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Abstract

Ten years of recent fine-scale haul-by-haul krill data were used to characterise the
behaviour of the krill fishery. Analysis of distance between hauls in relation to their catch
level revealed a distinct pattern. Mean between-haul distances were generally longer
when catch levels fell below 10 tonnes/haul, and the travel distance decreased as the catch
level increased; this pattern was most obvious for operations by Japanese fishing vessels.
There were differences between statistical areas with longer distances moved between
hauls in Subarea 48.1 compared to Subareas 48.2 and 48.3, reflecting the large number
of fishing grounds within this area. The same patterns were observed for vessels from
other nations, but were less clear. The study suggests the movement trends for Japanese
vessels could form the basis for describing a generalised fishery model. Updates for some
of the parameters for the krill fishery model suggested in the late 1980s are proposed
based on the results from this study. These analyses demonstrate the need for high-quality
year-round data on all vessels participating in the krill fishery to assist in interpreting the
annual fishing patterns, which can best be collected by scientific observers.

Résumé

Dix années de données récentes a échelle précise par trait sur le krill ont servi a caractériser
le comportement de la pécherie de krill. L’analyse de la distance entre les traits de chalut par
rapport a leur niveau de capture a révélé une tendance distincte. Les distances moyennes
entre les traits de chalut étaient généralement plus grandes lorsque le niveau de capture
tombait en dessous de 10 tonnes/trait, et la distance parcourue diminuait lorsque le niveau
de capture augmentait, tendance qui était particuliérement manifeste dans les opérations
de péche des navires japonais. On a noté des différences entre les zones statistiques :
les distances parcourues entre deux traits étaient plus grandes dans la sous-zone 48.1
que dans les sous-zones 48.2 et 48.3, ce qui reflete le grand nombre de lieux de péche
se trouvant dans ce dernier secteur. Les navires d’autres nations présentaient les mémes
tendances, mais avec moins de netteté. L'étude suggere de décrire un modele de pécherie
généralisé a partir des tendances du déplacement des navires japonais. Il est proposé,
d’apres les résultats de cette étude, de mettre a jour certains parametres du modele de
pécherie de krill suggéré vers la fin des années 1980. Ces analyses démontrent la nécessité
de données de tres bonne qualité et de toute 'année sur tous les navires participant a la
pécherie de krill pour aider a interpréter les tendances annuelles de la péche, données que
les observateurs scientifiques seront le mieux a méme de collecter.

Pesrome

st onmcaHusl AMHAMUKU MTPOMBICIIA MCIIOJIb30BAIMCh MEIKOMACIITAOHbBIC JaHHBIC 3a
KKIIBIF OTICIBHBINA YIIOB KPWJIS 33 TIOCIIEAHUE JICCSTh JIeT. AHAIN3 PACCTOSHUS MEXKITY
BBIOOpPKaMH 110 OTHOILIEHHIO K YPOBHIO BBUIOBA BBISIBUII YETKYIO 3aKOHOMEPHOCTD.
CpenHee pacCTOsIHUE MEX/y BIOOpKaMH OBLIO B IeJIOM OOJIbIIe, KOT/Ia YPOBHHU BBUIOBA
nanany Huke 10 T/BBIOOpPKY, a TPOHICHHOE PACCTOSIHUE COKPAILAIOCh MIPU YBEJIIMUCHUN
YPOBHS BBIJIOBA; JAaHHAs 3aKOHOMEPHOCTH Oblila HanOoliee 3aMETHA B XOZAE OTEpaIfi
SITIOHCKUX PHIOOJIOBHBIX CYJ0B. MIMENUCh pa3nnuyus MeK1y CTaTUCTUYECKUMH paiioHaMHu:
Mo CpaBHEHHIO ¢ monpaiionamu 48.2 u 48.3 B Ilonpaiione 48.1 mpoxoaumick OOMbBIIIE
PacCTOSIHUS MEXy BEIOOPKaMH, YTO OTPaXKaJI0 HAINYKE OOJIBILIOTO YUCIIa ITIPOMBICIOBBIX
YYacTKOB B 9TOM paifoHe. Takue ke 3aKOHOMEPHOCTH HAOITIONAINCH W JUIA CYHIOB W3
JpYTHX CTpaH, HO OHM ObUIM MeHee sBHbIMH. /laHHOE HCCie0BaHHE TOBOPUT O TOM,
YTO TEHJICHIUH B MEPEMEIICHUH SMOHCKUX CyI0B MOTYT CIY)XKHTh OCHOBOH OMHCAaHHS
00001eHHON Mozienu npombicia. [Ipearatorcsi 0OHOBIICHHBIE BapUAHTBI HEKOTOPHIX
mapaMeTpoB MOIETH KPHIIEBOTO IPOMBICTA, TPENIOKEHHON B KoHme 1980-x rT,
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OCHOBAHHBIC Ha pE3yJIbTaTax 3TOT0 UCCIICAOBaHUA. Pe?:yJ'II)TaTLI IMMPOBEACHHOI'O aHaJIn3a
CBUACTCIILCTBYIOT O HCO6XO)II/IMOCTI/I TTOJTYYCHUA BBICOKOKaQYCCTBCHHBIX KPYTTIOTOANYHBIX
JAaHHBIX TIO BCEM CydaM, YYaCTBYIOIIMM B KPUJIEBOM IPOMBICIIE, YTO IIOMOXET
HUHTCPHIPETUPOBATH 3dKOHOMEPHOCTHU IPOMBICJIA 3a TOA; C60p 9THUX JaHHBIX JIYYIIC BCCIO
MOT'YT IPOBOAUTDH HAYYHBIC Ha6J’IIOﬂaTCJ'II/I.

