralleled those used for instrumented sets. Standardized residuals plots were

used to evaluate whether underlying error distribution assumptions were met.

Scale parameters and diagnostic plots of initial models revealed variance greater
than accounted for by the Poisson error distribution, which assumes variance

equal to the mean. Negative binomial error distributions, which include a

P to be esti (k™"), account for greater variance in error
calculations and significance tests (var(Y) = p + p>k™"). While these models
produce more conservative significance estimates, negative binomial models
cannot account for variance due to missing explanatory variables (McCullagh
and Nelder 1989). Negative binomial error distributions, appropriate for
overdispersed count data (Maunder and Punt 2004), were used in catch models
based on fisheries observer data collected from swordfish-targeted sets fished in

2008 and 2009. To test whether relationships between temperature and catch

held and if minimum soak time remained a non-significant predictor of swordfish



catch, GLMs were rerun using observer data collected from 78 swordfish-
targeted trips the following fishing season (2009). GLMs were run using the
open-source statistical program R, with the packages ‘MASS'’ and 'car’ (Venables

and Ripley 2002; Fox 2007; RTeam 2007).

3.3 Results

3.3.1 Instrumented fishing sets

Blue shark, swordfish, and shortfin mako (/surus oxyrinchus) were the most
common catch, accounting for 94% of the number of fish caught in instrumented
sets. The remainder of the catch consisted of unidentified sharks, a single
thresher shark (Alopias sp.), and a single bluefin tuna. The range of surface
water temperatures recorded on deck sheets was 14.9 — 17.2 °C. Maximum soak
time, from start of setting to end of hauling, ranged from 13 h 30 min to

18 h 45 min. Minimum soak time ranged from 4 h 20 min to 8 h 30 min.

Temperatures recorded at depth were generally within the range reported on
deck sheets, except during brief increases in depth (Figure 3.3). Data from
instrumented longline sets indicated that swordfish-targeted sets fished at
approximately 13.5 m = 1.8 (mean = SD), if sounding events were excluded.
Sounding behaviour of hooked fish occurred during Sets 1 and 2, lasting 50 to 85
minutes and marked by an up to 20 m difference in depth and a 4 °C change

(Figure 3.3). Prior to the use of hook timers, time of capture was inferred from



short-term increases in depth or sounding events (Boggs 1992). The sounding
event during Set 2 was a result of blue shark captures. All hooks adjacent to the
TDR were recovered and blue shark was the only species captured on the
snarled hooks. Little temperature difference was recorded in vertical temperature
profiles conducted at the beginning and ending of each set. For example, vertical
temperature profiles taken during Set 1 ranged from 14.8 to 15.9 °C in the upper
20 m. Little variability in vertical temperature profiles suggests sets were fished

within the upper mixed layer. The rapid change in temperature during sounding

events suggests the th ine occurred at approxi 25 m depth in Set 1

(Figure 3.3).

Along the length of the longline temperatures ranged from 14.4 to 16.8 °C (Figure
3.4). Temperature and soak time data from TR 6 and TR 8 were lost because
these recorders were not recovered. Soak time decreased along the length of the

longline because longlines were counter-retrieved (Figure 3.5).

3.3.2 Fisheries observer data

Blue shark, swordfish, porbeagle, and mako shark accounted for >95% of fish
caught in swordfish-targeted sets. Of the 52 sets observed during the 2008
fishing season, 42 were swordfish-targeted, which fished approximately 44,000
hooks. Swordfish-targeted sets fished both circle (size 16/0) and J-hooks (size

8/0 and 9/0, 36 and 41 mm maximum hook widths) and used mackerel, or a



combination of mackerel, herring, and squid baits (Table 3.1). Although the range

of surface water among targeted sets was 13.8 -20.1°C

(Table 3.1), the maximum temperature range recorded during a single observed

setwas 3 °C. targeted sets were i fished along the edge
of the continental shelf from May 24 until October 17, 2008 (Figure 3.1). Of the
122 sets observed the following year, 78 were swordfish-targeted. Operational

and i istics of targeted sets were similar in 2009

but included shorter and shallower longline sets (Table 3.1). Swordfish-targeted
sets were generally set at night and haulback began the following morning (Table

3.1).

3.3.3 GLM analyses

Neither temperature nor soak time affected catch during i
sets (Figure 3.5, Table 3.2). Blue shark catch increased with lower temperatures
during Set 2, but the relationship did not hold for other instrumented sets (Table

3.2).

