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a b s t r a c t

We comprehensively tested combinations of three primary mitigation measures in a pelagic longline
fishery with one of the highest rates of interaction with what may be the world’s most challenging
seabird assemblage (dominated by Procellaria genus petrels), aboard fishing vessels typical of the Asian
distant water fleet. Multiple measures were used to compare the performance of weighted vs. unweighted
branch lines set with two bird-scaring lines – hybrid lines with long and short streamers – during daytime
and nighttime. The weights used were a novel double-weight configuration. Secondary attacks on baits
brought to the surface by white-chinned petrels drove albatross mortality. Regardless of time of day,
weighted branch lines with two bird-scaring lines, deployed and maintained with an aerial extent of
100 m, reduced bird attacks by a factor of four, and secondary attacks and seabird mortality by a factor of
seven, compared to unweighted branch lines, with little effect on fish catch rates and with no injuries to
crew. This combination yielded zero bird mortalities when gear was set at night. We conclude that the
simultaneous use of two bird-scaring lines, weighted branch lines and night setting meet our criteria for

best-practice seabird bycatch mitigation for the joint-venture fleet targeting tuna and related species in
the South African EEZ. To be successful, the aerial extent of bird-scaring lines should be aligned with the
distance astern that baited hooks sink beyond the foraging depth of the dominant seabird – in this case
white-chinned petrels to a depth near 5 m. Given that these measures were successful in one of the most
challenging pelagic longline fisheries, they are likely to be widely applicable to pelagic longline fisheries
using similar gear.
. Introduction

Stemming the incidental mortality (bycatch) of non-target
pecies in marine fisheries to maintain species diversity and
cosystem integrity is fundamental to ecosystem-based fisheries
anagement (Crowder et al., 2008; FAO, 1995; Smith et al., 2007).

pecies that are highly sensitive to adult mortality, such as sea tur-
les, marine mammals, and seabirds, are particularly vulnerable
Croxall et al., 2012; Lewison et al., 2004). In the case of seabirds,
sheries mortality is considered the most pervasive and imme-
iate threat to many albatross and petrel species (Croxall et al.,
012). Albatrosses are especially vulnerable, with 18 of 22 species
hreatened with extinction, they are the most threatened of any

ird family (Phillips, 2013). Declines and poor recovery of seabird
opulations in the Southern Hemisphere have been repeatedly

inked to mortality in longline fisheries (Gales, 1998; Tuck et al.,

∗ Corresponding author. Tel.: +1 206 543 9968; fax: +1 206 221 6939.
E-mail address: edmelvin@uw.edu (E.F. Melvin).
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2001; Weimerskirch et al., 1997). The threat posed to seabirds by
longline and later, other fisheries, triggered international efforts to
characterize and reduce this mortality. These included The United
Nations International Plan of Action for Reducing Incidental Catch
of Seabirds in Longline Fisheries (FAO, 1999) and the Agreement for
the Conservation of Albatrosses and Petrels, which came into force
in 2004 (ACAP, 2001, 2012).

Seabird mortality occurs in longline fisheries when seabirds for-
age on sinking baited hooks during deployment, become hooked,
and drown (Brothers, 1991; Løkkeborg, 2008, 2011). In addition
to the negative consequences to bird populations, baits lost to
birds increase fishing costs and reduce fish catch (Brothers et al.,
1999a; Gandini and Frere, 2012; Løkkeborg, 2008, 2011; Sánchez
and Belda, 2003). In some fisheries, excessive seabird mortality can
lead to lost fishing opportunities due to suspensions or exclusion
from a fishing area (South Africa, 2012) and, possibly, to loss of

market share due to negative perceptions of fishery practices (Kirby
et al., 2013). The development and implementation of best-practice
seabird bycatch mitigation technologies is essential to stemming
fishery-related seabird mortality and to maintaining efficient and

dx.doi.org/10.1016/j.fishres.2013.07.012
http://www.sciencedirect.com/science/journal/01657836
http://www.elsevier.com/locate/fishres
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ustainable fisheries (Bull, 2007; Croxall et al., 2012; Løkkeborg,
008, 2011). We define best-practice mitigation as technologies
nd practices that reduce the incidental mortality of seabirds to
he lowest achievable levels; are practical, safe and cost-effective;
o not increase the bycatch of other taxa; and maintain or enhance
he catch of target species. Experimental research comparing the
erformance of candidate mitigation technologies to a control of
o deterrent, where possible, or to the status quo, yields defini-
ive results; research results from tests using fishery observer
ata are frequently confounded (Løkkeborg, 2008, 2011; Melvin
nd Robertson, 2000). Carefully designed studies testing candi-
ate best-practice mitigation technologies using multiple metrics
f evaluation are key to understanding and ultimately reducing
eabird mortality in marine fisheries.

Among fisheries, pelagic longline fisheries targeting tuna and
illfishes and managed by international agreements (Regional Fish-
ry Management Organizations, or RFMOs) may pose the greatest
sheries-related threat. Their wide spatial and temporal extent
over 90% of the world’s oceans at all times of year – cou-

led with high fishing effort, high rates of seabird bycatch and
inimal monitoring make them a constant risk to wide-ranging

eabirds (see Melvin et al., 2013). Despite a clear and critical
eed, comprehensive research to develop best practice seabird
ycatch mitigation technologies specific to pelagic longline fish-
ries is lacking (Anderson et al., 2011; Løkkeborg, 2008, 2011)
reating considerable uncertainty and debate among member
ations of tuna commissions regarding best-practice mitigation.

n contrast, seabird bycatch mitigation is well studied and well
nderstood for demersal longline fisheries. Experimental research
stablished line weighting, bird-scaring lines, and night setting as
ccepted best practice mitigation for demersal longline fisheries,
nd implementation of these measures dramatically improved fish-
ry performance (ACAP, 2013a; CCAMLR, 2011; Croxall and Nicol,
004). Weighting longlines reduces the amount of time and the
istance beyond a vessel that baited hooks take to sink below the
oraging depth of seabirds. Bird-scaring lines exclude birds from the
rea where baits are accessible. Albatross species, and to a lesser
xtent petrel species, forage less and with reduced efficiency at
ight (Catry et al., 2004; Phalan et al., 2007; Mackley et al., 2011).

The configuration of pelagic longline gear creates unique chal-
enges for the application of bird-scaring lines and line weighting.
urface floats used to suspend longlines from the water surface
an tangle with bird-scaring lines as they are deployed, leading
o problems with crew safety and crew efficiency, and in some
ases, lost fishing gear (Melvin et al., 2013). Adding lead weights
o the long branch lines typical of pelagic fisheries can pose seri-
us safety issues: when a hook is suddenly released from a fish
s it is landed and the weight recoils at high speed toward crew
embers, there is a high risk of injury (Anderson and McArdle,

002; Boggs, 2001; Løkkeborg, 2008, 2011). Weighting branch
ines may also reduce the catch rates of target fishes (Robertson
t al., 2013). Fishers can be averse to setting longlines (pelagic
r demersal) at night for reasons that include scheduling difficul-
ies, safety concerns and possible effects on catch rates of some
shes.

Our comparison of the efficacy of two bird-scaring line designs
n the South African tuna joint venture fishery in 2009 found that
ird-scaring lines could not prevent bird attacks on unweighted
ranch lines. Hooks sank beyond the range of diving petrels at a
istance of more than 300 m astern, three times the span of the
erial extent of bird-scaring lines (100 m; Melvin et al., 2013). Slow
inking unweighted lines caused most bird attacks, and presum-

bly most mortalities, to occur in areas beyond the protection of
wo bird-scaring lines. Albatrosses attacking diving birds (white
hinned petrels, Procellaria aequinoctialis) that had brought a baited
ook to surface (secondary attacks) compounded this dynamic.
search 149 (2014) 5–18

Anticipating this outcome, we carried out a preliminary trial in
which weighted branch lines dramatically reduced seabird mor-
talities compared to unweighted lines: weighted lines sank to
a depth beyond the reach of white-chinned petrels within the
bird-scaring line aerial extent and with no detectable effect on
target fish catch day or night. Based on these results, we hypoth-
esized that, to be effective, the aerial extent of bird-scaring lines
should span the distance astern of the vessel that baited hooks
were accessible to birds – a concept we referred to as ‘shrink and
defend’.

