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Abstract

A new method for estimating illegal fishing effort is put forward. The results from this
new method are similar to those of the Agnew and Kirkwood (2005) method, and this
suggests that the current method is adequate under circumstances of low evasion and
when good knowledge exists that zero observations reflect zero illegal fishing. The new
method performs better in the case of zero detections and can potentially better handle the
evasion of detection by illegal activity.

Both the new and the current method suffer from the fact that the observation method
used directly affects the system. This is the prevention/detection problem, in which the
greater the number of detections for a given level of illegal fishing, the more often the
illegal fishers will curtail their fishing trips. This leads to a negative correlation between
the amount of fishing and the estimated amount of fishing for a given number of illegal
cruises.

As the number of illegal cruises increases, both the estimate and the average amount of
illegal fishing increase. This gives some confidence that the method can produce results
that have a degree of legitimacy. However, the range of actual fishing (in the simulation
datasets) for a given estimated level of fishing is very large. This range of uncertainty
increases as the evasion rate increases.

This research suggests that it would be possible to calculate a precautionary assessment of
illegal fishing such that the actual number of illegal fishing days is less than, or equal to,
the precautionary assessment with some given level of confidence (for example 80%).

Résumé

Le présent document présente une nouvelle méthode d’estimation de l'effort de péche
illégal. Les résultats de cette méthode sont proches de ceux de la méthode d’Agnew et
Kirkwood (2005), ce qui suggere que la méthode actuelle est adéquate dans des conditions
de faible évasion et lorsqu’il est pratiquement certain que les observations nulles refletent
une pécheillégale nulle. La nouvelle méthode est plus performante dans le cas de détections
nulles et peut mieux traiter les cas d’évasion de la détection d’activités illégales.

Tout comme celle qui est utilisée actuellement, la nouvelle méthode souffre du fait que la
méthode d’observation suivie affecte directement le systeme. Il s’agit ici du probleme de
prévention/détection, a savoir que plus les détections sont nombreuses pour un niveau
donné de péche illégale, plus les pécheurs illégaux auront tendance a écourter leurs sorties
de péche. Ceci entraine une corrélation négative entre la quantité de péche et la quantité
de péche qui avait été estimée pour un nombre donné de sorties de péche illégales.

Lorsque le nombre de sorties illégales est en hausse, on assiste a une augmentation tant de
I'estimation que du niveau moyen de péche illégale. Ceci laisse entendre que la méthode
peut produire des résultats qui ont un certain degré de légitimité. Pourtant, 'intervalle de
péche réelle (dans les jeux de données de la simulation) pour un niveau de péche donné
estimé est tres étendu. Cet intervalle d’incertitude augmente au méme rythme que le taux
d’évasion.

La présente recherche laisse entendre qu’il serait possible de calculer une évaluation
de précaution de la péche illégale telle que le nombre réel de jours de péche illégale
soit inférieur ou égal a 1’évaluation de précaution, pour un taux de confiance donné
(disons 80%).
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Pesrome

IIpenaraercs HOBBII METO/ OLIEHKH YCHJINS HE3aKOHHOTO MPOMBICHA. Pe3yasTaTsl 3TOT0
HOBOTO METOZA CXOTHBI C Pe3yJbTaTaMH, MTOJYYCHHBIMU 110 MeTOAy ATHbBIO B KupkByna
(Agnew and Kirkwood, 2005), uTo cBueTEIbCTBYET 00 a1€KBaTHOCTH CYIIECTBYIOIIETO
METO/Ia B YCJIOBHSIX HU3KOTO M30€KaHUS U TOT/AA, KOTIa XOPOIIIO U3BECTHO, YTO HYJICBBIC
HAOJTFOICHHUS OTPAXKAIOT HYJICBOH HE3aKOHHBIN IIpoMbices. HoBbIN MeTo paboTaeT jiyurire
B CIIy4ae HyJeBOT0 OOHApYXEHUS U MOTSHIIHATBFHO MOJKET JIy4Ille YIUTHIBATh H30CKaHNE
O0OHapyXCHUS TIPU HE3aKOHHOH JeSITeITbHOCTH.