Resumen

Se caracteriz6 el comportamiento de la pesqueria de kril en base a los datos en escala fina
de lance por lance de 10 afios recientes. El analisis de la distancia entre los lances en relacién
con el nivel de su captura revel6 una pauta marcada. La distancia promedio entre los
lances por lo general fue mayor cuando el nivel de la captura era menor que 10 toneladas/
lance, y la distancia recorrida disminuyé a medida que el nivel de la captura aumento;
esta pauta fue més marcada para las operaciones de los barcos de pesca japoneses. Hubo
diferencias entre las dreas estadisticas, siendo mayor la distancia recorrida entre los lances
enla Subérea 48.1 que en las Subareas 48.2 y 48.3, reflejando el gran ntimero de caladeros de
pesca dentro de esta drea. Esta pauta también fue observada para barcos de otras naciones
pero no fue tan definida. El estudio sugiere que las tendencias en el desplazamiento de
los barcos japoneses podrian servir de base para describir un modelo generalizado de
la pesqueria. En base a los resultados de este estudio, se propone una actualizaciéon de
algunos de los pardmetros del modelo de la pesqueria de kril propuesto a fines de la
década de los 80. Este tipo de analisis demuestra que para facilitar la interpretacién de las
pautas anuales de la pesca, se requiere recolectar datos de alta calidad de todos los barcos
que participan en la pesqueria de kril durante el afio, y que lo mejor seria que estos datos
fuesen registrados por los observadores cientificos.

Keywords: Antarctic krill, krill fishery, fishery model, CCAMLR,
fishery dynamics, CPUE

Introduction

The harvesting of marine living resources in the
Southern Ocean has been managed by CCAMLR
since the 1980s (Everson, 2000). Although precau-
tionary catch limits for the krill fishery have been set
for a number of areas and divisions of the Southern
Ocean, the development of strategies that directly
take into account the needs of predators and the
local impact of the krill fishery in a management
framework is yet to occur (Constable et al., 2000).
The fishery is an integral part of the ecosystem
processes (SC-CAMLR, 1995), and therefore model-
ling the behaviour of the krill fishery is essential
for an ecosystem-based approach to managing the
effects of fishing on dependent and related species.
Such models will also allow prediction of the type
and degree of impacts of alternative management
options on the krill fishery.

In the late 1980s, attempts were made to charac-
terise the krill fishery using simulation models
(Butterworth, 1988a; Mangel, 1988). These studies
pointed out that the utility of catch-per-unit-effort
(CPUE) data is limited because such data does
not take into account the nature of the operational
strategies adopted by the fishing fleets and vessels.
It is known that physical conditions (e.g. ice and
weather), logistic factors (e.g. transhipment) and
biological factors (e.g. krill density), as well as the
type of krill being targeted (e.g. gravid, non-green,
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etc.) affect a fishing master’s decisions about how
long to fish in a particular area (Butterworth,
1988b). Many of the parameters used in these krill
fishery models in the 1980s were based on infor-
mation gathered through interviews with the fish-
ing industry (e.g. Butterworth, 1988a); these were
mostly anecdotal and/or qualitative. Even those
parameters that were derived through analysis of
actual operational data need to be updated because
the krill fishery has changed markedly over the last
20 years (Kawaguchi and Nicol, 2007).

Models of the interactions between the krill
fishing operations and the ecosystem will need
to capture, at least, the important dynamics of
the fishery. In particular, it is important to quan-
tify the conditions under which a fishing vessel
might change its fishing location, i.e. how fishing
masters make decisions about where they fish and
when. This is best done using information directly
collected from fishing vessels (Kawaguchi et al.,
2005a; SC-CAMLR, 2006).

The CCAMLR Secretariat holds and maintains
fishery data which are central to the formulation
of scientific advice on the management of fisheries
and marine living resources within the CAMLR
Convention Area (Kawaguchi and Nicol, 2007). At
the end of each fishing season, each Contracting



Party that has fished for krill is required to sub-
mit fine-scale haul-by-haul data to the Secretariat
(CCAMLR, 2007).

By using recent fine-scale haul-by haul data
from the krill fishery, this study aims to:

(i) analyse movement patterns of krill trawlers
with regard to catch levels, and assess whether
these patterns can be described generic;

(ii) suggest updated parameter values for the
existing krill fishery models through assessing
the statistics of the most recent fine-scale data.

A description of the traditional krill fishery
operation using midwater trawls and
a definition of terminology

The krill fishery operates throughout the day
and night. The landed catch is released from the
codend into a fish tank. From the fish tank, krill
are transferred continuously to the factory by con-
veyer belts, continuously reducing the amount of
krill in the reservoir. To keep the factory operating,
it is important that krill are always landed before
the reservoir becomes empty, which would result
in a drop in the production rate (Kawaguchi et al.,
2005b).