Here we report findings of further trials in the South African
joint venture tuna fishery, comparing the performance of weighted
vs. unweighted branch lines set with two bird-scaring lines dur-
ing daytime and nighttime using multiple metrics. Our goals
were to: (1) provide experimental evidence of the merits of
combined mitigation measures, (2) shed light on the underlying
mechanisms that drive seabird bycatch; (3) identify best-practice
seabird bycatch mitigation measures for the South African tuna
joint venture fishery, and (4) by working on vessels typical of
the Asian distant water fleet and in a system with some of the
highest seabird interaction rates recorded, provide recommenda-
tions for pelagic longline fisheries managed by international tuna
commissions.

2. Methods

2.1. The South African tuna joint venture fishery

The Agulhas Current and the Benguela Current, which extend
into the South African Exclusive Economic Zone (EEZ), are major
current systems of great importance to seabirds (Croxall et al.,
2012). Some 24 species of albatrosses and petrels, most of which
are threatened with extinction, forage in South African waters
(Petersen et al., 2009). An initial assessment of seabird bycatch
in the pelagic longline fisheries targeting primarily tunas and
billfishes (1998–2000) found that the South African pelagic long-
line fishery had one of the highest seabird bycatch rates in the
world (1.6 birds/1000 hooks) killing up to 30,000 birds per year
(Ryan et al., 2002). The rate was highest in the Asian fleet fish-
ing in winter, 4.46 birds/1000 hooks. The most recent assessment,
based on more complete data and assuming better compliance
with bycatch mitigation measures, estimated the average bycatch
rate over the eight years from 1998 to 2005 to be consider-
ably less (0.44 birds/1000 hooks, with 1800–5900 birds killed
each year) than the original estimate. Eight of the 11 confirmed
species killed were threatened with extinction (Petersen et al.,
2009). This analysis confirmed that the winter Asian joint ven-
ture tuna fishery had the highest bycatch rate (0.58 birds/1000
hooks). These updated bycatch rates are considerably higher than
those estimated from comparable data sets of Southern Hemi-
sphere pelagic longline fisheries (0.2–0.4 birds/1000 hooks; Bugoni
et al., 2008). The South African tuna joint venture fishery met our
criteria for staging research in a worst-case seabird-interaction
fishery.

In 2010, foreign flagged vessels participating in the South
African tuna joint venture fishery were required to fish exclusively
at night (between nautical dawn and nautical dusk) and to use a
single bird-scaring line of a specific design and other practices to
minimize seabird mortality. If an individual permit holder exceed
an annual mortality limit of 25 birds, fishing could be allowed but
only with weighted branch lines (60 g within 2 m of the hook) or

no fishing in the days bracketing the full moon. If bycatch exceeded
50 birds, fishing might be allowed to continue under certain condi-
tions, including mandatory use of weighted branch lines at all times
(South Africa, 2010).
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.2. Longline vessels and gear

Research was carried out aboard two Japanese longline ves-
els, the F/V Fukuseki Maru No. 5 and F/V Koei Maru No. 88,
roduction-fishing in the 2010 tuna joint venture fishery in the
outh African EEZ. Bigeye tuna (Thunnus obesus), yellowfin tuna
Thunnus albacares), albacore (Thunnus alalunga), and swordfish
Xiphias gladius) were the primary target species. The vessels and
shing operations were typical of the Asian distant-water tuna
eets that have dominated pelagic longline fishing across southern
ceans (Tuck et al., 2003) and have been identified as having one of
he highest impacts on seabirds (Baker et al., 2007). The research
ook place when seabirds are most abundant and bycatch rates are
ighest – the Austral winter (Petersen et al., 2009; Ryan et al., 2002;
yan and Rose, 1995).

The fundamental unit of longline gear, the float segment,
onsisted of 11–12 individual branch lines clipped along 450 m
f mainline suspended at depth between 0.3 m diameter surface
oats. Fourteen-meter float lines, each weighted with a 220 g lead
hat could slide from the snap toward the float when the float line
as retrieved, connected individual floats to the mainline. A line

hooter delivered the mainline into the water slack – 1.4 times
aster than vessel speed – allowing the mainline to form a catenary
etween the two floats establishing fishing depths ranging from
pproximately 50 to 200 m for individual baited hooks. Twenty
nits of gear were set between radio beacons to form a gear seg-
ent. The Fukuseki 5 deployed 220 branch lines per gear segment

nd the Koei 88 deployed 240. One set was made each day of 10–12
egments or 2000–3000 hooks on approximately 100 km of mul-
ifilament mainline. At a setting speed of 9.8 kt over ground, sets
ook 5–5.5 h to complete.

Unweighted branch lines were 30–35 m long and composed of
aried line types and hardware. Japanese fishing masters consider
ranch line designs highly proprietary. Consequently, branch line
esign differed between the two vessels, with each using a mix of
esigns. In general terms, individual lines were 30–35 m long and
ere maintained on the vessel in coils. Unweighted branch lines

ypically included 4–10 m of 1.8–1.9 mm monofilament fixed to a
inged no. 4 (3.6 sun), Diataro-style Japanese tuna hook. Branch
ines were clipped to the mainline every 7.3 s as signaled by a timer
∼50 m). Baited hooks were cast into still water to port of the ves-
el’s wake using a bait-casting machine. The machine also served
o uncoil roughly 8 m of the monofilament and deliver it to the
ater untangled. The rest of the branch line coil was tossed by hand

loser to the vessel, near the margin of the wake. Whole pilchard
Sardinops sagax), mackerel (Decapterus macrallus) and squid (Illex
pp.) were used for bait.

.3. Double-weight branch lines

Half of the branch lines on each vessel were weighted using the
ouble-weight configuration developed by Fukuseki 5 fishing mas-
er Yamazaki-san in the course of our 2009 research (Melvin et al.,
010). This novel branch line-weighting configuration consisted of
weighted section that was inserted into the monofilament sec-

ion of a branch line at 2 m above the hook (Fig. 1). The weighted
ection consisted of 1–1.5 m length of inelastic wire or leaded line
ith a lead weight positioned at each end. The double-weight con-
guration was preferred to a single lead weight because it was
ore compatible with the coiled branch line system, and was

onsidered safer. Weight spread out over 1–1.5 m was considered
ess prone to tangling and easier to handle in a coil than a sin-

le weight. The double-weight configuration was also less likely to
njure crewmembers, as it positioned the heavier weight at 3–3.5 m
rom the hook – within the grasp of crew as a fish comes to the
essel. The second, lighter weight, placed 2 m from the hook, fit
earch 149 (2014) 5–18 7

snugly onto the wire or line but was free to slide. This free-sliding
weight, together with inelastic material inserted into the branch
line, served to dampen the force of recoil should a hook suddenly
come free from a fish. Initially, we used a 18–38 g configuration on
1–1.5 m of 2.7 mm diameter coated wire (total weight 85 g), but
the large diameter of the coated wire and the shape of the weights
caused excessive tangling. After some trial and error with the mate-
rial available on the vessel over the first several days of fishing,
the weighting evolved to a 12–38 g configuration, (lighter lead 2 m
from the hook) using spindle-shaped lead weights on 1 m (65 g total
weight, Koei 88) or 1.5 m (70 g total weight, Fukuseki 5) of a coated,
monofilament lead-core line (Kodo).

2.4. Bird-scaring lines

Each vessel deployed two “hybrid” bird-scaring lines for the
duration of every set (Fig. 2). These lines were 200 m long, with
a mix of long and short streamers in their aerial extent. Lines with
long streamers are typically found to be successful in demersal
longline fisheries (Melvin et al., 2001, 2004), while the “light” lines
favored by fishing masters in the Japanese domestic pelagic long-
line fleet typically have short streamers (Yokota et al., 2008).

