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Abstract

CCAMLR Conservation Measure 25-02 requires Spanish-system longline vessels to attach
8.5 kg weights at 40 m intervals on longlines to minimise interactions with seabirds. The
weights typically used are collections of rocks enclosed in netting bags. During fishing
operations the netting bags abrade on the seabed causing rocks to be lost and the weights
to become progressively lighter, requiring ongoing repair. This problem can be solved by
use of hydrodynamically shaped (e.g. torpedo-shaped) steel weights, which are smaller
for equivalent weight, and require no maintenance. An experiment was conducted on a
Spanish-system longline vessel to determine the relationship between the sink rates of
longlines equipped with bags of rocks (4, 6 and 8 kg) and those with steel weights of
equivalent masses. The purpose of the experiment was to provide vessel operators with the
option of substituting steel weights for rock weights while remaining in compliance with
the sink rates associated with the line-weighting provisions of Conservation Measure 25-02.
Both the Spanish system and the newly developed Chilean longline (a modified version
of the former method to avoid fish loss by toothed whales) were tested in the experiment.
Spanish-system longlines with 8 kg rock weights every 40 m averaged 0.22 m s to 2 m
depth, which would be equal to, or exceeded by, lines with 5 kg steel weights. Sink rates
of Chilean longlines greatly exceeded those of the Spanish system, ranging from 0.68 m
s (4 kg rocks) to 1.31 m s7! (8 kg steel) in the shallow depth ranges. Hydrodynamically
shaped steel weights weighing 5 kg would be an appropriate substitute for 8.5 kg rock
weights irrespective of fishing method.
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Résumé

La mesure de conservation 25-02 de la CCAMLR exige que les navires utilisant des
palangres de type espagnol fixent le long des lignes des lests de 8,5 kg a des intervalles
de 40 m pour réduire au minimum les interactions avec les oiseaux de mer. Les lests sont
généralement constitués d'un un sac en filet contenant un mélange de pierres. Au cours
des opérations de péche, les sacs s'abrasent sur le fond de la mer, les pierres se perdent
et les lests deviennent de plus en plus légers et nécessitent sans cesse des réparations. Ce
probléme peut étre résolu par l'utilisation de lests en acier de forme hydrodynamique
(comme une torpille), qui sont de plus petite taille, mais de poids équivalent, et qui ne
nécessitent aucun entretien. Des essais ont été réalisés sur un navire utilisant des palangres
de type espagnol pour déterminer le rapport entre la vitesse d'immersion de palangres
équipées de sacs de pierres (de 4, 6 et 8 kg) et de palangres équipées de lests en acier
de poids équivalent. Le but de l'expérience était d'offrir aux armateurs la possibilité de
substituer des lests en acier aux lests de pierres tout en restant en conformité avec les
dispositions de la mesure de conservation 25-02 relatives a la vitesse d'immersion et au
lestage des lignes. Deux systemes de palangre ont été testés dans l'expérience : le systeme
espagnol et la nouvelle palangre chilienne (une version modifiée de I'ancienne méthode,
visant a éviter la perte de poissons due a la déprédation par les baleines a dents). Les
palangres de type espagnol sur lesquelles étaient fixés tous les 40 m des lests de pierres de
8 kg ont atteint 2 m de profondeur a une vitesse moyenne de 0,22 m s7!, vitesse également
atteinte, ou méme dépassée par les lignes sur lesquelles étaient fixés des lests de 5 kg en
acier. La vitesse d'immersion des palangres chiliennes était largement supérieure a celle
du systéme espagnol, variant de 0,68 m s (4 kg de pierres) a 1,31 m s7! (lests de 8 kg
en acier) dans les intervalles de faibles profondeurs. Des lests en acier de 5 kg de forme
hydrodynamique pourraient donc remplacer les lests de pierres de 8,5 kg, quelle que soit
la méthode de péche.

Pesrome

Mepa AHTKOMa o coxpanenuto 25-02 TpeOyeT oT Cy/10B C HCITAHCKOH CHCTEMOM SIPyCOB
MIPUKPEIUISAT Ha SIpychl Tpy3uiia BecoM 8.5 Kr ¢ nHTepBaitamu 40 M, 4TOOBI COKPaTUThH
B3aUMOJICHCTBHSI C MOPCKMMHU IITHLIAMH. B KauecTBe rpy3ui1 00bIYHO UCTIONB3YIOTCS CETKU
C KaMHSIMHU. B X0/1€ TpOMBICIIOBBIX OIIEpaIMii 3TH CETKH ITOBPEKIAOTCS, LIETUISISIC 32 JIHO,
KaMHHU BBICBITIAIOTCS, U TPy3UJIa CTAHOBATCS BCE Jierde, TPeOysl MOCTOSHHOM MOYMHKH.
Oty npobieMy MOXKHO PELINTh ITyTEM HCIONb30BAHUS CTAIBHBIX TPY3WJI, MMEIOIINX
THUIPOAWHAMHIYECKYIO (hopMy (Hamp., TopmenooOpa3Hylo), KOTOPBIE TIPH TOM K€ Bece
MMEIOT MEHBIINI pa3Mep M 32 KOTOPBIMU HE HYXHO cileJuTh. Ha ogHOM U3 sipycoioBoB
C WCIIAaHCKOW CHCTEMOIl OBbUI MPOBEAEH IKCIEPUMEHT IO ONPEAEICHUI0 COOTHOILICHHUS
MEXKJy CKOPOCTBIO TOTPYKEHHUS spyca C INPHKPEIICHHBIMH CeTKaMu KamHeil (4, 6
U 8 Kr) W sipyca CO CTaJbHBIMU TIPy3WJIaMH Takod ke Mmacchl. Llenb skcnepuMeHTa
3aKJIo4yajachk B TOM, YTOOBI J1aTh ONEpaTopaM Cyl0B BO3MOXKHOCTb 3aMEHSTH IPy3Hia
13 KaMHEH CTalbHBIMH TPy3HUIaMH, COOIONAs IIPU 3TOM COOTBETCTBYIOIIEE TPEOOBAHHUE
0 CKOpPOCTH IOTPYXEHHsI B MOJOKEHUSIX Mepbl 10 coxpaHeHuto 25-02 o 3aromyieHuu
sapyca. B Xoze skcriepuMeHTa HCIBITHIBAIIMCH KaK MCHAHCKasi CUCTEMa, TaK U HEAaBHO
pa3paboTaHHbIH YWINHCKUH apyc (MOAM(UIMPOBAHHBIA BapHaHT IIEPBOTO METOJA,
TIO3BOJISIFOIIMI TIPE/IOTBPATUTD MTOTEPIO PHIOBI B PE3yJIbTaTe HAlaAeHUs 3y0aThiX KUTOB).
SIpychl HCTIaHCKO CHCTEMBI C TPY3UIaMHU U3 KaMHEH BecoM 8 KT, MPUKPEIIEHHBIMU Yepe3
Kaxapie 40 M, MOrpy’Kajarch HA IIyOUHY 2 M cO cpeaHel ckopocThio 0.22 M/c, KoTopast
JOCTHTaach WIN TPEBbINIANAch MPU HCHONB30BAHUH SIPYCOB CO CTAIBHBIMU IPY3MIAMH
BecoM 5 KI. CKOpOCTH HOTPY)KCHMSI YMIMHCKUX SPYyCOB OBUIM HAMHOTO BBIIIE, YeM Y
SIPYCOB MCIAHCKOW CUCTEMBI, U cocTaBisin ot 0.68 M/c (4 xr kamHeit) mo 1.31 m/c (8 xr
CTaJIbHBIE I'Py3MiIa) Ha HEOONMbIINX NTyOnHaX. CTalbHbIC IPy3Hia THIPOJHHAMUYCCKON
(hopMBI BeCOM 5 KI' MOTYT OBITh MOIXOJISINCH 3aMEHOM IPYy3III U3 KaMHEH BecoM 8.5 Kr
HE3aBHCHMO OT ITPOMBICIIOBOTO METO/A.