Figure 1 is a schematic diagram of how the fac-
tory operates on a conventional krill trawler. At the
end of a haul, the net will be brought on board and
the krill catch (C,) will be landed in the reservoir,
resulting in a volume (R,,) of the initial catch. As the
factory tries to operate at an ‘Optimal Processing
Rate’ of P, it gradually reduces the amount of krill
remaining in the reservoir. At the end of next haul,
the second catch (C,,;) will be added to whatever
amount of krill is left in the reservoir, making the
total amount in the reservoir R, ,1, and the process
continues. If the reservoir is emptied before the next
catch is landed (i.e. period between C,,; and C,,3),
then there will be a period of reduced production.
The trawlers strive to ensure continuous produc-
tion to remain profitable, so they may search for
better aggregations and change fishing grounds if
catches are not sufficient to maintain continuous
production. On the other hand, if the catch level
exceeds the production capacity of the factory, then
the trawlers may increase the interval between
hauls to allow the factory to process the landed krill
or shorten the hauling time to reduce the size of the
catch (Kawaguchi et al., 2005b). In these instances,
the average distance between hauls whilst trawl-
ing should be greater for smaller catches compared
to trawls with higher catches. Also ‘Catch Rate’
derived as C,/t, (Where t, is the time to next haul)
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should be approximately constant up to a certain
point, since the maximum processing rate may be
vessel specific, however, below a critical point for
which the catch is no longer sufficient to continu-
ously operate the factory, C,/t, should decline. In
this last case, the fishing master may choose to take
more time for searching and /or move to a different
site and this will be reflected in increasing distance
(d,) and/or time (t,) to the next haul. If the trawl-
ers are using the continuous pumping method to
fish for krill, then the rate of supply of krill to the
reservoir (R) will be less variable since supply and
processing of krill are both continuous, but the
principle will be the same.

Materials and methods

CCAMLR fine-scale catch and effort data from
CCAMLR seasons 1997 /98 to 2006 /07 from the con-
ventional trawling method (a total of 45 701 hauls)
were used for these analysis.

Distances between consecutive hauls were sim-
ply calculated from the distance between the start
locations of each haul, assuming 60 n miles for one
degree latitude and 30 n miles for one degree longi-
tude. The range of area considered in this paper
was between 50°S5-70°S and 70°W-30°W. Catch
rates (C,/t,) were calculated as tonnes per hour
following the definitions described previously.
Since the dataset for the most recent 10 CCAMLR
fishing seasons was too large to be handled as a
single database in the fit of a linear mixed model
(LMM) (Diggle et al., 2002), the distance data were
modelled for trends with catch level separately
for each of the three periods: period-1: 1997 /98-
1999/00, period-2: 2000/01-2003 /04 and period-3:
2004/05-2006/07. For the modelling of distance,
only distances less than 100 n miles were consid-
ered (i.e. within fishing grounds).

The probabilities of hauls being made within
the same locality of the original hauls after a certain
number of hauls were simply calculated by divid-
ing the number of haul pairs (which are 10, 50, 100,
200 and 300 hauls apart) that had been made within
a 30 n mile radius by the total number of haul pairs.
For this calculation, travel distances upper limit
restrictions of 100 n miles were not applied.

Statistical methods

Distance was analysed as the response variable
with a continuous predictor variable of catch which
is denoted by x. Since the datasets were large, and
to allow cubic smoothing spline terms in x to be
incorporated in the LMM (Verbyla et al., 1999), the
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catch data was grouped into 5 tonne bins from 0
to 30 tonnes (and greater). The predictor variable,
x, was defined as the mean catch for each bin which
was appropriately replicated to correspond to the
individual hauls. The LMM for each response
variable and period was fitted using the ASREML
library (Gilmour et al., 1995, 1999) within the R soft-
ware package (R Development Core Team, 2006).
The splines were fitted using the ASREML library
in R as the sum of fixed-effect linear components
plus random-effect non-linear components using
each catch bin mean as a ‘knot point’ (Verbyla et al.,
1999). The fixed effects of interest were CCAMLR
statistical area (ASD_CODE; 481, 482, 483) and
nationality of the vessel (NATIONALITY). Since
the sample sizes from some nations were relatively
small (<150 hauls with observed distance within a
period), this resulted in a high degree of imbalance
when analysing interactions between multiple fac-
tors. Thus, catches by vessels flagged to nations
other than Japan were pooled to give factor levels
of ‘JPN’ and ‘Other’ for the factor NATIONALITY.
As well as spline terms, the identity of each vessel
(SHIP_CODE factor) was fitted as a random effect.
The maximal model fitted was main effects and
interactions for the factors, the covariate x, inter-
actions between the factors and x, the two-factor
interaction by x, a spline term in x, and interac-
tions between the factors and the spline term in x.
Indications of statistical significance level for the
fixed effects were determined from sequential Wald
tests (Welham and Thompson, 1997) and for ran-
dom effects by calculation of a Z-statistic which is
the ratio of the estimated random effect variance to
its estimated standard error. Although the sample
size of hauls is very large, the number of vessels is
much smaller (a total of only 19 vessels fished over
the three periods). Predictions and their standard
errors were obtained from the LMM (Welham et
al., 2004), using the predict function call from the
ASREML library in R, to allow graphical inspection
of trends.

Results
Catch statistics

Figure 2 shows average and median values of
catch/haul (kg) for each nation throughout the
study period. Both average and median catch were
variable between nations between the 1997/98
and 2000/01 fishing seasons. In fishing seasons
between 2002/03 and 2006/07, the differences
in both average and median were less variable
between nations with higher catch levels com-
pared to earlier fishing seasons. The Republic of
Korea, Poland and the USA showed large varia-
tion between fishing seasons. On the other hand,
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Japan and Ukraine showed relatively stable catches
between fishing seasons, with Japan showing the
most consistently high catch throughout the period
(average of 12-19 tonnes/haul and median of 12—
18 tonnes/haul).