The long streamers were single strands of UV-protected orange
tubing, ranging from 8.5 m to 1.5 m, attached every 5 m in the first
aerial 50 m. Branched 2-m strips of greenish-yellow packing-strap
material were tied into the line between each long streamer. One-
meter strips of the same material were tied in at the midpoint of
the strip every meter throughout the latter half of the aerial extent
(51–100 m), closest to the water. The in-water section of the line
also had 1-m strips of packing strap material clustered in threes
every 5 m from 101 m to 150 m and every 10 m from 151 m to 200 m.
This bottlebrush-like arrangement generated enough drag to create
a 100 m aerial extent when the vessel maintained 9.8 kt. This inno-
vation was also developed by fishing master Yamazaki-san as an
alternative to towed objects or devices, which tangle frequently on
surface floats (Melvin et al., 2013). The scaring lines were attached
to dedicated davits (tori poles) on the upper deck to port and star-
board of the stern. The attachment point of the port scaring line was
positioned 5 m outboard on the Fukuseki 5 and 4 m outboard on the
Koei 88. The Koei 88 pulled its starboard scaring line to port via a
lazy line, typically positioning it midway between the starboard
side and the midpoint of the stern. The Fukuseki 5 did not.

2.5. Experimental design

A typical set began at 03:00 hours, with at least three gear
segments set in daylight hours, and ended by 08:00. Half of
each vessel’s branch lines were weighted and the other half left
unweighted. Both types were deployed on both vessels in each set.
At night, weighted and unweighted gear segments alternated. In
the daylight period, the crew set 3–5 segments of purely weighted
or unweighted lines. To reduce bias due to environmental fac-
tors, vessels deployed opposite weighting configurations in any
given day and alternated configurations day to day. Vessels coor-
dinated fishing operations and set gear at the same time, in the
same direction, and typically within sight of each other. Longline
retrieval began 3 h after the set was completed, typically at about
11:00 hours. Given that the last hook set was the first one hauled,
hooks set at night fished for at least 12 h spanning both day and
night, while hooks deployed during daylight hours fished fewer
than 3–6 h and exclusively during the early part of the day.
2.6. Data collection

Fishery researchers collected data on seabird attacks on baited
hooks and seabird numbers during the daylight portion of each set.
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nto the monofilament section of the branch line 2 m above the hook (see text).

rimary and secondary attacks were monitored during the setting
f one gear segment (25–30 min). A primary attack was an unam-
iguous attempt by an individual bird to take bait from a hook –
ypically a dive, lunge, or plunge directly over a sinking hook. A sec-
ndary attack was another bird or a group of birds attempting to

teal bait from a bird that had successfully brought it to the surface
fter completing a successful primary attack. Both were recorded
s occurring in one of 21 locations delineated by seven areas astern

bait access distance

bird-scaring line  aerial extent (100 m)

long streamers
short streamers

ig. 2. Hybrid bird-scaring line with long streamers along the first 50 m of the aerial exte
ccess distances is the distance astern the baited hooks sink beyond the hypothetical fora
elastic wire or leaded line with a lead weight positioned at each end, was inserted

(0–25 m, 26–50 m, 51–75 m, 76–100 m, 101–125 m, 126–150 m,
and 151–200 m astern) and by three lateral areas (within the two
scaring lines, to port of the port line or to starboard of the star-
board scaring line). Markers inserted into the scaring lines served
as reference points to judge distance astern.
Data were recorded on the physical environment and vessel
operations immediately prior to the attack rate observation period.
These data included area (South or East Coast, Fig. 3), barometric

bottlebrush-like
arrangement of straps 

nt and short streamers along the 51–100 m span of the aerial extent (see text). Bait
ging depth of white-chinned petrels.
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ig. 3. Map of the South African Exclusive Economic Zone showing the locations
enture tuna fishery. Area boundaries are as per Ryan et al. (2002).

ressure, Beaufort sea state, distance from the shelf break, per-
ent cloud cover, depth, latitude and longitude, maximum visibility,
oon phase, sea temperature, set duration, streamer line aerial

xtent, swell height, total hooks, vessel speed, and wind speed and
irection (see Melvin et al., 2013). The landing location of baited
ooks and coils relative to the wake and port bird-scaring line
as recorded for 10 sequential bait throws prior to attack rate

bservations. Immediately following the attack rate observation,
esearchers recorded the number of seabirds (on the water and in
he air) by species in a 250 m hemisphere centered at the mid-
oint of the stern, together with data on the performance of the
ird-scaring lines (aerial extent).

Two researchers on the Fukuseki 5 observed the retrieval of
ll hooks during each haul. The single researcher on the Koei 88
bserved five to six of the 11–12 gear segments set with prior-
ty given to observing the retrieval of all hooks deployed during
he dawn–daylight period. Catches of all taxa were recorded at the
pecies level by gear segment. A count was made of seabirds attend-
ng the vessel midway through a hauling period using the same
rotocol as for the set. The bridge crew independently recorded the
umbers of fishes and birds caught per gear segment in the ship’s

ogbook for the entire haul. Researchers routinely crosschecked
heir catch data with those in the logbook to confirm the accuracy
f crew-collected data. When researchers observed that weighted
ranch lines might be tangling more often than unweighted lines,
hey began recording the numbers of tangled branch lines in one
oat segment (11 or 12 hooks) per radio beacon segment. Anything
ther than a completely knotless branch line was considered a tan-
le. Most were overhand knots occurring where hardware joined
ifferent branch line materials at locations other than the hook.
s we could not determine at what point tangles occurred, we
ssumed that all the baited hooks remained available to seabirds
nd fishes.

Hook sink rates were measured with Wildlife Computer MK9

nd Star Oddi DST Centi-ex time-depth recorders (TDRs). The water
ntry time was recorded for each TDR to the nearest second using a
igital wristwatch. Seconds to 2, 5, and 10 m depths were extracted
rom each data record and corrected to compensate for the weight
gline sets during 2010 experimental seabird bycatch mitigation trials in the joint

of the TDR, and in the case of Star-Oddis, also for the effect of the
protective housing, using the results of static sink rate tests. How
far astern baited hooks reached various depths was estimated by
multiplying mean seconds to depth by vessel speed over water
(5.04 m/s).

2.7. Data analyses

We analyzed data from sets for which bird-scaring lines did not
foul, when the aerial extent of bird-scaring line was >80 m, and for
gear segments with purely weighted or unweighted branch lines.
We set out to find the best models to describe: (1) counts of bird
attacks throughout the area monitored (200 m astern), (2) counts
of dive bird attacks beyond 100 m, (3) counts of birds caught, and
(4) counts of fish caught. All models were generalized linear mod-
els with a log-link and the offset equal to the number of hooks for
the gear segment. A Poisson error term is an appropriate model
for count data where the mean and variance are equal. For models
exhibiting overdispersion (i.e., variance exceeding the mean), an
observation level random effect (OLRE) was used for mixed mod-
els and a dispersion factor empirically estimated from the data for
fixed effects models using the quasi-Poisson Likelihood (Zuur et al.,
2009). Generalized linear mixed models were used to model bird
attacks (within 200 m astern), bird catch, and fish catch. A fixed-
factor generalized linear model was used to find the best predictors
of the daily variation in bird attacks beyond 100 m.

Model selection to find the optimal mixed model proceeded as
follows: (1) we fitted a saturated fixed-effects model with all main
effects and two-way interactions; (2) identified the optimal ran-
dom effects for the saturated model; and finally, (3) we selected the
optimal fixed factors given the chosen random effects from Step 2
(Bolker et al., 2008; Zuur et al., 2009). At each step, the “best-fitting”
model was selected using the AICc, the Akaike Information Criterion
(AIC) adjusted for sample size (Burnham and Anderson, 2002).
The model selection approach for the optimal fixed effects uti-
lized the glmulti function in the glmulti package (Calcagno, 2011)
in R, which runs an exhaustive search for all possible models and
retains the best models with the lowest information criteria (AICc).
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Table 1
Summary statistics of metrics to evaluate the effect of unweighted and weighted
branch lines and night vs. day setting on seabirds and target fishes. All sets were
made with two hybrid bird-scaring lines deployed – one to each side of sinking
baited hooks and each with an aerial extent of 100 m. Data are derived from 62
research gear deployments (sets) or a total of 169,279 hooks.