Swordfish catch increased with mean water temperature based on fisheries
observer data from 2008, but the relationship was reversed when data were used
from the 2009 fishing season. Blue shark catch increased with lower water
temperatures in models using 2008 data (Table 3.3). However, the relationship

between water temperature and blue shark catch was not significant across
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instrumented longline sets or different fishing seasons. As expected, swordfish

catch increased with the effort measure (number of hooks hauled).

Before evaluating effects of increased soak time in the fisheries observer data, |
determined if haulback time, and therefore total soak time, was affected by
targeted catch. Number of targeted species caught significantly increased
haulback time (Fss = 5.779, p = 0.0023), based on linear models of haulback
time as a function of number of landed species and number of hooks hauled (p =
0.027 and p = 0.008, respectively). Therefore, minimum soak time was used in
landed catch models. Minimum soak time did not significantly increase swordfish
catch using either 2008 or 2009 fisheries observer data (Table 3.3). To compare
the effects of minimum soak time and haulback time on swordfish and blue shark
catch, | modeled soak time effects using data from swordfish-targeted sets fished
during the 2009 season. Average number of hooks (847) and water temperature
(17.6 °C) were used in Eq. 3.3. Neither swordfish nor blue shark catch increased
with minimum soak time, however, catch of both species increased with haulback

time (Figure 3.6).

3.4 Discussion

Bycatch mitigatic aim to reduce incit and mortality levels of

bycatch without decreasing catch rates of target species. My analysis of soak



time and temperature effects indicated shorter soak times, which would decrease
hooking mortality levels (Ward et al. 2004; Diaz and Serafy 2005; Campana et al.
2009; Carruthers et al. 2009), would not decrease catch rates of targeted
swordfish. Blue shark bycatch increased with cooler water temperatures, but the

ip was not signif across i sets and fishing seasons,

which suggests other environmental or behavioural factors are driving blue shark

catch rates.

Analysis of fisheries observer data was limited to swordfish-targeted sets to

increase ility with i longlines. targeted sets
fished a range of bait types, depths, and temperatures, in addition to the fleet's
traditional fishing practices when targeting swordfish: e.g., mackerel baited,
shallow-set hooks fished along the continental shelf edge (Stone and Dixon
2001). Swordfish-targeting was simply identified from catch composition, but this
method assumes that the most common landed species was, in fact, the
intended target (Rogers and Pikitch 1992). For example, the three sets fished
further offshore in 2008 (Figure 3.1) caught a combination of swordfish, tunas,
and porbeagle in roughly equal numbers, making it difficult to identify a single
target species. Alternatively, target species could be inferred from fishing
practices. It looks like longliners tried different targeting practices during the 2009

fishing season (i.e., fishing depths, bait types, and longline lengths), but

the most caught target species. Mixed-bait,




deeper sets caught both yellowfin tuna and swordfish, which may indicate a

mixed targeting strategy. Instrumented longline sets were similar to traditional

targeting practices in the ial fishery. While total soak time and
sea surface temperatures in instrumented sets were within the range recorded in
fisheries observer data (Table 3.1), soak times were shorter than average to
increase the likelihood that swordfish and bluefin tuna would be available for

tagging and live release.

Blue shark catch g y i with cooler but the

ip was not signif across i longline sets or between the

two fishing seasons. While there was likely insufficient contrast among

instrumented longline sets to i effects,

reported in Canadian fisheries observer data were similar to those analyzed by
Watson et al. (2005), who found blue shark catch increased with cooler sea
surface temperatures. However, Watson et al. (2005) were working with more
detailed data; onboard fisheries observers in that fleet recorded water
temperature and catch for each longline section. Because water temperatures
used here were averaged from four points in the longline set, they may not reflect

water temperatures at a scale relevant to blue shark. Other studies that reported

fleet-wide or large scale iations between blue shark catch and cooler
temperatures may instead reflect targeting practices. For example, Walsh and

Kleiber (2001) reported higher blue shark catches associated with colder sea



surface temperatures; however, this effect may be indirect because their data set
included both swordfish and tuna targeted sets. Blue shark bycatch is associated
with swordfish targeting (He et al. 1997), which occurs in cooler waters than tuna
targeting (Paul and Neilson 2010). Thus, two possible explanations from the
difference between my results and previous research are the scale at which
temperature is recorded, or the range of targeting practices included in the data

set.