W HOBBIN, M CyLIECTBYIOLIMI METOH CTPajgarOT OT TOIO, YTO HMCIOJIb3YEMbIM METO[
HaOJIO/ICHUIT HEeMOCPEICTBEHHO BIIMSET HAa CHCTEMY. DTO — 3aja4a HpeloTBpalleHus1/
0OHapy»XeHHs, B KOTOPOH YeM OO0JIbIIe KOJTHYECTBO OOHAPYKESHUHN /I 3a[aHHOTO YPOBHS
HE3aKOHHOTO TMPOMBICIA, TEeM Yallle He3aKOHHBIEC TPOMBICIIOBHKH OYyIyT COKpamarh CBOU
MIPOMBICIIOBBIE PEHCHI. DTO MPUBOIUT K OTPHIATEIBHON KOPPENALNN MEKIY YPOBHEM
IIPOMBICIIA M OLEHOYHBIM YPOBHEM IPOMBICIA [UIsl 3aJaHHOTO YMWCJIA HE3aKOHHBIX
peicoB.

ITo mMepe pocTa unciia HE3aKOHHBIX PEHCOB U OLIEHKA, U CPEAHUH yPOBEHb HE3aKOHHOTO
IPOMBICIIA PACTYT. DTO JJAET HEKOTOPYIO YBEPEHHOCTb B TOM, YTO C ITOMOLIBIO JJAHHOTO
METOJIa MOKHO IMOJIYYUTH PE3YJIbTAThI, ABJIAIOIIHUCCA B KaKOM-TO CTECTICHHU IIPpaBOMEPHBIMH.
OpHako AWama3oH peanbHOro MpoMbIcia (B HaOOpax MaHHBIX MOICTHPOBAHUS) VIS
3aJJaHHOTO OIIGHOYHOTO YPOBHS NPOMBICIA SIBISETCS OYCHb OONBIIMM. DTa CTEHCHb
HEOTNPEEICHHOCTH PACTET 110 MEPe BO3PACTAHUs YPOBHS U30eKaHUsI.

JlanHOE HCClieoBaHWE TOBOPUT O TOM, YTO MOKHO PAacCUMTATh IMPEIOXPAHUTEIBHYIO
OIICHKY HE3aKOHHOTO TPOMBICHA, TaK 4TOObI (PaKTHYECKOE YUCIIO JTHEH HE3aKOHHOTO
IpoMbIciia OBUIO MEHBIIE WM PaBHO MPEIOXPAHUTENBHOW OIEHKE C HEKOTOPBIM
3aJJaHHBIM YPOBHEM 3HAUUMOCTH (Harmpumep, 80%).

Resumen

Se presenta un nuevo método para estimar el esfuerzo de pesca ilegal. Los resultados
obtenidos con este nuevo método son similares a los obtenidos con el método de Agnew
y Kirkwood (2005), lo que indica que el método actual resulta adecuado cuando existe
baja evasion y se sabe con certeza que cero observaciones reflejan una pesca ilegal cero.
El nuevo método funciona mejor en el caso de cero observaciones y podria tratar mejor la
evasion en la deteccion de actividades ilegales.

El método de observacion utilizado afecta directamente el sistema tanto en el nuevo
método como en el método actual. Este es el problema de la prevencion/deteccion, es
decir, a medida que aumenta el nimero de detecciones para un nivel dado de pesca ilegal,
los pescadores ilegales acortan mas frecuentemente sus viajes de pesca. Esto conlleva a
una correlacion negativa entre la cantidad de pesca y la cantidad de pesca estimada para
un nimero dado de viajes de pesca ilegal.

A medida que aumenta el niimero de viajes ilegales, tanto la estimacién como el promedio
de la pesca ilegal aumentan. Esto da cierta confianza en que el método puede producir
resultados con cierto grado de validez. No obstante, la extensién de la pesca real (en
los conjuntos de datos de simulacién) para un nivel dado de pesca es muy amplio. Este
margen de incertidumbre aumenta a medida que la tasa de evasién aumenta.

Este estudio sugiere que seria posible estimar con un cierto nivel de confianza (por ejemplo,
80%) un nivel precautorio de pesca ilegal tal que el nimero real de dias de pesca ilegal sea
menor que (o igual a) la estimacién precautoria.