Metric Unweighted branch lines Weighted branch lines

Total hooks 78,588 90,691
Observed hooks 7218 6768
Bird attacks (primary) 290 66
Birds caught 23 4
Day 20 4
Night 3 0

Mean SE Mean SE

Bird attacks
Primary rate (/1000 hooks) 40.6 7.04 9.81 2.81
% Secondary 57.6 – 33.3 –

Bird fatalities/1000 hooks 0.283 0.063 0.042 0.021
Day 0.633 0.148 0.124 0.062
Night 0.064 0.037 0.000 0.000

Total target fish/1000 hooks 14.05 0.765 13.2 0.668
Sink rate (m/s to 10 m) 0.192 1.716 0.263 1.160
0 E.F. Melvin et al. / Fisher

he glmulti function allowed us to interpret the importance of,
r relative evidence for, how each of the factors correlated with
he response variable, thus providing the means to identify factors
hat never contributed to the best models, those that frequently
ontributed to the best models, and those that were confounded
ith other factors. Calculations were done via the glmer function

rom the lme4 package (Bates et al., 2011), and the glmulti package
Calcagno, 2011) in R (R Development Core Team, 2011).

.7.1. Attack rate models
Because attacks by surface birds were few and occurred only

n unweighted lines on just two of 62 days, we included only div-
ng birds in our models of attack rates. One extreme observation,
8 attacks beyond 100 m, was nearly triple the next highest value,
7 attacks. To avoid compromising the accuracy of our models and

nterpretation for the rest of the data, we excluded all the observa-
ions recorded on this day (0 attacks within 100 m and 48 attacks
eyond 100 m). We evaluated whether these observations were
onsistent with the trends shown by the remaining data by using
ur final models to predict observations for the excluded day. In the
ixed model for bird attacks within 200 m astern, models were

imilar: the large variance in the extreme observation was cap-
ured by the random intercept. In the fixed-effects model for bird
ttacks beyond 100 m astern, model results were very different:
ovariates associated with this extreme observation did not explain
his level of attacks. This assessment confirmed that the 48 attacks
bserved beyond 100 m recorded were anomalous and should not
e included in our models. The final modeling data set was com-
rised of 61 observations of weighted (30) and unweighted (31)

ines.

.7.2. Model for bird attacks within 200 m astern
For seabird attacks by diving birds throughout the entire area

onitored (200 m astern), candidate fixed factors were weight
weighted vs. unweighted lines) and distance astern (within or
eyond 100 m), which were the fixed factors of primary interest,
lus vessel (A vs. B), a nuisance fixed factor. The number of hooks
er gear segment was the offset. The random factors considered for
hese models included a day random effect (the sequence of a given
ay within the trip), and an observation-level random effect (OLRE)
ssociated with each gear segment to account for any overdisper-
ion in the mixed model (Breslow, 1990).

.7.3. Model for bird attacks beyond 100 m astern
Because the distance astern factor in the first bird attack model

as highly significant and very few attacks occurred within 100 m,
second attack model was constructed to explore which fixed fac-

ors were most associated with diver attacks beyond 100 m. Five
xed factors were included: weight, vessel, percentage of branch

ine coils tossed into the wake, vessel speed, and the abundance of
iving birds during the set (abundance). All two-way interactions
etween these factors were also included. The number of hooks per
ear segment served as the offset.

.7.4. Model for bird catch
The bird-catch analysis was constrained to bird catch by gear

egments deployed during daylight hours to align with the hours
hat bird attacks and abundances were collected. In addition, nearly
ll (89%) of bird mortality occurred during the day. Vessels deployed
mean of 4.2 gear segments per day during daylight hours yielding
total of 261 segments (261/727 = 36% of total gear segments). For
odeling, catch data per gear segment were aggregated by weight-
ng treatment (weighted vs. unweighted) within each day (set) by
essel (30 observations for weighted lines, and 32 for unweighted
ines). Attack rates and bird abundance for the gear segment sam-
led in a given day were assumed to be representative of all gear
Distance to 10 m depth (m) 262.9 8.653 192 5.847
Tangles/1000 hooks 56 0.006 198 0.009

segments deployed after dawn on that day. Although the main
covariate of interest was weight, four additional covariates were
included in the bird catch models: vessel, the rate of primary attacks,
rate of secondary attacks, and bird abundance during line setting.
The random factors considered for this model included a day ran-
dom effect (the sequence of a given day within the trip), and an
observation-level random effect (OLRE) associated with each gear
segment to account for any overdispersion in the mixed model
(Breslow, 1990).

2.7.5. Model for fish catch
Data for this model were total target fish catch per gear seg-

ment (727 gear segments over 62 fishing days), with the number of
hooks per gear segment as the offset. Target fish catch (the sum of
bigeye, yellowfin and albacore tunas and billfishes) was modeled
using four fixed factors: weight (the primary factor of interest),
vessel, post- and pre-nautical dawn (day–night), and c-hooks. The c-
hooks variable was the cumulative number of hooks set preceding
an individual gear segment in a given day, thus providing an inverse
measure of soak time. The random factors considered for this model
included a day random effect (the sequence of a given day within
the trip), and an observation-level random effect (OLRE) associated
with each gear segment to account for any overdispersion in the
mixed model (Breslow, 1990).

In all models, the significance of the coefficients and confidence
intervals for the effect sizes in the final mixed models were esti-
mated using bootstrapping methods; models with only fixed effects
used t-statistics that were adjusted for over- or under-dispersion
by multiplying the estimated standard error by the dispersion esti-
mate. We used Welch’s t-test, which assumes unequal variance, to
compare the seconds to benchmark depths between weighted and
unweighted branch lines within vessels and overall.

3. Results

Research sets were made 28 July through 30 August 2010.
Daylight observations were successfully carried out during 62
research sets, 31 sets (16 unweighted/15 weighted) on the Fukuseki

5 and 31 (16 unweighted/15 weighted) on the Koei 88, yielding a
total of 169 279 hooks deployed (Table 1). Vessels fished in two
general locations: South Coast (56% effort) and East Coast (44%
effort; Fig. 3). Extreme weather precluded two days of daylight
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branch line types, attacks peaked from 126 m to 150 m beyond the
150 m mark. Attacks dropped sharply beyond 150 m on weighted
but not on unweighted lines. Attack rates did not peak for either
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ig. 4. Distance astern at which baited hooks sink to 2 m, 5 m, 8 m, 10 m and 15 m
essel speed (5.042 m/s or 9.8 kt) and seconds to each specified depth. Error bars ar

bservations on both vessels. In general, weather was relatively
ild during the study period, wind speed averaged 13.4 kt (range

–33 kt), and swell height averaged 2.2 m (range 1–5 m). Mean
erial extent of bird-scaring lines was 100 m on both vessels. Bird-
caring lines tangled on surface floats during daylight observations
n 3 out of 62 research sets.

.1. Overall trends in seabird behavior

More bird species attended the haul (20 species) than the set
17 species, Table 2). Of these, eight species were classified as
hreatened with extinction and 11 were ACAP listed species (ACAP,
013b). White-chinned petrels were by far the most abundant,
veraging nearly 40 birds per set or haul observation. Yellow-
osed-type albatross (Thalassarche chlororhynchos/carteri), Cape
etrels (Daption capense) and black-browed albatross (T. mel-
nophrys) were the most abundant surface-foraging birds.