Resumen

La Medida de Conservacién 25-02 de la CCRVMA exige que los barcos que utilizan el
sistema de palangre espafiol coloquen pesos de 8.5 kg a intervalos de 40 m en las lineas
para minimizar las interacciones con las aves marinas. Los pesos utilizados normalmente
consisten de varias rocas dentro de una bolsa de malla. Durante las operaciones de pesca
las bolsas se rompen al raspar el lecho marino con la consiguiente pérdida de rocas,
haciéndose cada vez mas livianas y requiriendo de constante reparacion. Este problema
puede resolverse mediante el uso de pesos de acero de forma hidrodinamica (p. €j. en
forma de torpedo), que son mas pequeios en comparacion con pesos equivalentes, y
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no requieren mantenimiento. Se realizé un experimento en un palangrero que utilizé el
sistema espanol para determinar la relacién entre las tasas de hundimiento de los palangres
a los que se colgaron bolsas con rocas (4, 6 y 8 kg) y aquellos con pesos de acero de igual
magnitud. El objetivo del experimento fue dar la opcién a los operadores de barcos para
que sustituyesen las bolsas con rocas por pesos de acero cumpliendo en todo momento
con las tasas de hundimiento requeridas por la Medida de Conservacién 25-02. Tanto
el sistema espafiol como el nuevo sistema de palangre chileno (una versién modificada
del método anterior para evitar la pérdida de peces por la depredacion de las ballenas
odontocetas) fueron probados en el experimento. La tasa de hundimiento promedio de
los palangres espafioles con bolsas de rocas de 8 kg cada 40 m fue de 0.22 m-s™ a una
profundidad de 2 m, valor igual o inferior a la tasa de hundimiento de lineas con pesos
de acero de 5 kg. Las tasas de hundimiento de los palangres chilenos excedieron en gran
medida las del sistema espafiol, variando entre 0.68 m-s™! (rocas, 4 kg) y 1.31 m's™! (pesos
de acero de 8 kg) en los estratos de menor profundidad. Las bolsas de malla con rocas
de 8.5 kg podrian ser sustituidas por pesos de acero de 5 kg de forma hidrodinamica,
independientemente del método de pesca utilizado.

Key words: longline fishing, Spanish system, Chilean method, line weights, sink rates,
seabird mortality, cooperative research, CCAMLR

Introduction

Spanish-system longline vessels fishing for
Patagonian toothfish (Dissostichus eleginoides) de-
ploy buoyant longlines with weights attached
at regular intervals to make them sink. Weights
enable fishers to sink gear as part of a fishing strat-
egy, allowing baited hooks between weights to loft
off the seabed, and to land gear in specific areas
on the deep seabed (e.g. shelf breaks) against the
forces of currents. Weights added to longlines are
also important in efforts to sink gear expeditiously
to reduce interactions with seabirds. Spanish-
system longlines are particularly dangerous to
seabirds in the first several seconds after deploy-
ment, because the buoyant lines between weights
float momentarily. The mass of the weights used
to sink longlines is especially significant because
it overrides in importance the effect of other fac-
tors, such as setting speed and distance between
weights (Robertson et al., 2008a). To deter seabirds,
CCAMLR Conservation Measure 25-02 requires
Spanish-system vessels to deploy 8.5 kg weights
at 40 m intervals on hook lines (CCAMLR, 2005).
This line-weighting regime arose from Agnew et
al. (2000) who showed a reduction in mortality
of black-browed albatrosses (Thalassarche melano-
phrys) and white-chinned petrels (Procellaria aequi-
noctialis) at South Georgia with an increase from
4.25 kg at 40 m to 8.5 kg at 40 m on longlines (the
8.5 kg weight expressed to the nearest 0.5 kg is a
consequence of the heavier weight being a mul-
tiple of the lighter weight). Research subsequent
to Agnew et al. (2000), who did not measure sink
rates, revealed that longlines equipped with the
heavier regime reached, for example, 2 m depth and
5 m depth 24% (8 s c.f. 11 s) and 29% (13 s c.f. 19 s)
faster respectively than longlines with the lighter
regime (Robertson et al., 2008a). This highlights the

importance of the mass of the weights in sinking
longlines in the water depths likely to be most dan-
gerous to seabirds.