Keywords: IUU fishing, estimation of illegal /TUU fishing, encounter probability,
simulation modelling, CCAMLR



Introduction

This paper considers methods which can convert
a series of detections of illegal fishing effort into an
estimation of the amount of illegal fishing which
has occurred. The estimation can then be used to
assess levels of catch, by-catch and incidental mor-
tality which can be attributed to illegal fishing.

Illegal fishing is one component of IUU (illegal,
unregulated and unreported) fishing. The assump-
tions within the modelling framework of this paper,
particularly with regard to the behaviour of vessels
when detected, mean that this method is particu-
larly applied to illegal fishing. Thus, the term ille-
gal fishing is used throughout this document.

In the simplest case one would like to determine
how to scale the number of observations of illegal
fishing to the total number of days of illegal fish-
ing over the period of interest. A simple formula
for this is:

Pest = Obsnum X fohs + fundetected (1)

where F,; is the estimate of illegal fishing in days,
Obs,;,,,, is the number of observations of illegal fish-
ing, fos is the converting factor of illegal fishing
days per observation and f,, j.eeq 1S the amount
of illegal fishing which is not observed. For one
definition of fydetected it could be incorporated
into the multiplier f,;,; provided that the number of
observations is non-zero.

In this paper, the only type of observation con-
sidered here is that reported by a fishery patrol,
although other observation platforms could be
considered within this framework. The date of
each observation of illegal fishing effort coupled
with the pattern of fishery patrols is the main input
data.

Estimating the amount of undetected illegal
fishing is difficult, and the two methods described
in this paper take two different approaches in deal-
ing with this. The first method described in this
paper is the Agnew and Kirkwood (2005) method,
which uses a simulation model to incorporate
undetected fishing into the primary multiplier
(the equivalent of f,,; in equation 1). It also uses a
method of weighting each observation depending
on where it occurs in the time series and the pattern
of fishery patrols.

Because it does not explicitly give a value to un-
detected fishing, but instead incorporates this into
the scaling factor for the weighted observations,
this method cannot be used in the case of zero
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detections. However, when there are more than
zero detections it does account for the undetected
as well as the detected activity.

This paper presents a new method which does
allow an estimation of illegal fishing in the zero
detection case. This method can be used directly
to determine a simulation-based estimate of illegal
fishing given a certain number of observations, or,
alternatively, to determine an observation-depend-
ent multiplier which is then used in the same way
as the multiplier used in the Agnew and Kirkwood
method.

This paper describes and compares the two
methods. Both suffer from a problem related to
observer interference in the system, called the “pre-
vention/detection” problem. This problem is also
described and examined. The discussion section
of the paper suggests methods for incorporating
uncertainty into a precautionary estimate of illegal
fishing.

The Agnew and Kirkwood method

Agnew and Kirkwood (2005) described how
an estimated amount of illegal fishing, F,;, which
occurs for a given set of observations for an area
can be given by:

Pest:PZDi (2)

where D; is an estimation of the maximum fishing
length in number of days associated with observa-
tion i. P is a simulation-based multiplier that con-
verts the sum of maximum fishing estimates to an
expected number of illegal fishing days.

D; is derived from the data and is given by:

D;=L;-E 3)

Here, L; is the time at which the next fishery
patrol cruise covered the area of observation i and
is theoretically the latest date at which the detected
vessel could have been engaged in illegal fishing in
the area. E; is the date at which the previous fishery
patrol cruise covered the area of observation i and is
theoretically the earliest date on which the detected
vessel could have been engaged in illegal fishing in
the area. If there has been no previous cruise, or if
there has been no subsequent cruise, then either L;
and/or E; could be based on the latest or earliest
dates on which it was possible to fish the area, or D;
could be set to some presumed maximum length of
time that a vessel could have fished.
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An important assumption in the calculation
of D; is that the previous and subsequent patrol
vessels would have detected the illegal fisher with
a probability of 1. It would be possible to cor-
rectly incorporate the probability that the illegal
fisher could evade detection in the calculation of D;
although neither of the methods described in this
paper implements such an incorporation.