, the lack of i i ip between fishing seasons may
simply reflect that | checked whether the relationship between blue shark and
water temperature held — few studies retest effects of environmental factors with
new data. While focused on a separate aspect of fisheries research, Myers
(1998) found correlations between environmental factors and fish recruitment
fared poorly when subject to retesting. The notable exception was when sampled

populations were at the northern extent of their range (Myers 1998). Associations

among species catch rates and water imply pi

or limits. Given that blue sharks 10-15°C

during daily dives (Carey and Scharold 1990), it is unlikely that temperatures
reported from this fishery (Table 3.1) are near the limit of blue shark temperature
preferences. Instead, | suggest that temperature and shark associations are
indicative of other processes, such as targeting practices (Walsh and Kleiber

2001), or, at a finer scale, short-term changes to the fished environment and to
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fish behaviour may be driving blue shark catch rates. Comparisons among
instrumented sets and nine adjacent observed sets (Figure 1), showed extreme
catch rate variability occurred on short time and space scales — within 10 days
and 100 km. For both instrumented and the adjacent observed sets, swordfish
catch rate remained below 30 fish/1000 hooks, whereas blue shark catch rates
ranged from 10 to >150 sharks/1000 hooks. Thus, reported associations between

blue shark and temperature may reflect other short-term environmental changes

that coincide with such as wind-induced mixing.

Analysis method was not a common factor among studies which found significant
temperature or soak time effects on swordfish or blue shark catch. For example,
both Walsh and Kleiber (2001) and Watson et al. (2005) reported blue shark
catch increased with cooler water temperatures, using Generalized Additive
Models (GAMs, which allow for non-linear relationships) and GLM analyses.
Whereas, Vega and Licandeo (2009) found SST was not a significant factor in

blue shark GAMs. While the lack of relationship between swordfish and soak

time was ising, | think positive iations found in previous studies had

more to do with how soak time was measured than analysis method. Research in
which soak time was recorded for each section was equivocal; with both
significant (Ward et al. 2004) and insignificant (Watson et al. 2005) soak time

effects. By contrast, studies which used median or maximum soak time, report a



positive soak time effect, irrespective of the analysis method used (Carruthers et

al. 2009; Vega and Licandeo 2009).

From a bycatch mitigation perspective, the observation that swordfish catch did
not increase with soak time could have important management implications.
Hooking mortality rates, whether individual animals are alive or dead when
brought alongside the vessel, generally increase with longer soak times (Ward et
al. 2004; Diaz and Serafy 2005; Campana et al. 2009; Carruthers et al. 2009). If
landed catch does not increase as a function of soak time, then limiting soak time

would not result in an ic loss for i i , there may be no

trade-off between lower bycatch mortalities and fishing profitability. However,
evaluating this trade-off depends upon appropriate measures of soak time. Total
or median soak time is used to estimate hooking mortality levels (Diaz and
Serafy 2005; Campana et al. 2009; Carruthers et al. 2009). Both measures
include haulback time and, therefore, are not appropriate for landed catch
because haulback time is a function of landed catch. Minimum soak time would
not, however, be an appropriate measure for hooking mortality models; it would
systematically underestimate time on hooks and associated stresses, such as

from limited movement ability (Campana et al. 2009).

Swordfish catch did not increase with longer soak times during the instrumented

sets even though soak time of longline sections differed by up to 8 h. The



number of instrumented longlines fished is clearly insufficient for fleet-wide
inferences. However, observations from these sets caused us to re-examine
measures used to evaluate soak time effects using fisheries observer data.
Because haulback time increased as a function of landed catch, | used minimum
soak time in catch models. Minimum soak time did not increase swordfish catch
among observed sets fished by the Canadian Atlantic pelagic longline fleet
(Figure 3.6). Interestingly, blue shark catch also increased with haulback time
(Figure 3.6), which suggests that discarding sharks can also take considerable
time. Haulback practices described here are not unique to the Canadian fishery;
therefore, bycatch mitigation opportunities in other pelagic longline fisheries may
be overlooked. For example, Watson et al. (2005) attributed the positive
relationship between swordfish catch and daylight soak time to the increased
time needed to process and catch because haulback time increased as a

function of landed catch.