For the most recent period (2004/05 to 2006/07
fishing seasons), which is considered to best repre-
sent the current situation, Japan showed the highest
mean and median catch/haul (16.3 and 16.0 tonnes)
and C,,/t, (9.5 and 8.9 tonnes per hour). Mean and
median time allowed for processing (t,) for Japan
were 1.8 and 1.0 hours respectively. The Republic of
Korea and Ukraine showed lower mean and median
catch/haul and C,,/t, compared to Japan, but the
time allowed for processing was almost the same.
Values for the USA need to be interpreted with cau-
tion due to the small sample size of hauls outside
the 2000/01-2003 /04 period. The mean time avail-
able for processing (t,) in the 2004/05 to 2006/07
fishing seasons ranged between 1.7 and 2.1 hours
(median 0.8 to 1.0 hours). The value of 1.4 hours
for the USA was higher than for other nations but
this may be due to the small sample size (Table 1).
The number of hauls per day for Japanese trawlers
for the 2004/05, 2005/06 and 2006/07 seasons was
10.4, 12.7 and 11.2 respectively.

Distances between hauls as a function
of catch level

One of the main objectives was to assess
whether the fishers can be described as a single
generic fisher, and whether the movement behav-
iour of this generic fisher could be related to the
CCAMLR statistical area, the time of the year, or
the vessel nationality.

This section assesses whether each factor and
their interactions are significantly affecting the
behavioural pattern of the fishery by analysing
trend lines of predicted distances between hauls
against catch levels.

Hauls from Japanese vessels dominated the first
two periods (Table 2), but the number of Japanese
hauls in period-3 was less dominant in relation to
the total number of other nations” hauls.

Catch level (x) was a significant variable for all
three periods, indicating between-haul distances
are indeed significantly dictated by catch lev-
els. Nationality by statistical area (ASD_CODE)
showed significant linear interaction with catch
level (x) for all three periods, indicating the trend
of distances with catch levels varied across combi-
nations of these two factors (Table 3). Departures
from linearity, as measured by terms involving the



spl(x) (Table 3), were less obvious than in graphi-
cal presentations of actual trends with approximate
95% confidence bounds, which suggest that these
trends are not simply linear in x (Figure 3).

Visual inspection of the trend patterns for each
statistical area for Japanese vessels (Figure 3) indi-
cates a distinct and, generally, consistent increase
in distances between hauls when catch levels fell
below 10 tonnes. The trend line for period-2 is
shown as representative trends (Figure 4), since
the total number of hauls for Japan and other
nations were best balanced for this period. This
general trend was consistent across the three peri-
ods (graphs not shown). The distance decreased as
catch level increased with a levelling-off occurring
for catches of 10-15 tonnes/haul and greater with a
corresponding average distance of approximately
2-3 n miles. Trends in average predicted distance
beyond catches of 25 tonnes are less clear due to the
broad confidence bounds, which is largely due to
the scarcity of data in this range. Distance between
hauls at catch levels of less than 5 tonnes was the
longest in Subarea 48.1, and shorter in Subareas 48.2
and 48.3. Predicted average distance for each sta-
tistical area was generally longer in Subarea 48.1
(~4 n miles) and shorter in Subareas 48.2 and 48.3
(~2 n miles). With some minor differences, this gen-
eral trend described above was generally consist-
ent among the three periods.

In the plots for all other nations combined (i.e.
‘Other’), this trend of increasing distance with
catch rates below 10 tonnes also occurred (Figures 3
and 4) but this trend was not as strong or consistent
as that for the Japanese vessels.

This presentation demonstrates that, although
statistical area was identified as a primary deter-
mining factor in modifying the average trend,
the general pattern of a distinct increase in dis-
tances between hauls when catch levels fell below
10 tonnes was clearly retained for Japan when the
three statistical areas were combined. This average
trend was seen for Japanese vessels in all three peri-
ods. A similar, though less consistent, trend with
wider confidence bounds was observed for other
nations across all three periods.

Year-to-year variation in fleet dynamics

The probabilities of operating within the same
local fishing grounds (in this case within 30 n miles
radius) decreased as the number of hauls increased
(Figure 5a). Importantly, this clearly shows a sig-
nificant degree of year-to-year variation in the
probability of maintaining a local concentration of
fishing effort. For example, in the CCAMLR season
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1999/2000, the probability of fishing within the
same 30 n miles radius after 300 hauls was only
0.1, however, in the 2004/05 season this probability
was as high as nearly 0.7.

There were two peaks observed in the year-
to-year krill biomass around the South Shetland
Islands in the southwest Atlantic sector (data
source — Reiss et al., 2008), one in the 1997/98 sea-
son and the other during the 2001 /02-2002/03 sea-
sons (Figure 5b). The latter peak in krill abundance
coincided with a year with a relatively high prob-
ability of fishing operations observed to concen-
trate locally (Figure 5a). Interestingly, acoustically
detected krill abundance did not show any peaks
when the probability of fishing effort concentration
peaked in the 2004 /05 season.

In the South Shetland Islands, the proportion
of operations in summer has dropped from ~0.2 to
almost 0 in the last decade (Figure 5c). At the same
time, autumn operations have increased from ~0.3—-
0.4 t0 0.6-0.7. Winter operations have stayed almost
at the same proportion (0.3-0.5). Spring operations
were consistently low over the last decade with a
slight peak of ~0.1 in the 2001 /02 season.

Discussion

In this study, a general pattern of a distinct
increase in distances between hauls when catch
levels fell below 10 tonnes was observed, and year-
to-year variation in fleet dynamics was shown as
variation of probability of a local concentration
of fishing efforts. The following discussion deals
with rules for vessels to move from one location to
another in relation to catch/haul and production
rate. Secondly, the topics of repeat hauls and size of
fishing foci are discussed.