A way of incorporating the probability of
evasion or failure of detection by previous and/or
subsequent patrol vessels would be to integrate
over the year all vessels in the area which could
have detected the illegal activity. This can be illu-
strated by firstly considering whether or not the
illegal vessel had a chance of evading the previous
patrol vessel. In this case the value of D; is calcu-
lated:

D; =0Oy(L; -E))+(1-0y)(L; - E,) 4)

where O, is the probability that the previous vessel
would have detected the illegal activity at time E;,
and E, is the previous possible detection time. This
can be extended by an integration over the entire
season using standard probability theory.

The calculation of D; allows different observa-
tions to be given different weightings depending
on the date of detection as well as the local tem-
poral pattern of fishery patrols. In order to turn
these weightings back into an estimate of the illegal
fishing level they are multiplied by the simulation-
derived P as in equation 2.

Simulation assessment model

The simulation assessment model presented
here is based upon the Agnew and Kirkwood (2005)
method. In the simulation model a large number
of illegal fishing operations are individually simu-
lated. The number of detections, the number of
days illegally fished and values for D;, the esti-
mated maximum days fished for each detection,
are recorded.

The main inputs to the simulation model are:

(i) the schedule of fishery patrol vessels (when
they arrive and depart);

(ii) the characteristics of the illegal fishing cruises
including:
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e earliest and latest start dates for a fishing
cruise;

e distribution of planned cruise duration;

¢ response function in the case of detection.
This is the method used to determine how
and if the planned illegal cruise is curtailed
if its activities are detected.

In each simulation the model creates an illegal
fishing trip. The trip will have a random starting
time which is chosen from a uniform random dis-
tribution with a given earliest and latest starting
date. That is:

u = uniform(luuearliest ’ qulutest) ®)

start,j

where [UU,,; is the starting time of a simulated
illegal cruise j. IUU,p0ss and IUUj, s are control-
ling parameters.

The planned duration of a simulated trip j will
be:

qudumtion,j =
uniform(luushortest s qulongest ) (6)

where [UUgper and  [UUjggese are controlling
parameters. This is the planned duration, but if
the cruise is detected then a new departure time
will be generated, as described below, which may
curtail the duration of the cruise. In the system, a
detection is usually the detection of fishing activity
which is occurring, rather than a direct interception
or sighting of the illegal vessel.

Once the starting and planned stopping time of
the simulated cruise is generated, it is then com-
pared with the schedule of fishery patrols. Starting
with the earliest patrol, every time a patrol overlaps
the illegal cruise there is a chance of detection. The
assumption is that each patrol will cover the region
once, so that there is only one date where the patrol
has a chance of detecting the illegal cruise.

The detection chance then becomes:

Overlapdumtion k,i
DetectionChance = —— =%

@)

Patrozdumtion,k

where Overlapgation x; is the length of overlap be-
tween patrol cruise k and simulated illegal cruise j,
Patrol g tion i is the total duration of patrol cruise k.



In the Agnew and Kirkwood method it was
assumed that there was a probability of 1 that a
patrol vessel would detect illegal fishing effort if it
travelled to the right location during the period of
theillegal fishing cruise. Aprobability that theillegal
vessel can evade detection can be incorporated in
equation 7. If the probability of evasion is P,ysio,
then the equation becomes:

DetectionChance =

Overlapaumion i _p

Patrol yyyuion voasion) @)

It should be noted that without loss of general-
ity it would be possible to include a search area in
this equation. For example, if the patrol only covers
half the fishable region and there is only a 50%
chance that it will cover the area that the simulated
illegal fisher is operating in, assuming that the ille-
gal fisher has no knowledge of which area will be
covered. Multiplying the above detection chance
by 0.5 is the same as multiplying the base detec-
tion probability (1 — P,ysion) by 0.5. Limited patrols
can be simulated by changing the base detection
chance. If both evasion and area cover by patrol
were to be tested it would be useful to separate the
factors in equation 8.

Once the detection chance is determined, a
random number (between 0 and 1) is generated to
determine if the vessel is detected. In the simula-
tions in this paper the patrol cruises never overlap:
if they did, then it would be important to determine
which cruise had the first point of possible detec-
tion, because if the illegal vessel is detected there is
a chance that it will change its behaviour.