Shorter soak times could decrease bycatch hooking mortalities levels in pelagic
longline fisheries. However, key questions would need to be addressed prior to
implementing minimum soak time limits. Would reductions in minimum soak time
(i.e., the time period over which longliners have greater control), markedly
decrease bycatch mortality levels? How do minimum soak time limits affect
different targeting strategies and how do they compare to other mitigation

strategies, such as modified handling practices (e.g., Campana et al. 2009)?



Given that longline ions are gt y within 24 h
(Ward and Hindmarsh 2007), would limiting minimum soak times negatively
impact fisher safety? Minimum soak times in the 2008 and 2009 fishing season
were, on average, 7-8 h (Table 3.1). In the Canadian fleet, this is the time period
when longline crews are able to sleep and eat. Fatigue is a common factor in
fishing accidents (Windle et al. 2008), therefore, minimum soak time regulations
could negatively impact fisher health and safety. If fisheries management and the
fleet were able to address the safety issues, then any soak time regulations
would need to be based on minimum soak times as it is the time period that
fishers can control. Total soak time is affected by amount of catch, line breaks,
and other factors beyond the fishing crews’ control. Rather than advocate for

particular mitigation methods, my point here is that simple catch models, and

of bycatch mitigati PP ities, were based on
inappropriate soak time measures. Incorporating results from data collected at
the within-set level improved fleet-wide catch models and identified overlooked

bycatch mitigation opportunities.
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Table 3.1 O i and i tal istics of targeted pelagic longline sets observed

during the 2008 and 2009 fishing seasons (average = standard deviation and range (shown in parentheses)).

Characteristic 2008 Swordfish-targeted sets (n=42) 2009 Swordfish-targeted sets (n=78)
Hook type 29.5% J-hook; 70.5% circle hook 17% J-hook; 83% circle hook

Bait type® 29.5% mackerel; 70.5% mixed 40% mackerel; 13% squid; 47% mixed
Number of hooks hauled 1041 + 337 (576 — 1564) 847 = 249 (210-1377)

Longline length (km) 45+ 16.2 (18 - 80) 38.3+17.3 (10 - 70)

Number of hooks between buoys 3 (2 - 4) 52% 2 hooks; 48% 3 hooks

Gangion length (m) 63+12(36-73) 64+15(12-82)

Fishing depth® (m) 18+9.1(9-33) 11.9+6.7 (4-27)

Surface water temperature (°C) 17.1+1.6 (13.8 -20.1) 17.6+2.5(11-21.9)

Minimum soak time® (h) 8.4x1.1(49-10.5) 72+15(3-115)

Total soak time (h) 19.8 2.3 (12.8-25.3) 18.5+2.6 (8.3-25.0)

Start of setting 9:36 pm = 76 min (8:00 pm — 2:35 am) ~ 9:40 pm = 70 min (7:40 pm — 2:00 am )
Start of hauling 9:58 am = 43 min (9:00 am — 12:04 pm) 9:36 am = 45 min (8:22 am — 12:52 pm)

° Mixed bait refers to a combination of mackerel, squid, and herring.
b Estimated by fishing captains and recorded on deck sheets (2008, n = 35; 2009, n = 39).
°Minimum soak time calculated as time from end of setting until start of hauling.
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Table 3.2 Modeled coefficients of temperature and soak time effects on swordfish

and blue shark catch in instrumented sets. Catch was recorded for each longline

section between temperature recorders (n = 51).

Term Coefficient SE z Pr(>|z|)
Swordfish  Set 1 -4.138 6.353 -0.650 0.512
(n=57) Set 2 1.186 0.381 3.114  0.002
Set 3 0.202 0.699 0288 0.773
Soak time 0.053 0.060 0.875  0.382
Temperature 0.203 0.401 0.505 0.613
Blue shark  Set 1 9.325 5.811 1.605 0.109
(n=197) Set 2 32.341 11.868 2.725 0.006
Set 3 -2.963 7.920 -0.374 0.708
Soak time -0.033 0.039 -0.847  0.397
Temperature -0.545 0.398 -1.371  0.170
Set 2 x temperature -2.106 0.795 -2.648 0.008
Set 3 x temperature 0.244 0.515 0.473  0.636
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Table 3.3 Modeled coefficients of temperature and soak time effects on swordfish
and blue shark catch. Models are based on fisheries observer data collected
from swordfish-targeted sets during the 2008 and 2009 fishing seasons, 42 and

78 sets observed, respectively.