Only four of the 17 species attending the set made primary
ttacks on baits and were killed: white-chinned petrels, yellow-
osed-type and black-browed albatrosses, and cape gannets (Morus
apensis, Table 2). Diving seabirds made the most primary attacks
98%) and albatrosses the fewest (2%). Of the diving seabirds,
hite-chinned petrels made the great majority of attacks (96%)

ielding the highest attack rate (24.2 attacks/1000 hooks). Cape
annets attended few sets (21%) but made 4% of attacks at a
ean rate of 1.1 attacks/1000 hooks. Albatross attack rates (0

o 0.3 attacks/1000 hooks) were near two orders of magnitude
ower than that of white-chinned petrels. Among the albatrosses,
ellow-nosed-type albatross attacked most, making 1% of all pri-
ary attacks, while black-browed albatrosses accounted for 0.6%.
ore than half (53.1%) of all primary attacks (356) led to secondary

ttacks. Although recording the species making secondary attacks
as not part of our protocol, researchers reported that almost all

he secondary attacks involved albatrosses and large petrels.
A total of 27 bird mortalities occurred during 62 sets (Table 2).

hite-chinned petrels were killed at the highest rate (0.106
irds/1000 hooks). Diving birds accounted for most mortality (70%)
hile albatrosses accounted for the remainder. Although shy-type

lbatross (T. cauta/steadi) were relatively abundant (mean = 2.8
irds/set) and attended 68% of sets, only three were killed; no
hy-type albatross primary attacks were observed throughout the
tudy.
.2. Sink rates: weighted vs. unweighted branch lines

Overall, weighted branch lines sank considerably faster than
nweighted lines to all benchmark depths: 3.8 s, 8.6 s and 14.1 s
weighted and weighted branch lines. Distances were estimated as the product of
confidence intervals.

sooner to 2, 5 and 10 m depths, respectively (Table 3). Sink rate
differences translated into baited hooks on weighted lines reach-
ing a depth at 10 m while 71 m closer to the vessel than hooks on
unweighted lines (192 vs. 263 m, respectively). Both branch lines
sank to our benchmark 10 m depth considerably beyond the 100 m
aerial extent of the bird-scaring lines (Fig. 4). No crew injuries
occurred during the study, which suggests that both branch line
types were safe. However, weighted branch lines tangled on them-
selves 3.5 times more often than did unweighted lines (Table 1),
but with no obvious effect on fish catch.

3.3. Seabird attack rates: weighted vs. unweighted branch lines

Overall, the rate of bird attacks on baited hooks was more
than four times higher on unweighted than on weighted lines
(40.6 attacks/1000 hooks vs. 9.8 attacks/1000 hooks, Table 1 and
Fig. 5). The six albatross primary attacks recorded were all on
unweighted lines between 100 and 150 m astern of the vessel and
to port of the port bird-scaring line. Only 3.7% of bait attacks by
diving birds were within the mean aerial extent of the hybrid bird-
scaring lines (100 m) regardless of branch line type (Figs. 4 and 5).
Beyond 100 m, however, divers attacked unweighted lines two to
four times as often as they did weighted lines (Fig. 5). For both
Distance Astern (m)

Fig. 5. Distribution of primary attacks (attacks per 1000 hooks) of diving seabirds
birds on baited hooks for weighted and unweighted branch lines by distance astern
(m).
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Table 2
Mean seabird attendance and standard error (SE) during the haul and during the set (birds), proportion of sets present (set occurrence), attack rate (attacks per 1000 hooks)
and total mortalities (birds). S, surface foragers; D, diving foragers. Data are from daylight observations of 62 research sets made by two fishing vessels from July 28 to August
30 2010.

Species Scientific name Surface or
diving guild

Number of
birds per haul

Number of
birds per set

Set
occurrence

Attacks per
1000 hooks

Observed
mortalities

Mean SE Mean SE Mean SE n

White-chinned petrel Procellaria aequinoctialis D 40.63 3.30 38.61 2.91 1.00 24.2 4.1 18
Yellow-nosed albatross Thalassarche chlorohynchos/carteri S 32.59 3.53 9.32 1.50 0.95 0.3 0.2 4
Cape petrel Daption capense S 22.76 2.56 6.02 1.58 0.79
Black-browed albatross Thalassarche melanophrys S 11.54 1.59 2.00 0.30 0.53 0.1 0.1 1
Shy albatross Thalassarche cauta/steadi S 4.83 0.56 1.89 0.24 0.68 3
Wilson’s storm petrel Oceanites oceanicus S 3.37 0.65 0.50 0.17 0.16
Cape gannet Morus capensis D 3.20 1.27 0.29 0.09 0.21 1.1 0.8 1
Antarctic skua Stercorarius antarctica S 1.99 0.47 0.16 0.05 0.15
Southern giant petrel Macronectes giganteus S 0.63 0.17 0.02 0.02 0.02
Giant petrel Macronectes sp. S 0.49 0.17 0.21 0.06 0.19
Sooty shearwater Puffinus griseus D 0.32 0.08 0.10 0.04 0.10
Great-winged petrel Pterodroma macroptera S 0.29 0.08 0.11 0.05 0.10
Northern giant petrel Macronectes halli D 0.24 0.07
Soft-plumaged petrel Pterodroma mollis S 0.22 0.08 0.16 0.07 0.11
Wandering albatross Diomedea exulans S 0.22 0.07 0.02 0.02 0.02
Northern royal albatross Diomedea sanfordi S 0.15 0.05 0.11 0.05 0.10
Southern royal albatross Diomedea epomophora S 0.10 0.05 0.03 0.02 0.03
Antarctic prion Pachyptila desolata S 0.08 0.06
Arctic tern Sterna paradisaea S 0.02 0.02 0.11 0.06 0.06
Gray petrel Procellaria cinerea D 0.02 0.02

Table 3
Mean seconds to benchmark depths of baited hooks on unweighted and weighted branch lines. Statistical comparisons are the results of Welch’s t-test.

Depth n 2 m 5 m 10 m

Branch line Mean (s) SE t p Mean (s) SE t p Mean (s) SE t p

Unweighted 49 12.7 0.98 3.53 0.001 28.1 1.35 52.1 1.72
.5

i
f
o
1
b
o
(

plus all two-way interactions, yielded a dispersion estimate of 2.5,
signaling the need to introduce the observation level random effect

F
u
b

Weighted 54 8.93 0.44 19

ndicating that the bird-scaring lines provided some deterrence
or an additional 25 m beyond the aerial extent. No bird attacks
ccurred between the two bird-scaring lines throughout their
00 m aerial extent – the area from which we intended to exclude
irds (Fig. 6). Importantly, more primary attacks resulted in sec-

ndary attacks on unweighted lines (57.6%) than on weighted lines
33.3%, Table 1).

ig. 6. Distribution of primary attacks (attacks per 1000 hooks) by diving seabirds by d
nweighted branch lines combined. Center, between bird-scaring lines (BSL); port, to port
y surface foraging birds and all were to port beyond 75 m (see text). Error bars are 95% c
0.69 5.70 0.000 38.0 1.16 6.82 0.000

3.3.1. Model of bird attacks within 200 m astern
The model of diver attacks within 200 m astern of the vessel

with all three fixed factors (weight, vessel, and distance astern),
(OLRE) to model the overdispersion. The AICc values for the sequen-
tially fit models are shown in Supplementary Materials Table 4.

istance astern and lateral position relative to bird-scaring lines for weighted and
of the port BSL; starboard, to starboard of the starboard BSL. Only 6 attacks occurred
onfidence intervals.
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he model incorporating both random effects (observation and
ay) proved a better fit than a model with only observation as a
andom effect (AICc = 193.9 and 195.7, respectively, and the reduc-
ion in deviance was 4.1, significant with a Chi-square test with
df, p < 0.05). The mixed model using weight and distance astern
lus their interaction term yielded the best fit (AICc = 189.4). How-
ver, consideration of the bootstrapped 95% confidence intervals
ndicated that the interaction term was not significant (p = 0.26).
ropping the interaction term yielded an AICc change of only 0.4,
nd the increase in deviance was 2.6, not a significant change with
Chi-square test with 1 df (p > 0.05). Thus, the final mixed-effects
odel yielded weight and distance astern as main fixed effects, and

andom intercepts for observation and day (Supplementary Mate-
ials Table 5). The final model explained 73% of the total model
eviance.

.3.2. Model of bird attacks beyond 100 m astern
The best, fixed effects model of diver attacks beyond 100 m

ncluded various combinations of weight, vessel speed, abundance
f diving birds during the set (abundance), vessel, and the interaction
etween weight and abundance. The covariates weight and abun-
ance and their interaction term were present in each of the top
hree models (Supplementary Materials Table 4). The addition of
essel speed significantly contributed to the reduction in AICc (16.6
nits better than the next best-fit model, Supplementary Materi-
ls Table 4). The final model with weight, abundance, vessel speed,
nd the interaction between weight and abundance explained 60%
f the total model deviance. Diving-bird abundance during the set
as not statistically significant as a main effect (p > 0.05), but it did

ontribute to a significant interaction term with weight (p < 0.001,
upplementary Materials Table 6).