If theillegal vessel is detected, then the detection
is added to the total number of detections in the
simulation and the date of detection is determined,
which is at a random date during the period of
overlap. This is used to generate the simulated D;
which is the simulated estimated maximum fish-
ing time associated with that vessel, assuming that
the previous and subsequent patrols would have
detected the vessel when they were in the same
area.

This follows the same form as the calculated
D; except that here, L; is the randomly determined
time within the previous patrol cruise where the
patrol was in the same area, and likewise E]- is the
randomly determined time within the subsequent
patrol cruise when the patrol was in the same area.

Alternative method for estimating the level of illegal fishing

If the cruise on which the detection occurred
was either the first or the last of the patrol schedule,
then D; is set to a default maximum of 60 days.

If the illegal fishing cruise was detected, then
there is a chance that its stopping time will be
changed. It might decide to leave earlier than
was originally planned. Following Agnew and
Kirkwood, a new potential departure date, which
is a random date between the next fishery patrol
cruise and the detection time, is generated. If this
new departure date is sooner than the original plan
thenit will be taken, but if itis later, then the original
plan is followed. This simulates a system in which
illegal fishers will tend to curtail their fishing, but
if they are near the end of their trip they may con-
tinue, particularly if the detection does not involve
a sighting of the actual illegal fishing vessel, but
instead the detection of evidence of illegal fishing,
such as the presence of fishing lines. This method
has the computational advantage that each illegal
cruise can be detected only once.

Having determined a value for D; for each
detection, and the amount of fishing associ-
ated with each simulated cruise F; whether it was
detected or not, it is then possible to calculate the
desired multiplier P:

2
P=od—
>.D;
i

(10)

Note that ZFI' includes both detected and un-

detected illegal fishing effort so that the multiplier
P then incorporates a level of undetected illegal
fishing effort. Because this is used in equation 2 to
multiply the sum of the actual maximum fishing
efforts (D)), it will always produce a result of zero
when there are no detections.

One of the features of the new method presented
here is that it can give an estimate of the level of
fishing associated with zero detections.

The new method

The new method reverses the problem by ask-
ing what the expected level of illegal fishing asso-
ciated with a given number of detections might
be. It can also be used to determine a value for P
which is used in the same manner as the Agnew
and Kirkwood method (in equation 2).

This method uses a number of sets of simula-
tions. Each set of simulations has a different number
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of illegal fishing cruises, each acting independently,
starting from the bare minimum number of cruises
which could rise to the actual number of detec-
tions, and rising up to an arbitrarily large number
of cruises. The sets of simulations should cover
all possible numbers of illegal cruises for which
there is some minimal probability of obtaining the
actual number of detections. For example, if there
are three detections within a time period then the
starting set of simulations would have three illegal
cruises, the next would have four and so on until
there are so many cruises that the chance of pro-
ducing only three detections is 0.001% or less.

From this we can then determine the expected
amount of fishing or an appropriate multiplier P
given the number of detections.

For a given number of detections Obs,,,, the
appropriate value to use for P is:

0

P = Z pr(v:j|Obsnum)Dj (11)

J=ObS

where pr(v = j| Obs,,,) is the probability that the
number of illegal cruises v =j, given that the number
of detections was Obs,,,,,,. This is calculated by:

fous,j (12)

pl"(U = ] | Obsnum) :z—
fObs,j

Here foy,, is the number of simulations in set j
(i.e. the set with j cruises) which had Obs,,,,,, detec-
tions. For example, with j of 5 and Obs,,,,,,, of 2 this
would be the number of simulations with five illegal
cruises in which there were exactly two detections.

Hence pr(v =j| Obs,,,,,) is the number of simula-
tions in set j which had Obs,,,,, detections divided
by the total number of simulations in all sets which
had Obs,,,,,, detections.

An alternative is to bypass the use of the multi-
plier P and use this method directly to get an esti-
mate of the number of days fished. This gives

Fost = Z pr(v=j|Obs,,y, )F] (13)

j=Obs

where F,; is the number of days fishing to be
attributed to the given level of detections.