Term Coefficient SE z Pr(>|z|)
2008 Fishing season
Swordfish  Intercept -0.7762 1.6868 -0.460 0.6454
(n=919)
Soak time® 0.0230 0.0943 0.318 0.7507
Temperature 0.1565 0.0628  2.494 0.0126
Number of hooks  0.0008 0.0002 2771 0.0056
Blue shark  Intercept 7.5737 1.6327 4.639 <0.0001
(n=2159)
Soak time -0.1580 0.0918  -1.721 0.0853
Temperature -0.2803 0.0606 -4.624 <0.0001
Number of hooks ~ 0.0020 0.0002  7.154 <0.0001
2009 Fishing season
Swordfish Intercept 3.0999 0.9470 3.273 0.0011
(n=1395)
Soak time 0.0156 0.0572 0.273 0.7852
Temperature -0.0954 0.0395 -2.414 0.0158
Number of hooks ~ 0.0015 0.0004 3.410 0.0007
Blue shark  Intercept 7.8535 1.0317  4.704 <0.0001
(n=2191)
Soak time -0.1479 0.0620 -2.386 0.0170
Temperature -0.0541 0.0433 -1.250 0.2114

Number of hooks  0.0007 0.0004 1.587 0.1124

“Minimum soak time measured from end of setting to start of hauling.
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Figure 3.1 Locations of instrumented longline sets, fished between 17-20 August
2008, and swordfish-targeted longline sets observed during the 2008 fishing

targeted sets were p i fished along the continental

season.

shelf edge, indicated by the 200 m isobath, and within the Canadian EEZ.
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Figure 3.2 Gear configuration of a single longline basket. Twenty baskets were
fished per section, and 14 — 17 sections fished in each instrumented longline set.

T (TR) and the depth recorder (TDR) replaced

a baited hook at the end of a gangion, recording data at the depth of the baited
hooks. Data were recorded from 16 TRs and one TDR, which was located at the

midpoint of each section.
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Figure 3.3 Depth (dashed line) and temperature (solid line) recorded by the
temperature depth recorder at the mid-point of instrumented longline sets. Data
were recorded at five minute intervals. Note soak times differed between the

three sets, lasting approximately 15 h during Set 3 as indicated on x-axis.
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Figure 3.4 Mean temperature (+ standard deviation) recorded along the length of
the longline. Position of temperature recorders (TR) along the longline shown on
x-axis. TR 6 and 8 were not recovered. The temperature depth recorder (TDR)

was located at the midpoint of the longline.
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Figure 3.5. Number of swordfish (dark grey) and blue shark (light grey) caught
within longline sections between temperature recorders (TRs). Position of TRs

along the longline shown on x-axis. Soak time for each section between TRs
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Figure 3.6. Swordfish and blue shark catch per set modeled as a function of

minimum soak time or haulback time, and using average number of hooks and

temperatures fished during the 2009 fishing season. Dashed lines indicate 95%

confidence limits and sample distribution shown along the x-axis.
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CHAPTER 4: BYCATCH MITIGATION IN CONTEXT: USING QUALITATIVE
INTERVIEW DATA TO IMPROVE ASSESSMENT AND MITIGATION IN A

DATA-RICH FISHERY

The following chapter uses qualitative data collected during fishers’ knowledge
interviews. Because | wanted to identify bycatch mitigation opportunities in the
current pelagic longline fishery, | interviewed longline captains who were active in
the fleet. Longline captains’ descriptions of fishing practices and how these

changed in to and markets highli aspects of the

societal context that shape bycatch levels.

Longline captains reported bycatch mitigation approaches that could be used to

increase post-release survival of species that survive the capture process

(Chapter 2). Qualitative interview data species
in Chapter 3. Longline captains' observations of species distributions and
behaviour, and observations made during the field study (Chapter 3) led to the

hypotheses tested in Chapter 5.
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Abstract