Fishery behaviour in relation to catch level
and processing rate

Citing from Butterworth (1988a) in relation to
catch/haul indices he described:

‘...hauls are generally kept to a maximum of
5-10 tonnes. This is for two reasons: product
quality suffers in larger hauls because the krill
is crushed, and operations need to be linked to
the vessel’s processing rate capabilities. Thus
Catch-per-Haul exhibits a form of gear satura-
tion...”,

‘Product quality consideration lead to haul

sizes being restricted, so that Catch-per-Haul
is not a reliable index of abundance.’
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and

‘If catch rate or quality (whichever is relevant
at the time) is satisfactory, a vessel will attempt
to keep track of the swarm while completing
processing to allow for subsequent re-towing,
but will otherwise undertake searching for
new swarms.’

Mangel (1988), in his krill fishery model,
assumed that if the daily value of catch/haul
exceeds 3 tonnes/haul, then the fleet stays with
the current krill concentration, but if it is below
3 tonnes/haul, then the fleet exits the current con-
centration and begins to search for another concen-
tration.

In the following section an assessment is made
of whether it is possible to estimate parameters
similar to those derived through earlier fine-scale
data analysis (Butterworth, 1988a; Mangel, 1988)
and whether the previously published decision
rules are still valid for the current fishery. Only
conventional trawls are considered in this exami-
nation.

Catch level

The statements above by Butterworth (1988a)
seem to be supported from the analysis of dis-
tances between hauls versus catch amount cate-
gories because: (i) the general pattern of longer
mean distances between hauls after the lowest
catch levels; and (ii) the decreasing travel distances
as catch levels increase, with a levelling-off occur-
ring for catches of 10-15 tonnes/haul and greater
(Figures 3 and 4).

Explanations of why clearer trends were
observed for Japan could largely be due to the
larger number of hauls made by Japan alone com-
pared to other nations combined. Additionally,
(i) Japanese vessels appear to be more focused on
keeping contact with targeted single swarms rather
than aiming for a group of swarms; other nations’
vessels may not do this (Kawaguchi et al., 2005b),
(ii) the types of swarms and fishing ground con-
ditions differed between seasons and areas where
vessels from other nations were operating during
the period analysed, (iii) there may be differences
and changes in product types between the vessels
of different nations, and (iv) there may be a combi-
nation of all of the above factors.

The average distances between hauls were
larger in Subarea 48.1 compared to Subareas 48.2
and 48.3. This is probably because the vessels often
move between multiple fishing grounds along the
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South Shetland Islands when looking for favourable
fishing concentrations in Subarea 48.1 (Kawaguchi
et al.,, 2005a). In contrast, within Subareas 48.2
and 48.3, there is a single fishing ground and
therefore looking for better concentrations in these
areas only involves searching within that fishing
ground.

This analysis has demonstrated that general
trends for distances between hauls as a function
of catch levels were most distinct for Japanese ves-
sels, but also common to other nations” vessels.
Although this trend differs between statistical areas
(shorter distances between hauls for Subareas 48.2
and 48.3 compared to Subarea 48.1), the overall
pattern of a distinct increase in distances between
hauls when catch levels fell below 10 tonnes seems
to be generally consistent across statistical subareas
and nations.

Processing rate

Processing efficiency differs between fishing
nations. The processing rate has a direct inverse
relationship with the time allowed for factory
processing (which is almost the same as the opera-
tion interval). Average catch/haul for vessels of
the Republic of Korea is about 70% (12-13 tonnes)
that of Japan’s (17-18 tonnes) when staying on
optimal fishing grounds (i.e. travel distance of
<1 n mile) but the Korean production rate is over
80% of Japan’s production rate (Kawaguchi, 2008).
This means that Korean vessels are compensating
for the smaller catches per haul by increasing the
throughput of its operations. On Ukrainian ves-
sels, both the catch/haul and processing rates are
around 65% of Japan’s figure, which means they
are not compensating their production by increas-
ing the number of hauls. However, this interpreta-
tion again has a number of unknowns that might
affect catches and processing rates, such as the
types of products being produced, processing
capacity and fishing ground conditions during
operation. For example, to produce krill meal, the
vessels need to use additional fuel to operate the
meal plant compared to when the factory is pro-
ducing simple frozen krill products. Japanese krill
trawlers aim for a daily production of ~18 tonnes
of krill meal, consuming ~5KL of fuel which com-
prises ~18% of the vessel’s total daily fuel con-
sumption (S. Nakaya of Nippon Suisan Kaisha
Ltd, pers. comm.); this may vary between nations.
Obviously, the profit margin, which is the balance
between product price and operational cost, is an
important factor in dictating fishery dynamics. It
is apparent that using information from fine-scale
catch data only is insufficient to adequately quan-
tify parameters such as production rate, and such



data will have limited usefulness unless associated
with other operational information, especially on
factory operations, as well as product composition
and market information.

Parameter updates

Gathering information from recent fishery ana-
lyses and the results of this study allows updating
some of the parameters for the vessel movement
model originally described in Table 2 of Butterworth
(1988a) (Table 4).

‘Catch rate (Cn/tn)’ in this study can be con-
sidered equivalent to ‘process rate’ in Butterworth
(1988a). Through this study, process rates of
9.5 and 7.2, as reasonable parameter values for
Japanese and other nations’ process rates respec-
tively, are suggested.

Assuming that the krill trawlers are continu-
ously processing krill for the majority of the time,
using median values for tn would be a realistic esti-
mate for that parameter value. Therefore, 1.0and 0.9
hours for Japan and the other nations respectively
are suggested.

Catch/haul for Japan ranged between 14.2
and 17.3 tonnes with a three-year average of
16.3 tonnes and median of 16.0 tonnes (Table 1).
Further, predicted travel distances following vari-
ous catch levels (Figure 4) show that Japanese ves-
sels tend to make very small moves when their
catch is 15 tonnes or above. Based on these analy-
ses, a target catch/haul for Japanese vessels can be
suggested as 16.0 tonnes, and 12 tonnes for other
nations (assuming 75% catch /haul of Japanese ves-
sels).