This is the equation which needs to be used
when the number of observations is zero. When
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the number of observations is greater than zero, P
is calculated using equation 11 and this is applied
as per equation 2.

In this study, equation 11 is used in order to
compare the P produced in this method to the one
produced using the Agnew and Kirkwood method.
Some preliminary tests suggested that the use of
equation 13 for observations greater than zero does
not qualitatively affect the results of the method,
but further work is warranted.

Experiments

The simulation model described above was
used as the basis for creating a simulated dataset
against which these methods could be tested. The
use of this simulated dataset allowed a comparison
to be made between a dataset with known dynam-
ics and values, and estimations of that dataset.

One patrol boat schedule was used in most
of the simulations. This patrol boat schedule has
six patrols starting every 30 days and lasting for
16 days. All dates are given in number of days from
some arbitrary starting day.

Alternative schedules were explored to look at
the effects of different levels of fishery patrol cover-
age on the predictive ability of the models. In these
schedules the regularity of the patrols was main-
tained but the number and duration was reduced.
There were four alternatives tested:

* 10% coverage — one patrol of 10 days in each
100 day period;

® 25% coverage — 15-day patrols covering a
quarter of the period;

* 35% coverage — 15-day patrols covering 35% of
the period;

® 50% coverage — this is the basic patrol schedule
shown in Table 1.

The illegal vessels arrived no earlier than day 1
and no later than day 200. The planned illegal cruise
duration was between 40 and 60 days.

The illegal cruises were entirely independent
from each other. This assumption allows the use of
the same method as the simulation method to gen-
erate a given number of independent illegal fishing
cruises.

An individual simulation consists of placing
a number of illegal cruises into the model. These
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Table 1:  Basic fishery patrol vessel schedule.
Starting and ending dates are the first

and last days on which the vessel is
patrolling the region.
Vessel Starting date Ending date

One 30 44

Two 60 74

Three 90 104

Four 120 134

Five 150 164

Six 180 195

Table2: A comparison of the calculated value P between the different
methods. The original Agnew and Kirkwood method assumed
an evasion probability of 0, the modified method relaxes this
assumption by applying equation 8. In the new method the
multiplier depends on both the evasion parameter and the
number of detections. The ranges in the ‘New method” column
covers the cases of 1 to 20 detections. When there are zero

detections, then the new

method uses equation 13 to determine

expected illegal fishing and P is not used. The ranges presented
in column 3 represent the entire range of estimates for that level
of evasion to two decimal places.

Evasion Multiplier P
Agnew and Modified Agnew and New
Kirkwood method Kirkwood method method
0 0.19 0.19 0.22-0.23
0.2 N/A 0.25 0.27-0.28
0.5 N/A 0.37 0.43
0.8 N/A 0.99 1.06

cruises operate, are possibly detected and possibly
curtail their fishing cruise in response to detec-
tion, completely independently of all other illegal
cruises. The cruises are modelled using the same
operating assumptions as assumed by the Agnew
and Kirkwood method described above. The actual
number of fishing days is recorded, along with the
number of detection events which occurred and the
estimation of D, the total maximum fishing length
associated with each detection event. This allowed
the calculation of the estimated number of fishing
days for that simulation. To estimate the number of
fishing days associated with the set of detections, P
is calculated using the simulation described above.
The calculation of P uses the same parameters con-
trolling the behaviour of the illegal cruises as was
used in each actual simulation.

Results

Most of the datasets were created using the
Agnew and Kirkwood method modified to

incorporate evasion probability, except for the
comparison of calculations for P displayed in
Table 2. The results suggested that the two meth-
ods produced largely qualitatively similar outputs
(see above).

Discussion

The new method produced results which were
fairly similar to the Agnew and Kirkwood method
(Figure 1). Although the new method depends on
the number of detections as well as the level of
evasion, the range which is produced by different
numbers of detections is very narrow (see Table 2).
This means that the results differ primarily by the
multiplier that is used and so the results are quali-
tatively similar, but the estimates of illegal activity
are higher (and hence more conservative) using the
new method.