Bycatch from pelagic longline fisheries has il to

declines of turtles, sharks, and other pelagic fishes. While large-scale estimates
are needed to understand cumulative impacts on these highly migratory species,
detailed information on targeting, setting, and discarding practices is needed to

develop bycatch mitigati Pl Data from itative fishers’

interviews with Canadian Atlantic pelagic longline captains was used to evaluate
current bycatch estimation methods and to identify bycatch mitigation
opportunities. Interviewed longline captains reported blue sharks (Prionace

glauca) were common bycatch during swordfish-targeted sets, but were

absent from ti targeted sets. Discrepancies between longline
captains’ observations and bycatch assessment methods identified needed
improvements to data collection methods. Longline captains reported innovative
uses of turtle dehooking gear, which two-thirds of interviewed longline captains
had used to release other bycatch species in addition to turtles. Longline
captains reported techniques for discarding pelagic stingray (Pteroplatytrygon
violacea), a common bycatch species in Pacific, Atlantic, and Mediterranean
pelagic longline fisheries. Therefore, implementation of such techniques could
decrease fisheries impacts globally. While there can be major conservation
benefits from fishers’ knowledge research, one-quarter of the active longline
captains | contacted declined interviews because they did not trust the larger

research process. | urge conservation biologists to carefully design fishers’
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knowledge research, taking into account the often politicized context. Failure to

do so may jeopardize future research and conservation efforts.



4.1 Introduction

Pelagic longline fisheries target swordfish (Xiphias gladius) and tunas (Thunnus
spp.) throughout the Atlantic, Pacific, and Indian Oceans, and the Mediterranean
Sea. Bycatch from pelagic longline fisheries, defined here as incidental catch that
is subsequently discarded dead or released alive, has contributed to widespread
population declines of turtles, sharks, and other large pelagic fish (Baum et al.
2003; Lewison et al. 2004; Myers and Worm 2003). Because species caught on
pelagic longline gear migrate across ocean basins (Campana et al. 2006; James
et al. 2005; Mollet 2002; Neilson et al. 2009), large-scale estimates are needed
to understand cumulative impacts from longline fisheries. However, fishing
practices and species catch rates differ within fisheries (Baum et al. 2003;
Brazner and McMillan 2008; Kerstetter and Graves 2006). Because different
targeting, setting, and discarding practices affect bycatch levels and post-release
survival (Branch and Hilborn 2008; Campana et al. 2009; Wade et al. 2009),
information on the prevalence of different fishing practices is needed to
accurately assess overall fishery impacts and to develop effective bycatch

mitigation approaches.

of ion or level impacts from pelagic longline

fisheries are largely based on fishery-dependent data (Maunder and Punt 2004).
In data-rich fisheries, impacts are assessed using landings records, logbook

data, and data collected by at-sea fisheries observers (McCluskey and Lewison
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2008). Because these data are collected during commercial fishing operations
and are thus fishery-dependent, additional information on fishing practices is
needed to differentiate effects of changing fishing practices from changes in
species abundance. Increased fishing power can mask population declines
(Bishop 2006), whereas unaccounted for changes in targeting practices has

resulted in overestimates of fishery impacts (de Mutsert et al. 2008). Bycatch

species are caught incit therefore i ion on the iation between
target and bycatch species and on the prevalence of different targeting practices
is also needed. Within multispecies fisheries, motivations to switch among target
species or fishing regions differ depending on individual captains’ skill and
experience, fishing preferences, and changing regulations or markets (Béné and
Tewfik 2001; Branch and Hilborn 2008; de Mutsert et al. 2008). The efficacy of
bycatch mitigation approaches may differ among regions and with targeting
practices (e.g., Wade et al. 2009). Therefore, even within data-rich fisheries
additional information may be needed to track fishery impacts and to develop

bycatch mitigation approaches.

Fishers’ research can i important it ion for

assessment, management, and bycatch mitigation even where detailed fisheries
science data exist: by identifying needed improvements to the fisheries science
data (Saenz-Arroyo et al. 2005); by soliciting feedback on the efficacy of possible
mitigation strategies (Santora 2003); and by developing mitigation techniques

based on fishers' technical expertise (Hall et al. 2007) and on their observations
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of bycatch species’ behaviour relative to fishing gear and target species (Jenkins
2007). Fishers' knowledge may be particularly important for marine conservation
research when population metrics are based on fishery-dependent data and
when researchers’ observations of species’ behaviour or ecology are limited.
However, fishers may be unwilling to share their knowledge if research will likely
lead to increased regulations, and if fishers' have no control over the use of their
knowledge (Hall et al. 2007; Hartley and Robertson 2009; Santora 2003; Silver
and Campbell 2005; St. Martin and Hall-Arber 2008). Thus, a core dilemma of
fishers’ knowledge research is that while there may be an urgent need to access
fishers’ knowledge, there are potential risks for participants. This research

context creates ethical and practical issues for researchers.