.4. Seabird mortality: weighted vs. unweighted branch lines

Weighted branch lines combined with hybrid bird-scaring lines
ramatically reduced seabird mortality with little effect on total
sh catch. Only 4 of 27 bird fatalities (two white-chinned petrels,
ne shy albatross, and one cape gannet) were on weighted branch
ines – representing a more than six-fold decrease in mean seabird
ycatch rate compared to unweighted lines (0.042 birds vs. 0.283
irds/1000 hooks, Table 1).

.4.1. Model of bird catch
The saturated fixed-effects model with five factors and all two-

ay interactions had a dispersion estimate of 0.98, indicating that
he Poisson errors were a reasonable fit. The estimated variances
or the day and observation random effects were zero, indicat-
ng that these random intercepts were not needed. Consequently,
he glmulti function identified the top fixed-effects models with
o restriction on factors and with primary and secondary attacks
xplicitly included or excluded (Supplementary Materials Table 4).

model with secondary attacks, abundance, and the interaction
etween secondary attacks and vessel as fixed effects emerged as
he best fixed-effects model of bird bycatch rates (df = 4, AICc = 75.9,
eviance explained = 50%, Model A, Supplementary Materials Table
A). Secondary attacks remained as an independent fixed factor in
ll best-fit models unless it was explicitly excluded, including when
rimary attacks and weight were forced into models (Supplemen-
ary Materials Table 4). Primary attacks emerged as an independent
actor only when secondary attacks was excluded (df = 5, AICc = 82.7,
eviance explained = 44%). Excluding both secondary and primary
ttacks from the model was the only situation where weight

merged as a significant independent factor; however, the fit and
eviance explained were considerably worse than other models
hat included attacks (df = 4, AICc = 91.4, deviance explained = 27%,

odel B, Supplementary Materials Table 7B). These results strongly
earch 149 (2014) 5–18 13

suggest that secondary attacks are the primary driver of bird mor-
tality. Attacks are also significantly affected by the weighting of
the branch lines; therefore attack rates (secondary and primary)
functioned as proxies for weight.

3.5. Seabird mortality: nighttime vs. daytime

Regardless of line weighting, the rate of seabird mortality was
more than 13 times higher during daylight hours (0.378 birds/1000
hooks) than nighttime (0.028 birds/1000 hooks). Twenty-four fatal-
ities occurred in day and three at night. All birds caught at night
were white-chinned petrels; one was caught in the nights bracket-
ing the full moon.

3.6. Target fish catch: weighted vs. unweighted branch lines

Overall, mean target catch of tunas and billfishes was nearly
equal on the two branch line types (14.1 fish/1000 hooks on
unweighted and 13.2 fish/1000 hooks on weighted branch lines;
Table 1).

3.6.1. Model of fish catch
The saturated fixed-effects model had a dispersion estimate of

3.0, indicating the need for the OLRE to model the overdisper-
sion. Sequential AICc values (Supplementary Materials Table 4)
and non-zero variances for the random intercepts indicated the
need for both the observation (an OLRE) and day random inter-
cepts to adequately capture the variability in the target fish catch
data. The resultant model included the two random intercepts plus
day–night and c-hooks and their interaction as fixed effects (df = 6,
AICc = 1536, Supplementary Materials Table 4); all factors were sig-
nificant (p < 0.05). When we added weight to the optimal model,
the fit was nearly identical (delta AICc = 0.5, Supplementary Mate-
rials Table 4), with very little change to the coefficients; weight
was the only non-significant factor (p = 0.15, Supplementary Mate-
rials Table 8). These results suggest that c-hooks and day–night are
important factors, and that the persistent significance of the inter-
action term shows that they are highly correlated or confounded
with each other (night-sets had fewer c-hooks and all day-sets had
more). Our modeling suggests that weighting branch lines did not
have a strong influence on fish catch and that fish catch rates may
be confounded with other factors.

3.7. Target catch: nighttime vs. daytime

Due to the confounding nature of day–night and soak time
(c-hooks), we modeled night and day separately to tease apart
these effects on fish catch. In the nighttime model, the inclu-
sion of the day random effect significantly improved the fit
over the model with just the “observation” random effect (delta
AICc = 977–1081 = −104, Supplementary Materials Table 4; Chi-
square = 106.41 on 1 df, p < 0.001). With the random effects
established, a model with vessel and c-hooks emerged as the best-fit
model based on the AICc (df = 5, AICc = 971.5), but the improvement
in AICc was minor relative to the saturated mixed model (delta
AICc = 971.5–977 = −5.5) and fixed factors were not statistically sig-
nificant (p > 0.05). Forcing weight into the model had little effect on
fit (delta AICc = 973.6–971.5 = 2.1, Supplementary Materials Table
4) or structure – there was very little change in the estimated val-
ues of the covariates and again, none were statistically significant
(p > 0.05, Supplementary Materials Table 9 and Fig. 7A). Ultimately,
a model with random but no fixed factors differed from the optimal

mixed-effects model by only one AICc unit (df = 3, AICc = 972.5 vs.
df = 5, AICc = 971.5). This suggests that all fixed covariates, includ-
ing weight, were not strong predictors of fish catch at night, and
most of the variability was random.
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ig. 7. Catch rate (per 1000 hooks) of target fishes (tunas and billfishes) for weighted
nd unweighted branch lines for night (pre nautical dawn, A) and day (daytime, B).
rror bars are standard errors.

In the daytime fish catch model, including both ran-
om effects again significantly improved the model fit (delta
ICc = 497–515 = −28, Supplementary Materials Table 4; Chi-
quare = 30.03, p < 0.001). With the two random effects established,
n optimal mixed-effects model had a slightly better fit than
he saturated model (delta AICc = 493.2–497.1 = −3.9). Covariates
ncluded vessel, c-hooks, their interaction, and the interaction
etween weight and c-hooks. Only c-hooks and its interaction with
eight were statistically significant (p < 0.05). Forcing the covariate
eight into the model yielded a comparable model fit (AICc only 0.6
nits larger than the optimal model), with weight and c-hooks sta-
istically significant covariates (p < 0.05, Supplementary Materials
able 10). Negative coefficients indicate weighted branch lines had
lower target-fish catch during the daytime, and that fish catch

ates were positively correlated with hook soak time. However,
onger daytime soaks may be confounded with the effect of increas-
ng light levels. The apparent negative influence of the weighted
ranch lines on fish catch during daytime setting varied by species,
ith albacore and yellowfin tuna most affected (Fig. 7B).

. Discussion

.1. Seabird assemblage

We found white-chinned petrels were the dominant seabird
pecies in the South Africa EEZ in the Austral winter: they were
ost abundant, made the most attacks, precipitated secondary

ttacks by albatrosses, and were most killed. These findings match
ur 2009 finding (Melvin et al., 2013) and that of a multi-year anal-

sis of seabird mortality in the South African tuna joint venture
shery (Petersen et al., 2009). Also common to these studies was
he finding that the four common Thalassarche spp. were the most
requently killed surface foraging-seabirds.
search 149 (2014) 5–18

4.2. Weighted vs. unweighted branch lines

With two bird-scaring lines deployed as a constant, branch
lines weighted using the novel double-weight configuration
outperformed unweighted branch lines by all metrics of com-
parison. Regardless of time of day, weighted branch lines with
two bird-scaring lines, deployed and maintained with an aerial
extent of 100 m, reduced bird attacks by a factor of four (9.8
vs. 40.6 attacks/1000 hooks), secondary attack rates (3.26 vs.
23.47 attacks/1000 hooks) and seabird mortality rates (0.042
vs. 0.283 birds/1000 hooks) by a factor of seven compared to
unweighted branch lines, with little effect on fish catch rates (13.2
vs. 14.05 birds/1000 hooks weighted and unweighted, respec-
tively), and no injuries to crew. Combined with a third mitigation
measure, nighttime setting, weighted branch lines and two bird-
scaring lines yielded zero bird fatalities (vs. 0.064 birds/1000
hooks for unweighted lines set during the day). During daylight
hours weighted lines plus two bird-scaring lines outperformed
unweighted lines by a factor of five (0.124 vs. 0.633 birds/1000
hooks). Our finding that the factor “weight” was highly significant
(with a negative coefficient) in all attack rate catch rate models
underscores the strong influence of branch line weighting on reduc-
ing seabird mortality in this fishery.