The weights used by Spanish-system operators
typically comprise collections of rocks held in bun-
dles by netting bags stitched together from trawler
net. This is an antiquated line-weighting method
that creates problems with regard to consistency
of mass, gear sink rates, the capacity of vessels to
meet the line-weighting provisions of Conservation
Measure 25-02 and the capacity of observers to
report accurately on this. During fishing opera-
tions the netting bags are easily broken, causing
rocks to fall out (nets abrade on the seabed and
are broken when thrown around the vessel during
retrieval). Unless the netting bags are regularly
maintained and the weights frequently weighed,
which is difficult at sea due to the large number of
weights involved and the rise and fall of the vessel,
the weights become lighter — and sink rates slower
— as fishing operations progress. Until the advent
of longlines with integrated weight for autoline
vessels, torpedo-shaped steel weights (typically
referred to as ‘jigger’ weights) were used rou-
tinely by autoline vessels in the Antarctic toothfish
(D. mawsoni) fishery in the Ross Sea. These weights
are smaller, denser, more hydrodynamic, easier
to handle and store, and because of their smooth
profile and absence of netting enclosure require
no maintenance. They are also less likely to snag
on the seabed, potentially reducing the amount of
gear lost in benthic habitats.

This paper presents the results of an experiment
designed to determine the relationship between
the sink rates of longlines equipped with bags of
rocks and those equipped with torpedo-shaped
steel weights. It is important to understand this
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relationship so that substitution of steel weights
for rock weights does not compromise the sink
rates associated with the line-weighting provi-
sions of Conservation Measure 25-02. The Spanish
system was recently redesigned to avoid toothfish
depredation by sperm whales (Physeter macrocepha-
lus) and killer whales (Orcinus orca), with the vari-
ant being called the ‘Chilean longline” (Moreno et
al., 2008). If these species are not present on the
fishing grounds, the Spanish system is reputed
to catch more fish than the Chilean method (the
former method deploys more hooks per set), but
if sperm whales and killer whales are present, the
reverse is true. To maximise fish catch rates, fish-
ers may choose which method to use depending
on fish abundance and prevalence of sperm whales
and killer whales around vessels, and may switch
between methods in the same sets. Since both meth-
ods are likely to be used to varying degrees in the
future, the sink-rate relationships between weight
types for both the Spanish system and the Chilean
longlines were examined.

Materials and methods
Spanish system

The Spanish system has been described by
Robertson et al. (2008a). Briefly, the Spanish sys-
tem uses two lines set in parallel — a heavy haul-
ing line (‘retenida’) and a light-weight hook line
(linea madre’). Numerous secondary connecting
lines or branch lines (‘barandillos’) join the haul-
ing line to the hook line (Figure 1). During line set-
ting, the hauling and hook lines are payed out from
opposing sides of the vessel. The hook line is kept
in sections in baskets, with each basket containing
two lengths of hook line. The lengths of hook line
are tied together to form a continuous line, and
weights are tied to the join in the centre and at each
end of the basket. As lines are payed out, crew con-
nect the hauling and hook lines with the branch/
connecting lines, making the various components
a cohesive unit.

Chilean longline

The Chilean longline has been described by
Moreno et al. (2008). Briefly, this method has its ori-
gins in the mid-1990s in the Chilean artisanal tooth-
fish fishery (Moreno et al., 2006) to minimise fish
loss to toothed whales and was recently adapted
(and changed) by the industrial toothfish fleet for
the same reasons. The Chilean longline involves
the removal of the hook line from the Spanish
system. Hooks are attached to short snoods in
clusters near the ends of the branch/connecting
lines, and a weight is attached to the end of each
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one (Figure 1). The branch/connecting lines can
be fitted with a wind-sock-shaped netting sleeve
(‘cachalotera’) (named for the Spanish ‘cachalote’,
the sperm whale). Being made from buoyant mate-
rial (polypropylene), during setting and when at
fishing depth, cachaloteras float up the branch/
connecting lines, freeing the lower sections of line
with the baited hooks which are exposed to tooth-
fish. When lines are hauled off the seabed, the
branch/connecting lines are drawn through the
cachaloteras which encircle caught fish and protect
them from attack by whales as lines are brought to
the surface.

Fishing vessel, location and gear

The experiment was conducted over two days,
on 9 and 10 June 2007, on the FV Tierra del Fuego
near Isla Nueva (55°13.0'S 66°25.4'W) which lies
in the eastern junction of the Beagle Channel and
the South Atlantic Ocean. The vessel was char-
tered especially for the experiment and was not
engaged in commercial fishing. The Tierra del Fuego
is a 53.6 m Japanese-built (1972) tuna vessel con-
verted to the Spanish system of fishing. In terms
of vessel features that may affect sink rates of long-
lines, the Tierra del Fuego has a single, 2 m diameter
two-blade variable pitch propeller (nominal rpms:
400 at 6 knots). Longlines were deployed into the
upswing area of the propeller wash from a posi-
tion 2.5 m above sea level. Longlines were set twice
only, once for the Spanish system and once for the
Chilean longline. Setting speed for both sets was
6 knots and wave height during both sets was
<0.5 m. Water depth ranged from 120 to 550 m.

The Spanish system set from the Tierra del Fuego
comprised gear purpose-built for the experiment
to CCAMLR line-weighting specifications (40 m
between weights). Gear comprised a 16 mm diam-
eter polypropylene hauling line, 8§ mm diameter
polypropylene branch/connecting lines (20 m long)
and a new hook line (3.5 mm diameter monofila-
ment nylon). By this design (see Figure 1), branch/
connecting lines were spaced 80 m apart on long-
lines. Hook-bearing snoods were 2 mm in diam-
eter, 0.7 m long, monofilament nylon attached to
the hook line with swivels every 1.6 m. Gear for the
Chilean longline comprised the same hauling and
branch/connecting lines as for the Spanish system
with branch/connecting lines (and line weights)
40 m apart. The dimensions of cachaloteras and
lengths and locations of the hook line and snoods
differed from Moreno et al. (2008), but only slightly.
On the Tierra del Fuego each branch/connecting line
was fitted with a mix of 1.8 m or 2.0 m long cacha-
loteras (dry weight 1.8 m cachalotera: 1.23 kg; 2.5m
long cachaloteras are also used in the fishery). Two
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Figure 1: Stylised version (not to scale) of the structure of: (a) the Spanish system, and (b) the Chilean
longline as used in the experiment.