Our research objectives were: 1) to use iti i ion from g

interviews to better assess fisheries impacts; 2) to request feedback from

longline captains on prop: bycatch mitigati and on existing
mitigation tools; and, 3) to identify mitigation opportunities in swordfish and tuna
longline fisheries. While fishers’ knowledge research can improve assessment
and mitigation of pelagic longline bycatch, the process of engaging fishers and
their knowledge influences research quality and therefore, future research and

mitigation opportunities. Thus, my fourth objective was to design and document a

research approach that builds trust and ive research

Using information derived from itative fishers' i i with

members of the Atlantic Canadian longline fishery for swordfish and tunas, |
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demonstrate that this additional information can be used to improve the accuracy
of fishing assessments and the efficacy of bycatch mitigation approaches, even

in data-rich fisheries such as this one.

4.1.1 Research context

The Canadian Atlantic pelagic longline fishery targets swordfish, and albacore (T.
alalunga), bigeye (T. obesus), and yellowfin (T. albacares) tunas. Quotas for
these highly migratory species are set by the International Commission for the
Conservation of Atlantic Tunas (ICCAT). Canada's swordfish allocation has been
10% of the North Atlantic quota since 1999, as part of the stock rebuilding
program (ICCAT 2006). Within Canada, 90% of the swordfish quota is allocated
to the pelagic longline sector and 10% is allocated to the harpoon sector (DFO
2004). The pelagic longline fishery has been fished under an Individual
Transferable Quota (ITQ) system since 2002. Previously, swordfish was fished
competitively and the Canadian quota was not split between the two sectors.
Canada does not have specific quotas for bigeye, yellowfin, and albacore tunas
but instead fishes under catch guidelines for these species (DFO 2004). Because
most of the Canadian swordfish quota is landed annually (> 97% of annual quota;
Lester et al. 2008; Lester et al. 2009), and because individual longliners are

limited by ITQ's, swordfish quotas are the key factor limiting fishing levels.

The Canadian longline fishery has increasingly targeted tunas since the mid-

1990s (DFO 2004). Swordfish targeting occurs primarily along the continental
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shelf edge, whereas tuna targeting occurs further offshore and south of the

continental shelf (Figure 1; Paul and Neilson 2010). Information on fishing
locations and landed catch is collected through logbook and dockside monitoring
programs. Additionally, at-sea fisheries observers collect catch composition and
fishing effort data from a portion of the fleet; observers typically report from 5% of
sea days annually (Lester et al. 2009). Observer data are used to estimate
bycatch levels because bycatch is not consistently recorded in logbooks (e.g.,

Brazner and McMillan 2008; Campana et al. 2006).

Pelagic longline fisheries are facing increased pressures and incentives to
decrease both the amount of bycatch and harm to discarded catch. For example,
the US pelagic longline fleets were banned from portions of the Northwest
Atlantic and Hawaiian waters to protect sea turtles (Hall et al. 2007; Martin and
James 2005). Consumer marketing campaigns, which consider both bycatch

levels and mitigati pp! when ing pelagic longline fisheries (e.g.,

SeaChoice and Marine Stewardship Council [MSC]), may provide incentives
through increased market access or increased prices for sustainably caught fish.
Recent conservation status assessments identified pelagic longline bycatch as
the primary threat to loggerhead turtle (Caretta caretta; COSEWIC 2010) and
blue shark (Prionace glauca; COSEWIC 2006) populations in Canadian waters.
These assessments were based on catch rates recorded by at-sea fisheries
observers. Catch ratios between target and bycatch species were then used to

estimate total interactions based on effort levels reported in landings and logbook
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data. L turtles were as by the advisory board

(COSEWIC 2010). If the species is listed under Canadian endangered species

legislation recovery strategies could include limiting fishing levels, modifying

fishing and di ing practices, and ion of harm (DFO
2010). The swordfish and tuna longline fishery was being assessed for MSC
certification while | was conducting research on longline bycatch (MSC 2011). As
bycatch levels, impacts, and bycatch mitigation strategies are considered during
MSC assessments (MSC 2008), certification conditions could include reductions
in bycatch levels or harm. Further, if the longline fishery were certified, longline-
caught swordfish could access markets and price premiums similar to those for
certified harpoon-caught swordfish (Whole Foods Market 2010). Incentives and
pressu