These results conform to results of pilot-scale comparison of our
unweighted and weighted branch lines in 2009. In that compari-
son, weighted lines (single 60 g lead weight positioned 1 m from the
hook) in combination with two bird-scaring lines (a hybrid or short
streamer design), yielded an 18-fold reduction in the rate of seabird
mortality compared to unweighted branch lines, with no detectable
difference in fish catch rates (Melvin et al., 2013). Although branch
line weighting configuration differed, seabird bycatch rates on
weighted lines were similar between years (0.060 birds/1000 hooks
and 0.042 birds/1000 hooks, for 2009 and this study, respectively).
Unlike previous studies of branch line weighting in pelagic fish-
eries, which focused solely on contrasting sink rates among various
weighting configurations (Anderson and McArdle, 2002; Hu et al.,
2005; Robertson et al., 2010), this study conclusively shows that a
specific branch line weighting configuration successfully and safely
reduces seabird interactions with no effect on fish catch rates.

In an era in which combinations of seabird bycatch reduc-
tion technologies are increasingly required (see below), research
focused on optimizing branch line weighting in the context of com-
bined mitigation measures will best serve fisheries management.
As an example, we found that no seabirds – albatrosses or divers
– were observed attacking baited hooks between two hybrid bird-
scaring lines on unweighted or weighted branch lines out to 100 m
(5 m depth) in daylight. This suggests that sink speeds in the upper
0–2 m may be less important than previously thought (Robertson
et al., 2010) when branch line weighting is combined with two bird-
scaring lines that are properly deployed. Quick sinking of baited
hooks is central to successful seabird bycatch mitigation in all long-
line fisheries; however, the weight and configuration of weighted
branch lines to protect seabirds should, where circumstances allow,
be based on multiple metrics of seabird interactions, fish catch
rates, hook sink rates, and the effects of multiple mitigation meas-
ures.

Our results and new information on the diving behavior of
white-chinned petrels give cause to reconsider the benchmark
depth that delineates the area astern requiring protection with
bird-scaring lines in a seabird assemblage dominated by this
species. Recall our hypothesis that the aerial extent of bird-scaring
lines should span the distance astern of the vessel where baited

hooks are available to white-chinned petrels. We set this bench-
mark depth at 10 m based on a study that measured the maximum
diving depth of 11 birds during chick rearing on South Georgia
(mean 6.2 m; range 2.8–12.8 m; Huin, 1994) and indirect evidence
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hat a white-chinned petrel intercepted a baited hook beyond 9 m
Melvin et al., 2013). The weighting configuration used in this
tudy sank baited hooks to half our original benchmark depth (5 m)
ithin the 100 m aerial extent of the bird-scaring lines, yet this

onfiguration of bird-scaring lines and weighted branchlines suc-
essfully reduced seabird mortality by a factor of seven overall, and
liminated mortality at night.

Recent data on the diving behavior of white-chinned petrels
reeding on South Georgia, derived from instruments that recorded
epth every second, showed that white-chinned petrels on aver-
ge dove to less than 3 m in dives lasting fewer than five seconds
British Antarctic Survey, unpublished data); maximum depths
ere similar (range 3.2–12.2 m, mean = 6.74 m, n = 10, SD = 2.41)

o those reported by Huin (1994). These data suggest that white-
hinned petrels do not rely on deep diving for foraging and rarely
ive beyond 10 m. Collectively this information suggests that a
enchmark depth considerably less than 10 m may be sufficient
o prevent white-chinned petrel primary attacks on baited hooks.
irect observation of seabird behavior using protocols similar to

his study to pinpoint this benchmark depth would be a signifi-
ant contribution to seabird conservation in the pelagic longline
sheries of the Southern Hemisphere.

Reducing the rate at which the weighted sections of double-
eighted branch lines tangle would eliminate the only detectable
egative performance attribute of this otherwise successful
eighting configuration. Tangling events early in our study were
ue primarily to the shape of the weights and partly to the stiffness
f the coated wire. Spindle-shaped weights cut in half had sharp, flat
dges, and the loops at either end of the coated wire were large and
rone to tangling. Switching to uncut spindle-shaped weights and a
ore flexible coated and leaded line (Kodo) allowed for smaller and
ore flexible loops and substantially less tangling. Our finding, that

sh catch rates were similar for weighted and unweighted branch
ines, suggests that tangles did not affect fishing success. Fishing

asters continue to innovate and improve on the double-weight
oncept to minimize tangles (Japan Tuna, pers. comm.).

.3. Secondary bait attacks

Evidence from this study provides compelling and corroborating
vidence that secondary attacks – in this system, albatrosses taking
aits or baited hooks from white-chinned petrels – drive albatross
ortality. The rate of secondary attacks was the most significant

actor in our model of bird catch rates and it was significant in
ll attack rate models unless it was explicitly excluded. Mirroring
rends from our 2009 trials (Melvin et al., 2013): (1) white-chinned
etrels made 94% of primary attacks on baits, but accounted for only
7% of mortality, (2) albatrosses made only 2% of primary attacks
ut accounted for 30% of mortality, (3) no shy-type albatrosses were
bserved making primary attacks yet three were killed, and (4) over
alf of all primary attacks on baited hooks resulted in secondary
ttacks.

These findings suggest at least two basic principles for successful
eabird bycatch reduction in Southern Hemisphere systems like the
outh African EEZ: (1) mitigation must exclude or greatly reduce
ait attacks by Procellaria genus petrels to prevent albatross mor-
ality; and (2) to fully understand the mechanics of seabird bycatch
nd the effects of mitigation strategies, data collection protocols for
valuating mitigation measures in pelagic longline fisheries should
nclude monitoring secondary attacks. The finding that secondary
ttack rates were seven times higher on unweighted branch lines
llustrates the compounding effect of branch line weighting on alba-

ross mortality. Available evidence suggest that secondary attacks
y albatrosses on diving seabirds may be less important in the
elagic longline fisheries of the North Pacific, as these assemblages
re dominated by surface foraging albatrosses and lack large diving
earch 149 (2014) 5–18 15

petrels capable of consuming whole fish or squid baits (Sato et al.,
2012, 2013).

If secondary attacks are a proxy – albeit a conservative one –
for successful primary attacks, then not only were there fewer pri-
mary attacks on weighted branch lines but fewer were successful.
Translated to bait loss, this implies that bait loss to birds is more
than seven times higher when unweighted lines are used (23.1 vs.
3.3/1000 hooks for unweighted and weighted lines, respectively).
If we use all primary attacks as a proxy for the rate of bait loss,
bait loss rates nearly double (40.2 baits/1000 hooks) or triple (9.8
baits/1000 hooks) for unweighted and weighted lines, respectively.
Clearly, chronic bait loss to birds can lead to hundreds of un-baited
hooks being deployed each set.

4.4. Seabird abundance

Consistent with the results of our 2009 trials and counter to
other studies (Gilman et al., 2003; Jimenez et al., 2012; Ryan
et al., 2002), this experimental study shows that seabird abundance
alone, whether during the haul or during the set, did not drive the
rate of bait attacks or the rate of bird catch in this system when
evaluated in a multivariate framework. This finding suggests that
the proposal by Gilman et al. (2005) to weight seabird interaction
(attack or catch) rates by the number of birds attending the set
as a metric to evaluate seabird bycatch mitigation measures may
be inappropriate and misleading. Indexing seabird interactions by
abundance also ignores the hierarchical, competitive nature of
seabirds at the species and individual levels (Jimenez et al., 2011).