Figure2:  Examples of rock weights (rear) and steel weights used in the experiment.
Also shown is the difference in shape between the steel weights produced
from a mould (left) and those cut from steel rod. Weights from left to right are
8,6 and 4 kg.
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6 kg 8 kg

rocks steel rocks steel

/\ /N

10 10 10

Weight 4 kg
Type rocks steel
Replicates
(n) 10 10
Figure 3:

Setting order of replicates within weight types and weight masses

used in the experiment for both fishing methods.

short (<0.3 m) sections of hook line, about 0.5 m
apart, and each bearing six to eight 0.3 m long
snoods with hooks, were attached 0.3 m above the
terminal ends of each branch/connecting line. As
gear was being set, weights were tied to the ends
of each branch/connecting line with a 0.5-1 m long
snood. By this gear configuration, baited hooks
were located no more than 1.5 m from weights,
whereas with the Spanish system, weights ranged
from a few metres to nearly 40 m from hooks.

For the purposes of the experiment, hooks
for both fishing methods were baited with sar-
dines (Sardina pilchardus) which are typically used
in toothfish fisheries in Chile and in CCAMLR

waters.

Line weights

Line weights tested in the experiment were 4,
6 and 8 kg. Streamlined steel weights are likely
to sink faster than rock weights, so it was con-
sidered unnecessary to use weights heavier than
8 kg. The authors purpose-built the rock weights
which were weighed to the nearest 5% on an elec-
tronic balance. The steel weights were purpose-
built by a steel works company in Valdivia, Chile.
The intention was to cast the steel weights from a
computer-generated moulded design (torpedo-
shaped) identical to those used in the Ross Sea
fishery. (Moulded cast iron weights are available
from CCIP (China Cast Iron Company — www.
china-cast-iron.com). However, after production of
about half the 70 required 8 kg weights, the mould
broke and time did not permit production of a new
mould. Therefore, the remaining 8 kg weights and
all the 4 kg and 6 kg weights were cut from round-
section steel rod following computer-assisted deter-
mination of the weight of the various components
(snood attachment loop, weld beads). The differ-
ence in shape was minor and not expected to affect
the sink-rate relationships recorded in the experi-
ment (Figure 2).
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Experimental design

Deployment of the Spanish system followed
closely the procedure of Robertson et al. (2008a).
Weights were deployed in a single set of the long-
line, in continuous procession and in systematic
order from the lightest weights to the heaviest (4 kg
then 6 kg then 8 kg). Within each mass, the rock
weights were always set before the steel weights.
For each type of weight and each mass of weight,
10 replicates were set in series (Figure 3). A repli-
cate comprised three baskets of gear and seven line
weights spaced 40 m apart. Each of the 10 replicates
within each weight type/mass replicate was sepa-
rated by 100 m of connecting line (hookless fishing
line), which took 30 s to pay out, to provide inde-
pendence between the replicates. At the end of each
set of 10 replicates within weight mass and weight
type, 200 m of connecting line was payed out. This
procedure was continued until all combinations of
the two weight types and three weight masses were
exhausted. To avoid gear being yanked repeat-
edly from the water, which occurs when weights
are allowed to be pulled from the vessel by gear
already deployed, all line weights were released by
hand before line tension occurred.

The Chilean longline was also set in a single set
of the longline in the same order of weight mass
and weight type as described above. Similarly,
10 replicates for each weight-type mass within
weight type were set, each replicate comprising
seven branch/connecting lines with replicates
separated by 100 m of connecting line (in this case,
hauling line). As for the Spanish system, at the end
of each set of 10 replicates, 200 m of connecting line
were deployed to separate the weight types.

Sink rates of longlines were recorded with time-
depth recorders (TDRs; MK9, Wildlife Computer,
USA) programmed to record depth at 0.5 m resolu-
tion every second. A total of 60 TDRs was deployed
on each set of the line (i.e. two weight types x three
weight masses x 10 replicates/weight mass). For
both fishing methods, one TDR was deployed in
each replicate. For the Spanish system, TDRs were
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attached midway between line weights at the aft
end of the second of the three baskets/replicate.
Thus, by the time each TDR was deployed, four line
weights of the replicate had already been deployed
and three weights were deployed after the TDR.
With the Chilean longline, TDRs were attached to
the ends of the fourth branch /connecting line of the
seven branch/connecting lines in each replicate.
Thus, when TDRs entered the water, three weights
of the replicate had already been deployed.

Before deployment, the internal TDR clocks
were synchronised with a digital watch. The exact
water entry time (nearest second) was recorded
for each device. On retrieval, data from the TDRs
were downloaded to a computer, water entry times
noted in the files and files ‘corrected” based on the
median offset value of the 10 rows of data before
the water entry time.

Data analysis

In previous studies of the sink rates of Spanish-
system longlines (Robertson et al., 2008a) and auto-
lines (Robertson et al., 2008b), data were analysed
using ‘time to target depths’ as the response vari-
able. In the current study the data were analysed
using ‘depth at given time intervals of 1 s’ (rather
than time-to-depth) as the response variable for
both fishing methods. This latter approach allows
finer-scale data to be used in the analysis which
requires depth as the response variable if autocor-
relation in the depth data with time is to be mod-
elled. However, this approach does not allow sink
rates to be obtained by direct application of the
fitted model, but requires an iterative search to be
carried out, as described below.

The repeated observations of depth were mod-
elled for 1 sintervals for times of 1-17 s using a linear
mixed model (LMM). The LMM incorporated cubic
smoothing splines (Verbyla et al., 1999), fitted using
the ASREML library (Gilmour et al., 1995, 1999)
within the R software package (R Development
Core Team, 2006). The limit of 17 s was the maxi-
mum time for which all replicates yielded a com-
plete set of depths (i.e. for the fastest sinking lines
the maximum depth recorded was reached in 17 s).
The fixed effects in the LMM were the 12 combina-
tions of the three factors: fishing method (Spanish,
Chilean), weight type (rocks, steel) and masses of
the weights (4, 6 and 8 kg). In the non-parametric
form of the LMM, ‘time’ was included as a factor
with 17 levels (i.e. times 1-17) to examine the depth
trend with time without smoothing using the spline.
In the parametric form of the LMM, time was fitted
as a linear trend along with nonlinear cubic spline
terms. The random terms in both LMMs (apart

from spline terms in the parametric LMM) were
‘TDR’ (individual TDRs were used repeatedly) and
the replicate-within-treatment combination. To
account for increasing variance of depth with time
given the treatment combination, data were log
transformed so that the response variable fitted by
the LMM was y = log(Depth + 1) and predictions
on this scale, 9, could be back-transformed to give a
predicted depth of exp(i)—1. The autocorrelations
between depths within a replicate were modelled
using a continuous-time exponential decay correla-
tion (equivalent for unit changes in time to a first-
order autoregressive error model). This model cor-
responds to that of Diggle et al. (1994, p. 79) with
experimental units (i.e. replicate-within-treatment
combination) as random effects plus residual vari-
ance with autocorrelation but no measurement
error. Generalising this model, the need to specify
separate variances for each time point, in case the
log transform over-corrected for heterogeneous
variances, was also investigated.