Sonar detection width was 35 m in Butterworth
(1988a). Based on information from the recent
Japanese krill fishery their detection radius is
400 m (S. Nakaya, Nippon Suisan Kaisha Ltd, pers.
comm.), therefore a detection width of 800 m is sug-
gested. This value may be used for other nations as
well, assuming they use similar instruments.

In Butterworth (1988a) the repeat haul criterion
was set to the level equivalent to average catch/
hauling time. Catch/hauling time in the most
recent years in this study shows consistently high
means compared to median with standard devia-
tions greater than mean value in all four nations.
This suggests median, rather than mean, would
better represent typical levels of catch/hauling
time, those are 22.8, 17.3, 14.4 and 9.3 tonnes/hour
for Japan, Republic of Korea, Ukraine and the
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USA respectively. Therefore, repeat haul criteria of
23 tonnes/hour for Japan and 13 tonnes/hour for
the other nations are suggested.

Vessel movement strategy from
operational perspectives

Although the location of where krill concentra-
tions are expected to occur is relatively fixed and
predictable (Kawaguchi et al., 2006), there was con-
siderable year-to-year variability in the probabili-
ties of continuously operating within a local range
(Figure 5a).

Comparing Figures 5(a) and 5(b), vessels were
more mobile (lower probabilities of operating in
the same regions after a certain number of hauls)
when krill abundance during summer was low,
possibly because they needed to search more to
locate ideal concentrations. When krill abundance
is high, there is less need to move around to search
for krill. There would also be another case that
even though regional krill abundance is reasonably
high, if aggregations are more dispersed and not
useful to the fishery, then the fishers may prefer to
search for another aggregation. Alternatively, if ves-
sels are able to catch enough to satisfy production
needs, or krill are concentrated spatially regard-
less of regional krill abundance, then vessels may
prefer to continue fishing in the same area, as has
been observed in the 2004/05 season (Figures 5a
and 5b).

Two types of harvesting strategies can be con-
sidered. The first is a free distribution of fishing
efforts, in which fishers are assumed to seek out the
locations producing the highest catch rates, which
subsequently reduces the abundance in that loca-
tion. In contrast, optimal harvesting strategies dic-
tate the geographic distribution of the fishing effort
in order to maximise the total quantity of harvest
or another definition of optimality could be consid-
ered (MacCall, 1990). Through the current analysis
it became obvious that the krill fishery employs
both of these strategies. The krill fishery has an
established fishing strategy of moving backwards
and forwards between distant fishing grounds
as CPUE declines (Kawaguchi et al., 2005a). This
strategy seems common to what has been sug-
gested for the Peruvian anchovy fishery (Bertrand
et al., 2007).

Studies of the fleet dynamics of fisheries on
other species, which have similar aggregation pat-
terns to krill, may provide insights into methods
for the analysis of the krill fishing fleet. The multi-
scale gregarious behaviour of anchovy (school,
cluster of schools, cluster of clusters etc.) (Bertrand
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et al., 2004) is similar in many ways to the scales
of krill aggregations (Mangel, 1988). Vessel move-
ment in the Peruvian anchovy fishery has been
suggested to be well described by Lévy’s random
walk model, a strategy that maximises the encoun-
ter rate with target species when their distribution
is sparse (out of fishers” detection range) (Bertrand
et al., 2007). It is apparent that the stochastic search
strategy developed by the fishers may not result
in a fundamentally different movement pattern to
animal predators searching for prey (Bertrand et
al., 2007). Although there are various factors that
differ between anchovy fisheries and the krill fish-
ery, it could be fruitful to assess whether the krill
fishery can still be broadly described by using the
random walk theory or not.

Analysis of interactions between fishery and
target species distribution need to be undertaken
using matching information of the target species
and fishing activity in space and time in order to
obtain meaningful information. The krill fishery
operates year-round with autumn as the peak sea-
son in Subareas 48.2 and 48.3, yet most scientific
information on krill abundance and distribution
currently available is mostly from the summer sea-
son in Subarea 48.1. This mismatch in space and
time is a serious obstacle to pursuing effective
analyses of the behaviour of the krill fishery.

It would also be impractical to expect routine
acquisition of krill information throughout the year
solely relying on research surveys, as is done in the
Peruvian anchovy fishery. Research hauls by fish-
ing vessels would be a powerful way of acquiring
distributional information in the fishing grounds.
Deployment of scientific observers on fishing ves-
sels, as well as coordination of commercial krill
fishery operations with scientific acoustic surveys
is necessary (Kawaguchi and Nicol, 2007) to fully
understand the fishery behaviour and operation,
and to develop appropriate krill fishery models.

Conclusions

This study demonstrated that fine-scale data can
be used to derive movement patterns of conven-
tional krill trawlers and that these patterns reveal
useful information about fishing fleet dynam-
ics. Fleets showed repeated hauls within favour-
able fishing locations, but moved further when
the catch levels were low. There were differences
between statistical areas, with longer distances
moved between hauls in Subarea 48.1 compared to
Subareas 48.2 and 48.3, reflecting the large number
of fishing grounds within this area. Further, it is
suggested that the movement trends for Japanese
vessels could form the basis for describing a
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generalised fishery model. Further accumulation
of data will be essential to establish nation- and
area-specific behavioural patterns. The analyses in
this study suggest the need to update some of the
parameters used in the krill fishery models pub-
lished in the late 1980s.
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Figure 1: Conceptual diagram of a krill fishery operation: (a) how the factory operates
on a conventional krill trawler, (b) spatial movement of trawlers.
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Figure2:  Interannual variation of the average and median catch/