4.5. Fish catch

The catchability of pelagic fish species varies by depth for
day and nighttime pelagic longline fishing operations and reflects
fish diel vertical migration and changes in visibility (Ward and
Myers, 2005). For example, in the North Pacific, the catchability
of mesopelagic species such as bigeye and albacore tuna, which
are adapted to exploit prey well below the thermocline, increased
with depth during the day but less so at night. In contrast, for wide-
ranging fishes such as yellowfin tuna, diel variation in catchability
by depth was much lower, as they rarely dive below the thermo-
cline due to physiological constraints. In this study, lower fish catch
rates during the day (indicated by significance of the day–night fac-
tor in the overall model) may have been due to vertical migration
and the relatively short hook-soak times of day-setting operations.
Short day soaks probably drove the significance of the soak-time
factor in the overall fish catch model and the daytime model, and
its lack of significance in the night fish catch model. Ultimately, the
effects of time of day on fish catch are probably fishery specific and
are likely to be a function of the region fished, the hour of night the
gear was set and retrieved, and the depth range of the hooks.

This disparity in soak time and diel exposure is also a consid-
eration in interpreting the effects of branch line weighting on fish
catch. These results show that, overall, weighting branch lines did
not affect target fish catches, as evinced by the insignificance of the
weighting factor in the overall and nighttime models. The signifi-
cance of the weighting and soak-time factors (fewer fish caught on
weighted branch lines) in the day model suggests that branch line
weighting could reduce fish catch rates during short daytime soaks
and that this effect may be species specific (Fig. 7B). The catch rate
of bigeye tuna, the high-value species targeted by the fishery, was
not affected. Given that pelagic fish are visual predators (Kawamura

et al., 1981), we cannot rule out the possibility that weighted branch
lines were more conspicuous and led to avoidance by these lesser-
value tunas during short daytime soaks. These results suggest that
future evaluations of target fish catch in response to seabird bycatch
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itigation technologies should consider the effects of time of day
nd soak time.

.6. Bird-scaring lines

This study provides compelling evidence that two hybrid bird-
caring lines with aerial extents of 100 m were highly effective at
reventing seabird attacks within the 100 m aerial extent of bird-
caring lines with or without branch line weighting. No bird attacks
y either guild were observed in the area protected by two hybrid
ird-scaring lines (within 100 m of the vessel and between the two
caring lines). This result is consistent with a recent comparison
f single and paired bird-scaring lines staged in the North Pacific
sing similar data collection protocols, in which few albatrosses
ttacked bait within 75 m of the vessel between two bird-scaring
ines maintained with aerial extents comparable to those in this
tudy (70–80 m; Sato et al., 2013). Results from our study suggest
hat, in systems like the North Pacific, where seabird assemblages
re less diverse and dominated by shallow diving albatrosses,
ell designed and correctly deployed bird-scaring lines have the
otential to eliminate albatross interactions entirely. Given that
00 m was the maximum bird-scaring aerial extent that could be
onsistently achieved in our study, aligning the aerial extent of bird-
caring line with the point at which baited hooks sink beyond the
ccess of birds will be achieved through branch line weighting.

The significance of the weight factor in both our attack-rate
odels shows that weighted branch lines affected the reduction of

ttacks in the area beyond the protection of bird-scaring lines. Ulti-
ately, we conclude that two bird-scaring lines with aerial extents

f 100 m forced attacks by diving seabirds to the area beyond 100 m
stern of the vessel, and that weighting branch lines significantly
educed diving bird attacks in this area. Unlike our results from
ird-scaring line comparisons in 2009, attacks outside the area
ounded by two bird-scaring lines were of little importance in
010. Few attacks occurred there (4.5% of primary and 5.8% of sec-
ndary attacks), and most primary attacks (69%) were to port of the
ort bird-scaring line, close to where baits are deployed. The better
erformance in 2010 could be attributed to the extended outboard
each of the modified tori poles and/or milder weather.

In this study float lines and bird-scaring lines did get entangled
n 5% of sets, but this occurred less frequently than in 2009 (Melvin
t al., 2013). We attribute this improvement to replacing the long
treamers in the 55–80 m section of the aerial extent with short
treamers, and to the efforts of the experienced crews we worked
ith to fine-tune the arrangement of packing straps in the in-water

xtent of the lines to be less tangle-prone. Reducing or eliminating
angles while maximizing bird-scaring aerial extent remains one
f the primary challenges to the effective and practical use of bird-
caring lines in pelagic longline fisheries.

.7. Night setting

Our finding that the rate of seabird bycatch was dramatically
ower on lines set at night than during daylight hours is consistent

ith our results in 2009 (Melvin et al., 2013) and virtually all
nalyses of pelagic longline observer data (Baker and Wise, 2005;
rothers et al., 1999b; Gales et al., 1998; Klaer and Polacheck,
998; Jimenez et al., 2009; Murray et al., 1993; Petersen et al.,
009). However, in the current study two things stand out. Night
etting, regardless of branch line weighting, yielded the most
ramatic reduction in seabird bycatch; rates were 13 times lower
t night (0.028 birds/1000 hooks) than during daylight. No birds

ere caught on weighted branch lines set at night in 2010, a
ramatic improvement over unweighted lines set at night in
009 (0.439 birds/1000 hooks). Also, this is one of the few studies
here moon phase was not a driver of night mortality; only one
search 149 (2014) 5–18

of three white-chinned petrels was caught within the three nights
bracketing the full moon.

We attribute these positive differences to the combined effects
of multiple seabird bycatch mitigation measures and to the fine-
scale implementation of the study, which allowed us to minimize
confounding factors. Although moon phase, season, latitude, and
vessel lighting can compromise the effectiveness of night setting as
a stand-alone mitigation measure (Baker and Wise, 2005; Brothers
et al., 1999b; Gales et al., 1998; Jimenez et al., 2009; Petersen et al.,
2009), these results affirm that night fishing can be highly effective
at reducing seabird bycatch, especially when used in combination
with other mitigation measures.

5. Conclusions

This study comprehensively tested combinations of three pri-
mary mitigation measures in a pelagic longline fishery with one of
the highest rates of interaction with what may be the world’s most
challenging seabird assemblage (dominated by Procellaria genus
petrels), aboard fishing vessels typical of the Asian distant water
fleet. We conclude from the results presented here that the simul-
taneous use of two birds-scaring lines, weighted branch lines and
night setting meet our criteria for best-practice seabird bycatch
mitigation for the joint venture fleet targeting tuna and related
species in the South Africa EEZ. To be successful, the aerial extent
of bird-scaring lines should be aligned with the distance astern
that baited hooks sink beyond the foraging depth of the domi-
nant seabird – in this case white-chinned petrels to a depth near
5 m. Given that these measures were successful in one of the most
challenging pelagic longline fisheries, they are likely to be widely
applicable to pelagic longline fisheries using similar gear. Major
challenges remain to stemming seabird bycatch in pelagic longline
fisheries. At the vessel-fisher level, the imperative is to raise aware-
ness of the need for seabird conservation and how to accomplish
it. At the tuna commission level, the challenge is to adopt seabird
best practice conservation measures and ensure compliance.

6. Postscript

Seabird-conservation permit conditions for the tuna joint ven-
ture fishery were revised for the 2010 and 2011 seasons based on
the outcomes of this research program (South Africa, 2012). Fishing
masters in the South African joint venture fishery began imple-
menting branch line weighting on a voluntary basis in the 2010
season. In August 2012, the Advisory Committee of ACAP adopted
seabird bycatch-mitigation best practices for pelagic longline fish-
eries consistent with the findings of this research: combined use
of hybrid bird-scaring lines, weighted branch lines, and night set-
ting (ACAP, 2011, 2013a). Three tuna commissions (RFMOs) revised
their seabird conservation measures for Southern Hemisphere
pelagic longline fisheries based on this new ACAP advice (ICCAT,
2011; IOTC, 2012; WCPFC, 2012). Kazuhiro Yamazaki, Fishing Mas-
ter of the F/V Fukuseki Maru No. 5, and host of our research activities
from 2008 to 2010, was awarded the 2011 grand prize in the World
Wildlife Fund Smart Gear Competition and the special Tuna Prize by
the International Seafood Sustainability Foundation for the double-
weight branch line configuration he devised in the course of the
research (WWF, 2011).
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