Sink rates to 5 s and between 5 and 10 s were
predicted using the parametric LMM. The para-
metric (i.e. cubic spline) LMM gives predictions
that ‘gain strength’ from considering the profile
as a sequence of values that follow a clear trend,
rather than simply a set of means as with the non-
parametric LMM. To predict sink rates to 2 m and
5 m depth (see below for the reasons for the choice
of these two depths), the parametric spline model
was used to search for predictions of depth given
time that were, to a close approximation, equal to
2m and 5 m (i.e. using 0.1 s time intervals) respec-
tively, so these depths could be divided by the cor-
responding time to give sink rates.

Approximate standard errors of predicted
depths used to obtain sink rates were obtained as
SE(¥) {exp(ﬁ )— 1} where SE(7) is the standard error
on the transformed scale. The approximate widths
of the 95% confidence bounds for the difference
between the predicted average depth-versus-time
profile between mass treatments for each combi-
nation of weight type and fishing method were
obtained as 2.101\/§SE(Q){exp(3})—1}, where 7
was averaged across mass treatments and 2.101
is the 95% probability two-sided t-statistic with
18 degrees of freedom (this is a conservative
value corresponding to 10 replicates/treatment
combination). The zero depth:zero time data points
were excluded from the analysis because they have
zero variance.

In analysis of data for the Spanish system, sink

rates in the 0-2 m and 2-5 m depth ranges were
emphasised. The former provides a measure of the
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Table 1:  Mean masses and coefficients of variation (SD + mean) of 20 randomly
selected weights of each weight type built for the experiment. The 4 kg
and 6 kg steel weights were cut from steel rod (see text).

Weight type Nominal mass X mass SD Ccv X minus
(kg) (kg) (%) nominal mass
(kg)

Rocks 4 442 0.09 20 +0.42

Steel 4 3.94 022 56 -0.05

Rocks 6 6.37 0.08 13 +0.64

Steel 6 597 035 59 -0.03

Rocks 8 8.45 0.11 14 +0.45

Steel (steel rod) 8 8.00 0.04 0.05 0.00

Steel (moulded) 8 797 0.11 14 -0.03

Table2:  Average sink rates (m s™) (= SE) of longlines to target depths and, after

prescribed time intervals, predicted from the fitted parametric linear
mixed model, for longlines equipped with weights of different type and
mass. The emboldened categories represent sink rates in water most
likely to be affected by propeller turbulence. The other categories
represent sink rates in the linear phases of sink profiles and are included

for comparison.

Spanish system Target depth Elapsed time
0-2m 2-5m 0-5s 5-10s

Rocks 4 kg 0.17 £ 0.01 0.50 +0.03 0.05 = 0.00 0.22 +0.03
Steel 4 kg 0.23 £0.02 0.45 +0.03 0.13 £0.01 0.39 £ 0.04
Rocks 6 kg 0.21 £0.01 0.55 +0.03 0.12 £ 0.01 0.31 £0.03
Steel 6 kg 0.29 +0.02 0.75 +0.05 0.21 £0.02 0.65 = 0.04
Rocks 8 kg 0.22 +0.02 0.58 +0.03 0.15+0.01 0.31 £0.04
Steel 8 kg 0.33 £0.03 0.80 = 0.06 0.28 = 0.02 0.74 £ 0.05

Chilean longline Target depth Elapsed time

2-5m 0-5s 5-10s

Rocks 4 kg 0.51 +£0.06 0.68 = 0.06 0.49 +0.06
Steel 4 kg 1.06 +0.11 1.10 + 0.09 0.58 +0.09
Rocks 6 kg 0.64 = 0.07 0.77 = 0.06 0.58 £ 0.07
Steel 6 kg 1.47 £0.13 1.34 £0.11 0.73 £0.10
Rocks 8 kg 0.64 +0.08 0.80 = 0.07 0.52 +0.07
Steel 8 kg 1.36 + 0.32 1.31 +0.11 0.82 +0.10

degree of lofting in propeller turbulence, which
slows sink rates and increases exposure of sea-
birds to baited hooks, and the latter provides an
estimate of the linear phases of the sink profiles.
With the Chilean longline, because the initial sink
rates were very fast, especially for gear with steel
weights, sink rates in the 0-5 s and 5-10 s ranges
were emphasised to provide sufficient time for the
TDRs to record accurately. The former variable is
consistent with Moreno et al. (2008) and provides
an estimate of the initial rapid sink rates when gear
free-falls in the water column, and the latter pro-
vides an estimate of sink rates in the linear phases
of the sink profiles.
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Results

Variation in weights

The masses of the steel weights more closely ap-
proximated nominal weight than the rock weights.
The rock weights were consistently heavier than

nominal mass (Table 1).

LMM analyses

For both parametric and non-parametric LMMs,
the extra residual variance (in addition to the exper-
imental unit variance) associated with time for the
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Figure 4:

Predicted (see text) sink profiles for: (a) Spanish-system, and (b) Chilean longlines fitted with

rock weights or steel weights of nominated mass. Shown are the mean depths predicted
from the LMMs and presented as points (non-parametric) and spline curves (parametric).
Approximate 95% confidence bounds (see bottom of graphs) for differences between depth-
versus-time profiles have been centred on a depth of 18 m to improve clarity (see ‘Methods’
for calculation of confidence bounds). For a given time, differences between curves that are
greater than the width of the bounds can be considered significantly different.

response variable log(Depth + 1) was estimated
using the heterogeneous variance form of these
LMMs. These variance estimates were similar for
both forms of the LMM and decreased smoothly
from approximately 0.13 (SE = 0.02) down to
approximately 0.003 (i.e. close to zero; SE = 0.001)
as time increased from 1 to 17 s. Therefore, these
forms of the LMMs were required to adequately
model the errors since the log transform over-
corrects for the heterogeneous variances on the nat-
ural scale. The TDR variance component was very
close to zero, so this random term was dropped. As
expected, the estimated autocorrelation was very
high and positive for both LMMs with values of
0.765 (SE = 0.020) and 0.756 (SE = 0.019) with cor-
responding estimates of experimental variance of
0.0352 (SE = 0.0053) and 0.0355 (SE = 0.0053) for the
parametric and non-parametric LMMs respectively.