haul (tonnes) for all nations participating in the krill fishery
between the 1997/98 and 2006/07 CCAMLR seasons.
JPN - Japan; KOR - Republic of Korea; UKR - Ukraine;
POL - Poland; USA - USA; RUS - Russia; GBR — United
Kindgom; ARG - Argentina; URY - Uruguay.
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Figure 3: A series of trend lines of predicted average distance
between hauls (n miles) as a function of catch (tonnes)
for each statistical subarea in period-2 for Japan alone
and all other nations combined.
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Figure 4: Predicted trends in distance between hauls (n miles)
as a function of catch (tonnes) for period-2, which
combines the trends of three statistical areas for
Japan alone and all other nations combined. These
predictions were obtained by averaging across the
difference in trends in x with statistical area for each
nationality, i.e. the LMM is as given by Table 3 but
x and nationality were the only terms in the predict
function call.
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of operating within 30 n miles of the original haul, (b) krill
biomass (data source — Reiss et al., 2008), (c) West: west survey
box north of Livingston and King George Islands; EI: survey
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Liste des tableaux

Statistiques de capture par trait, capture par temps de chalutage, taux de production (C,/t,) et temps
accordé au traitement (t,) pour les saisons de péche 2004 /05 a 2006/07.

Nombre de traits effectués par le Japon et par d’autres nations par période de péche et sous-zones
statistiques de la CCAMLR.

ANOVA et composantes de variance pour la variable réponse « distance » (milles marins) et la variable
prédictive {x= Capture (tonnes)}.

Valeurs des parametres des opérations de péche. na — non applicable.

Liste des figures

Diagramme conceptuel d'une opération de péche au krill : (a) comment fonctionne 1'usine sur un
chalutier traditionnel de péche au krill, (b) déplacement spatial des chalutiers.

Variation interannuelle de la capture/trait moyenne et médiane (tonnes) de toutes les nations
ayant participé a la pécherie de krill de la saison 1997/98 a la saison 2006/07 de la CCAMLR.
JPN - Japon ; KOR - République de Corée ; UKR - Ukraine ; POL — Pologne ; USA - Etats-Unis ;
RUS - Russie ; GBR — Royaume-Uni ; ARG - Argentine ; URY — Uruguay.

Série de courbes de tendance de la distance moyenne prévue entre les traits (milles marins) en fonction
de la capture (tonnes) par sous-zone statistique de la période-2 pour le Japon uniquement d’une part et
d’autre part, pour ’ensemble des autres nations.

Tendances prévues de la distance entre les traits (milles marins) en fonction de la capture (tonnes) de la
période-2, qui combine les tendances de trois zones statistiques pour le Japon uniquement d’une part, et
d’autre part pour I'ensemble des autres nations. Ces prévisions ont été obtenues en faisant la moyenne
des différences, selon les nationalités, des tendances de x en fonction de la zone statistique, c.-a-d. que le
LMM est donné par le tableau 3 mais x et la nationalité sont les seuls termes de la fonction de prédiction
appelée.

Comportement de la pécherie d'une année a une autre et biomasse de krill publiée dans la région des iles
Shetland du Sud : (a) probabilités d"une opération de péche dans les 30 milles marins du trait d’origine,
(b) biomasse de krill (source des données — Reiss et al., 2008), (c) Ouest : case de la campagne d'évaluation
ouest, au nord des iles Livingston et du roi George ; EI : case de la campagne d'évaluation autour de I'fle
Eléphant ; Sud : case de la campagne d'évaluation dans le détroit de Bransfield ; 1 : campagne de janvier ;
2 : campagne de mars ; proportions d’une année a 1’autre du nombre de traits par saison.

Crrcok Ta0mmiIg

CrarncTHKa yJI0BOB Ha OJTHO TPAJICHHUE, YIIOBOB Ha BpeMs TpajeHus, KoddduuneHt mpoussoacta (C,/t,)
W BpeMsi, IPEAYCMOTPEHHOE Ha 00paboTKYy (Z,), JUII IPOMBICIIOBEIX ce30HOB 2004/05 —2006/07 rr.

KonnvecTBo BHIOOPOK, MPOBECHHBIX SIMOHMEH U APYTUMH CTpaHAMHU, 110 TPOMBICIOBBIM IIEPHOJaM U
craructTuyeckum noxapaionam AHTKOM.

ANOVA © KOMIIOHEHTHI AWCHEPCHH JUII 3aBHCHMON MEPEMEHHOM pacCTOSHUS (MOp. MHJIHN) U
HE3aBUCHMOI ITepeMeHHOH {X= yioB (T)}.

3HaueHUs napameTpoB HpOMLICJ'IOBOfI ornepanuu. na — HE IPUMCEHUMO.

Crucok puCyHKOB

KonnenrtyansHbIi Tpadux paboThl KPUIEBOTO MPOMBICTA: (a) KaK PHIOHBIN 11eX paboTaeT Ha 0OBIYHOM
KpHIIEBOM TpayJiepe, (b) mpocTpaHCTBEHHOE IIEpeMEIICHIE TPayIepOB.

147



Kawaguchi and Candy

Puc. 2:

Puc. 3:

Puc. 4:

Puc. 5:

Tabla 1:

Tabla 2:

Tabla 3:

Tabla 4:

Figura 1:

Figura 2:

Figura 3:

Figura 4:

Figura 5:

148

MeKroioBble M3MEHEHUsI CPETHET0 M MEIMaHHOTO 3HAueHWsl yJIoB/TpajieHue (T) JJIsl BCEX CTpaH,
Y4YacTBOBABIINX B KPWJICBOM IIpoMbIciie B mepuog Mexay cesoHamu AHTKOM 1997/98 u 2006/07
rT. JPN — Snonns; KOR — Pecry6nmuka Kopes; UKR — Vikpamna; POL — [Mompsma; US — CILHA;
RUS — Poccus; GBR — Coenunennoe Koponesctso; ARG — Aprentuna; URY — Ypyrsaii.