For the non-parametric LMM, the four-way interac-
tion was not significant (P > 0.1) but the three-way
interactions of fishing method x weight type x time
and weight type x weight mass x time were both
significant (P < 0.001). Sink profiles of Spanish-
system and Chilean longlines differed markedly,
being curvilinear in opposite directions (Figure 4).
Within weight type and mass, Spanish-system long-
lines sank slowly initially, then faster, whereas the
reverse applied with Chilean longline.

Sink rates

Initial sink rates for the Chilean longlines were
about three times those of Spanish-system longlines
(Table 2). Mean sink rates ranged from 0.68 m s!
(4 kg rocks) to 1.31 m s7! (8 kg steel) in the shallow
depth ranges. Within fishing method, initial sink
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rates of longlines with steel weights were substan-
tially faster than gear with rock weights, although
differences were reduced in the linear phase of the
sink profiles. For both fishing methods and weight
types, the proportional increase in sink rates from
4-6 kg was greater than from 6-8 kg. These differ-
ences were most pronounced in the linear phases
of the sink profiles.

Spanish-system longlines with 8 kg rock weights
averaged 0.22 = 0.02 m s7! to 2 m depth. The equiv-
alent rates for steel weights of 4 kg and 6 kg were
0.23 + 0.02 and 0.29 + 0.02 respectively. This sug-
gests that longlines with 5 kg steel weights would
be expected to average about 0.26 m s! to 2 m
depth.

Discussion
Consistency of weights

The steel weights more closely approximated
nominal mass than rock weights, which were
all overweight. This occurred because the rock
weights were built by weighing collections of rocks
to within 5% of nominal mass and then adding the
netting bags, which average 0.4-0.6 kg (see Table 1).
It is not known how the extra weight and drag of
the netting bags affected the sink rates.

In fishing operations the effect of small differ-
ences in weight and the bulk from the netting bags
would be minor compared to loss of rocks from the
bags. Each 8.5 kg weight typically comprises sev-
eral rocks of different sizes and shapes which are
frequently lost from their netting enclosures. The
number of weights on vessels (hundreds), the diffi-
culty of keeping track of them in fishing operations
and the difficulty of weighing and repairing them
at sea suggests that weights can easily be under-
weight and go undetected. This would result in
longlines, or sections of longlines, being set that fail
to meet CCAMLR line-weighting requirements.

Spanish system versus Chilean longlines

The sink profiles of both gear types differed
markedly. Spanish-system longlines initially sank
slowly then faster, whereas Chilean longlines ini-
tially sank rapidly, then slowed. In general, for the
first 10 s or so after deployment, Chilean longlines
sank about three times faster than Spanish-system
lines, but thereafter sink rates (with weights of the
same mass and type) were similar. The contrast-
ing results in the shallow depth ranges are due
to different gear configurations and deployment
methods. Weights on Spanish-system longlines
are connected by a continuous length of hook line
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which is joined to the hauling line by the branch/
connecting lines (see Figure 1). Longlines enter
the water horizontal to the sea surface, causing
line between weights to float in propeller turbu-
lence: once clear of propeller upwellings, sink rates
increase. The weights on Chilean longlines are not
connected by the conventional hook line and are
suspended from one end of the branch/connecting
lines, the other end being attached to the hauling
line. When set, about 15 m of the 20 m length of
each branch/connecting line is payed out (to avoid
tangles) and weights are dropped from the height
of the setting window above sea level (2.5 m on
the Tierra del Fuego). Because there is no horizontal
link between adjacent branch/connecting lines, the
weights are free to sink vertically until the slack in
the branch/connecting lines is taken up, at which
point gear starts to drag on the hauling line and
slows down.

Steel versus rocks

Spanish-system longlines with 8 kg at 40 m
(approximates the 8.5 kg at 40 m required by
CCAMLR) averaged 0.22 + 0.02 m s™! to 2 m depth.
The average is slightly higher than the 0.20 m s
reported by Robertson et al. (2008a) for similarly
configured gear set from a similar vessel to the
Tierra del Fuego. The difference is possibly due to
better control on the Tierra del Fuego in releasing
weights without tension astern. Since the sink rates
for the Chilean longlines greatly exceed those for
the Spanish system, and since it is preferable that
one weight mass be used for both fishing methods,
the results for the Spanish system will be used to
compare weight types. In the 0-2 m range, mean
sink rates were considerably faster for steel weights
than rock weights within each weight class. The
average sink rates of gear with 4 kg steel weights
(0.23 = 0.02 m s™) was virtually identical to the
average for the CCAMLR regime (see above), and
the rate for gear with 6 kg steel weights (0.29 + 0.02
ms~!) was higher, suggesting that 5 kg steel weights
would be an appropriate substitute for 8.5 kg rock
weights. Longlines with 5 kg steel weights would
on average equal or exceed the mean sink rates
associated with the line-weighting regime cur-
rently required by CCAMLR.

Advantages of steel weights

There are a number of advantages associated
with the use of steel weights. Once acquired, no
labour is required to build the steel weights and
they require virtually no maintenance at sea. They
are also more robust than the concrete weights
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Table 3:

Comparative differences in time taken (in minutes)

for longlines equipped with weights of different
type and mass to reach fishing depth. Estimates are
based on sink rates from the linear phases of sink
profiles taken 20 s after deployment and are de-
rived for a water depth of 1 000 m.

Fishing method

Weight type and mass

Rocks (kg)

Steel (kg)

4

6

8 4 6 8

49
25

Spanish
Chilean

35
24

32 37 19 17
23 20 18 17

(used by some operators) which degrade in sea-
water and are prone to break when handled on
vessels (Otley, 2005). The 5 kg steel weights would
reduce substantially the total amount of weight that
must be hauled on board and handled by crews.
A 10 km longline, to CCAMLR line-weighting
specifications, would hold 250 weights weighing
2.125 tonnes if made from rocks or 1.250 tonnes if
made from steel, a difference of 40%. In summary,
steel weights are much smaller than rock weights
of equivalent mass, are more easily stored on ves-
sels and handled more easily by crews.

Because of their large size, angular shape and
netting enclosures, rock weights potentially increase
the incidence of gear snagging on the seabed, espe-
cially with the Spanish system. Gear caught on the
seabed increases the incidence of line breakages,
the amount of gear lost and incidence of ghost fish-
ing (fish caught but not landed). Torpedo-shaped
steel weights are smaller, smooth sided and contain
no netting bags, features that may reduce the fre-
quency of fowling on the seabed and the amount
of gear lost in benthic habitats.

By virtue of their faster sink rates it is possible
that gear with steel weights will improve fish catch
rates. The chemical attractants in mackerel bait are
strongest in the first two hours following deploy-
ment, after which time the attractants decay expo-
nentially (Bjordal and Lekkeborg, 1996). Thus,
time taken to reach target depths is an important
component of fishing strategy. Based on a nominal
fishing depth of 1 000 m, and mean sink rates 20 s
after deployment, Spanish-system longlines with
steel weights would reach fishing depth much
sooner than longlines equipped with rock weights
of equivalent mass (Table 3). Although Chilean
longlines with steel weights attached were faster
to the seabed than their rock weight counterparts
(most evident with the 4 kg comparison), overall
the most important single determinant of fast sink
times to fishing depth was the use of steel weights.

Thus, both Spanish-system and Chilean longlines
with steel weights attached could potentially result
in higher fish catch rates.

Conclusion

The sink rates of longlines equipped with
5 kg streamlined steel weights at 40 m intervals on
longlines will, on average, equal or exceed those
of longlines equipped with 8.5 kg at 40 m rock
weights typically used by Spanish-system ves-
sels. Therefore, the use of longlines with 5 kg steel
weights attached will not result in an increased risk
to seabirds. These two weighting regimes are inter-
changeable and are suitable for both the Spanish
system and Chilean longlines.

Note: at the Twenty-sixth Meeting of CCAMLR
(October 2007), Conservation Measure 25-02 was
updated to permit Spanish-system vessels to sub-
stitute 5 kg shaped steel weights for rock weights
that maintain the longline sink rates associated with
the 8.5 kg at 40 m weighting regime. Steel weights
must be hydrodynamically shaped (not chain links)
designed to sink rapidly, and be deployed as single
5 kg units, not several lighter weights tied together.
The modification applied to both the Spanish sys-
tem and the Chilean longlines.
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Liste des tableaux

Poids moyens et coefficients de variation (écart-type + moyenne) de 20 lests choisis au hasard de chacun

des types de lests fabriqués pour l'expérience. Les lests en acier de 4 et 6 kg ont été trongonnés dans des

Vitesses d'immersion moyenne (m s1) (+SE) des palangres aux profondeurs visées et, apres des intervalles

de temps prescrits, prévus par le modeéle paramétrique linéaire mixte ajusté, pour les palangres équipées
de lests de types et de poids différents. Les catégories en gras représentent les vitesses d'immersion
dans des eaux susceptibles d'étre affectées par la turbulence créée par les hélices. Les autres catégories
représentent la vitesse d'immersion dans les phases linéaires des profils d'immersion ; elles sont incluses

Tableau 1:

barres d'acier (voir le texte).
Tableau 2:

a titre de comparaison.
Tableau 3:

Comparaison du temps (en minutes) pris pour atteindre la profondeur de péche par les palangres

équipées de lests de types et de poids différents. Les estimations sont fondées sur les vitesses d'immersion
tirées des phases linéaires des profils d'immersion pris 20 s apres le déploiement et sont dérivées pour

une profondeur de 1 000 m.
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Figure 1:

Figure 2:

Figure 3:

Figure 4:

Tabm. 1:

Tabum. 2:

Tabm. 3:

Puc. 1:

Puc. 2:

Puc. 3:

Puc. 4:
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Liste des figures

Version stylisée (I'échelle n'est pas respectée) de la structure de : (a) la palangre de type espagnol, et (b) la
palangre chilienne, telles qu'utilisées dans l'expérience.

Exemples de lests de pierres (au 2° plan) et de lests en acier utilisés dans l'expérience. La différence de
forme des poids en acier est également indiquée ; le lest de gauche a été fabriqué dans un moule, les
autres ont été trongonnés dans une barre d'acier. Les lests de gauche a droite sont de 8, 6 et 4 kg.

Ordre de répétition de l'expérience par type de lest et par poids pour les deux méthodes de péche.

Profils d'immersion prévus (voir le texte) des : (a) palangres de type espagnol, et (b) palangres chiliennes,
sur lesquelles étaient fixés des lests de pierres ou des lests en acier d'un poids donné. Sont indiquées
les profondeurs moyennes prévues par les LMM et présentées en tant que points (non-paramétriques)
et courbes splines (paramétriques). Les intervalles de confiance approximatifs a 95% (voir le bas des
graphiques) des différences entre les profils de profondeur par rapport aux profils de temps ont été
situés a une profondeur de 18 m pour plus de clarté (voir "Methods" dans le texte pour le calcul des
intervalles de confiance). Il est considéré que, pour un temps donné, les différences entre les courbes sont
significatives lorsqu'elles sont supérieures a la largeur des intervalles.

Crucok Taduig

Cpemunii Bec u koaddumneHTs! Bapuanmu (SD + cpemnee) 20 ciydaitHO 0TOOpaHHBIX TPY3HI BCEX
TUIIOB, MOATOTOBJICHHBIX JIA OKCIICPUMCEHTA. CranpHble rpysujia BECOM 416 Kr 6I)IJ'II/I OTpE3aHbI OT
CTAJIEHOTO CTEPKHS (CM. TEKCT).

Cpenusis ckopocTh morpyxenus (m/c) (= SE) sipycoB Ha 3aaHHyO TIIyOHHY U, 9epe3 YCTaHOBJICHHBIC
MPOMEKYTKHA BPEMCHHU, PACCUUTAHHAS 0 MOAOOpPAHHON MapaMeTPUYECKOW JTHMHEWHOW CMEIIaHHOW
MOJIENHU JUIsl SIPYCOB, 00OPY/0BaHHBIX IPYy3UJIaMH PA3JIMYHBIX THIIOB C Pa3HOW Maccoil. BoiieneHHbIe
JKUPHBIM IPUPTOM KaTETOPUU MPEACTABISIOT COOOW CKOPOCTH IMOTPY>KEHHs B BOJIE, /e, MO BCei
BEPOSITHOCTH, MIPOSIBIIICTCS BO3ICHCTBHE TypOYIICHTHOCTH OT BHHTA. J[pyTrHe KaTeropuu mpeICTaBIISIOT
CKOPOCTH IOTPYXKEHHS B IMHEHHO# (haze mpoduiieii morpy»eHust U MPUBOJISITCS [Tl CPABHEHHUS.