Psit TUHEWHBIX TPEH/IOB PACCUMTAHHOTO CPEIHETO PACCTOSHUS MEXJy BbIOOpDKaMH (MOp. MUJIM) KaK
(hbyHKIMS BBUTOBA (T) 7S KAXKIOTO CTATUCTUIECKOTO TIO/IpaiioHa B IIEPHO/I-2 TOIBKO s SITOHNA U 1S
BCEX OCTAJBHBIX CTPAH BMECTE.

[Iporao3upyeMbie TPSH/IBI B PACCTOSIHUU MEXKY BEIOOpKaMH (MOp. MIIIH) KaK (pyHKIIHS BBUIOBA (T) B
HEepHOA-2, KOTOpast 00bEIUHACT TPEH bl TPEX CTATUCTUYECKUX PalOHOB TOJBKO I SIMOHMH U JUIs BCeX
OCTaJIbHBIX CTPaH BMECTE. DTU MPOTHO3bI OBUIN MOJTYYEHBI ITyTEM BBIUMCIICHUS CPETHETO 3HAYCHUSI JIIS
pa3HULBI B TPEHIAX X CO CTATUCTHYECKUM PailoHOM Ul KaXkIO# cTpaHbl, T.e. LM-Mozens, kKak oHa
npHBeieHa B TalJ. 3, OQHAKO X U CTpaHa ObUIM €MHCTBEHHBIMH IT0KA3aTEe/SIMU B BEI30BE IIPOTHO3ZHOM
GbyHKIMN.

MeKroioBasi OC/IEA0BATEIbHOCTD AMHAMUKH IIPOMBbICIIA U Oy OJIMKOBaHHAsI OMoMacca Kpuiis B paiioHe
OxubIx [leTnanackux 0-BOB: () BEPOSATHOCTH MPOBEECHUS onepaiuii B quama3one 30 Mop. MUJIb OT
nepBOHavajIbHON BBIOOpKH, (b) Onomacca kpwiisi (MCTOYHMK AaHHBIX — Reiss et al., 2008), (c) West:
3amnajiHasi CheMOYHasl KIIeTKa K ceBepy oT 0-BoB JluBunrcron u Kunr-JIxopk; EI: chemounas kierka
BOKpYT 0-Ba Dnedant; South: chemouHas kieTka B mponuBe bpanchuum, 1: sHBapckas chbeMka; 2:
MapTOBCKasi CheMKa; MEXKI0JI0Basl [IOCIIEA0BATEILHOCTD JI0JH KOJINYECTBA BBIOOPOK B KXKIOM CE30HE.

Lista de las tablas

Estadisticas de la captura por lance, captura por duracién del lance, tasa de produccién (C,/t,), y tiempo
permitido para el procesamiento (t,) para las temporadas de pesca de 2004/05 a 2006/07.

Ntumero de lances efectuados por Japon y otras naciones por periodo de pesca y por subdrea estadistica
de la CCRVMA.

ANOVA y componentes de la varianza para la variable dependiente distancia (en millas nduticas) y la
variable independiente {x= captura (toneladas)}.

Valores de los parametros de las operaciones de pesca. na — no corresponde.

Lista de las figuras

Diagrama conceptual de las operaciones de una pesqueria de kril: (a) procesamiento en un arrastrero de
kril convencional, (b) desplazamiento de los arrastreros.

Variacién interanual del promedio y la mediana de la captura por lance (toneladas) de todas las naciones
participantes en la pesqueria de kril entre las temporadas de pesca de 1997/98 a 2006/07 de la CCRVMA.
JPN - Japén; KOR — Republica de Corea; UKR — Ucrania; POL — Polonia; USA — Estados Unidos;
RUS — Rusia; GBR — Reino Unido; ARG — Argentina; URY — Uruguay.

Serie de las tendencias de la distancia promedio pronosticada entre lances (millas nauticas) en funciéon de
la captura (toneladas) para cada subarea estadistica en el periodo 2, para Japén solamente, y para todas
las demas naciones combinadas.

Tendencias previstas combinadas para tres subareas estadisticas de la distancia entre lances (millas
nauticas) en funcién de la captura (toneladas) durante el periodo 2, para Japén solamente, y para
todas las demas naciones combinadas. Estas predicciones se obtuvieron promediando la diferencia de
las tendencias de x entre 4reas estadisticas para cada nacionalidad, i.e., el modelo mixto lineal (LMM)
es idéntico al descrito en la tabla 3, pero x y nacionalidad fueron las tnicas variables de la rutina de
prediccién.

Serie cronolégica del comportamiento de la pesqueria en afios consecutivos y valor publicado de la
biomasa de kril en el area de las Islas Shetland del Sur: (a) probabilidades de operar dentro de un radio
de 30 millas nauticas del lance original, (b) biomasa de kril (fuente de datos — Reiss et al., 2008), (c) Oeste:
cuadricula de prospeccion oeste, al norte de las islas Livingston y Rey Jorge; EI: cuadricula de prospeccién
alrededor de Isla Elefante; Sur: cuadricula de prospeccién en el Estrecho Bransfield; 1: prospeccién en
enero; 2: prospeccién en marzo; serie cronolégica en afios consecutivos de la proporcién del nimero de
lances en cada temporada de la pesqueria.