CpaBHUTENbHBIC pa3Inyusi BO BPEMEHM (MHHYTHI), KOTOpoe TpeOyercsi sipycam, 00OpyIOBaHHBIM
Pa3IMYHOIO THMNA TPY3WJIAMH C Pa3HbIM BECOM, Ul JOCTIDKCHHUS] MPOMBICIOBOM TTyOMHBI. OUEHKH
OCHOBaHbI Ha CKOPOCTSIX MOTPYXXEHUsI B JMHEHHOU (aze mpoduiel morpyxeHus, N3MEPEeHHBIX Yepe3
20 cekyH/ 1ocie Havyajaa IPUMEHEHNSs, U MoTy4eHs! Jurs TryonHs! 1000 M.

CIHCOK PHCYHKOB

CTunu30BaHHBI BapuaHT (He B MacmTade) KOHCTPYKIMH: (a) sipyca WCIAHCKOM CHCTEMBI H
(b) unnmiickoro sipyca, KOTOpBIE HCIIOIB30BAINCH B XO/I€ KCIIEPUMEHTA.

OO6pas3ip! Ipy3us U3 KaMHeH (Ha 3aJHEM IUIaHEe) M CTaNbHBIX TPY3WJ, WCIOJIB30BABIIMXCA B XONE
sKkcriepuMenTa. [TokazaHo Taxoke pasinane MexX/1y CTaJIbHBIMU I'Py3HIIaMH, OTIIUTHIMU B Jopme (cieBa),
U IPy3WIaMy, OTPE3aHHBIMU OT CTAJBHOTO CTep)XHs. Bec rpysmi (cieBa HanpaBo) — 8, 6 1 4 KT

Onpe)leneHHe TMIOpsiAKa IIOBTOPHBIX l'lp06 I pa3sHOrO THIIATPY3UII C pa3H0171 MaCCOfI, HCIIOJIB30BABIINXCA
B XOZ€ DKCIIEPUMEHTA C obonMu TIPOMBICJIOBBIMHA METOJaMU.

PaccunTannbie (CM. TeKCT) NpodWiIM MOrpyKeHust Juisi: (a) ucrmaHckoi cucteMbl U (b) YMIMICKHX
SAPYCOB C HMPUKPEIUICHHBIMH TPy3HJIaMH U3 KaMHEH WU CTAJIbHBIMHU TPy3WIAMHU 33JaHHON MacChl.
ITokazanbl cpenHmre TIyOMHBI, paccuMTaHHbIE O LM-MomensM u TpeacTaBICHHBIE B BHAE TOUYCK
(HenmapaMeTpuYecKUe) U MOJIMHOMHAIBHBIX KPUBBIX (Mapamerpuydeckue). st Oosblield SCHOCTH 3a
HEHTP MPUONU3UTENBHBIX 95%-HBIX TOBEPHUTEIBHBIX MPENEIOB (CM. BHU3Y I'paMKOB) TS Pa3IdIdi
MeX Ty TpohUIISIMU TITyOUHBI-BpeMeHu OepeTcs Tiyonna 18 M (cM. «MeToab» — pacyeT TOBEPUTETHHBIX
MHTEpBAIOB). JII1 TaHHOTO TEepHoaa Pa3INyuus MEXKy KPHUBBIMH, IIPEBHIIIAIONINE IINPUHY MIPE/ICIIOB,
MOTYT CYUTATHCS 3HAYUTEIIEHBIMU.
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Tabla 1:

Tabla 2:

Tabla 3:

Figure 1:

Figure 2:

Figure 3:

Figure 4:
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Lista de las tablas

Peso promedio y coeficientes de variacién (SD + promedio) de 20 pesos escogidos aleatoriamente de
cada tipo construido para el experimento. Los pesos de 4 kg y 6 kg de acero fueron cortados de una barra
de acero (ver texto).

Promedio de la tasa de hundimiento de palangres (m-s™) (= SE) a profundidades especificas y, después
de un determinado tiempo, proyectadas con un modelo lineal mixto de ajuste paramétrico, para los
palangres equipados con lastre de distinto tipo y peso. Las categorias en negrita representan las tasas de
hundimiento que se veran mas afectadas por la turbulencia producida por la hélice. Las otras categorias
representan las tasas de hundimiento en la fase lineal del perfil de hundimiento y se incluye a titulo
comparativo.

Comparacién del tiempo (en minutos) que toma para que los palangres equipados con lastre de distinto
tipo y peso se hundan hasta llegar a la profundidad de pesca. Las estimaciones se basan en las tasas
de hundimiento de las fases lineales de los perfiles de hundimiento tomados 20 segundos después del
calado y derivadas para una profundidad del agua de 1 000 m.

Lista de las figuras

Versién estilizada (no a escala) de la estructura de: (a) el sistema espafol, y (b) el sistema chileno de
palangre utilizado en el experimento.

Ejemplo de las rocas (atrds) y pesos de acero utilizados en el experimento. También se muestra la
diferencia en la forma de los pesos de acero producidos de un molde (izquierda) y aquellos cortados de
una barra de acero. Los pesos, de izquierda a derecha, son 8, 6 y 4 kg.

Plan del orden en que se efectuaron las repeticiones de los experimentos con cada tipo de lastre y peso
para ambos métodos.

Perfiles de hundimiento (ver texto) para: (a) el sistema espafiol, y (b) sistema chileno de palangres
lastrados con rocas o pesos de acero de una magnitud dada. Se muestra la profundidad media prevista
de los modelos lineales mixtos (LMM) como puntos (no paramétricos) y curvas spline (paramétricas).
Los intervalos aproximados de confianza del 95% (véase la base de los graficos) para las diferencias de los
perfiles de profundidad y tiempo se han centrado a una profundidad de 18 m para mejorar la transparencia
(ver “métodos” para calcular los intervalos de confianza). Para un tiempo dado, las diferencias entre las
curvas mayores que el ancho de los intervalos pueden ser consideradas significativamente diferentes.