One of the advantages of the new method is
that it allows an estimation of illegal fishing to be
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made in years in which there are no detections. It
can often be the case that an absence of detections
is due to qualitatively different behaviour in the
illegal fishers, namely that they have stopped fish-
ing there. An absence of detections could possibly
be due to a decrease in the amount of effort put
into detections. If there is no external evidence to
suggest a sudden change in behaviour, then it is
natural to assume that they are behaving the same
way in those years but that luck has been on their
side. The new method allows an estimation to be
made of the expected level of illegal fishing under
these circumstances, which become more likely
with sparser patrols and higher levels of evasion
(Figure 5).

One of the key results to be derived from
Table 2 is the importance of accurately determining
the level of evasion. It is very difficult to determine
accurately the actual evasion probability. However,
an incorrect assessment of the level of evasion
would give a significantly large error in the calcu-
lation of P even when there is a high level of patrol
coverage.

Both the Agnew and Kirkwood and the new
method suffer from the prevention/detection
problem. This problem is exhibited in Figures 2
to 5. The problem arises because the observations
of the system affect the system directly. Because
illegal cruises will tend to curtail activities once
they are detected, the more detections there are (for
a given number of illegal fishing cruises), the more
the cruises will tend to be curtailed. Also the more
detections there are, the greater will be the esti-
mated level of illegal fishing. This means that for a
given number of illegal cruises there is a negative
correlation between the estimate of illegal fishing
and the actual amount of illegal fishing under all
the tested circumstances. In all cases in Figures 2
to 5 there is a negative correlation between the cal-
culated and the actual amount of illegal fishing.

Figure 6 demonstrates what occurs in the
absence of the prevention/detection problem. In
the simulations which make up the graphs in this
figure, the illegal cruises do not respond to being
detected at all, but act as if they were not detected.
The variation in the amount of fishing which
actually occurs is due to the probability distribu-
tion function which controls the planned length of
the illegal fishing cruises. There is still considerable
variation in the estimate of the amount of fishing
which occurs, even when there is zero evasion.
Here, for example, when the simulated days fished
lies between 220 and 270, the estimates range
primarily between 100 and 400 with virtually no
correlation.
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Figure 7, however, suggests that there is still
some merit in using these methods. As the number
of cruises increases, both the actual amount and
the estimate of fishing increase. It implies that it
might be possible to use a likelihood method to
determine a precautionary assessment of the level
of illegal fishing.

A suitable precautionary assessment of illegal
fishing would be the value such that the actual
number of illegal fishing days is less than, or equal
to, the precautionary value with some given level
of confidence (for example 80%). Figure 7 suggests
the basis on which such an assessment could be
calculated.

Figure 8 demonstrates the effect of different
levels of coverage in the case in which there are
10 illegal cruises acting in the fishery and an eva-
sion level of 0. As the level of coverage increases,
the amount of illegal fishing decreases. Above some
threshold level of coverage, the estimated amount
of illegal activity does not increase appreciably. In
the simulations in this paper this was a 25% level
of coverage, when evasion was 0. The lowest level
of detection corresponds to 10% coverage by only
two fishery patrols. Figure 5 indicates that when
the level of coverage is low, the issue of evasion
increases in importance. With evasion levels of 0.2
and 0.5 in simulations with only five illegal cruises,
the estimate of illegal activity bears little resem-
blance to the level of actual illegal activity in the
simulations.

Further work

In all the simulations examined here, the param-
eters used in the simulation are the same as those
used to generate the data against which the method
is tested. A key question as to the robustness of the
method is how poorly it would do if the assump-
tions about how the illegal fishers were behaving
were incorrect in various ways. Obvious elements
to test would be the average planned illegal fishing
cruise length (as done in Agnew and Kirkwood,
2005) and the estimation of the probability of eva-
sion.

Some of the extensions discussed in the model
description should be implemented for further
work. These include the routine use of equation 13
to bypass the calculation of the multiplier P, which
was not used in this paper, so as to facilitate com-
parison between the different methods. Also the
more complete calculation of illegal fishing trip
length to replace equation 4 could be implemented.



It is not expected that either of these additions
would make a qualitative difference to the output
of the model.

The method presented in this paper could be
extended to include other types of observational
regimes. This could include sightings from other
commercial vessels operating in the fishery or
opportunistic sightings from other vessels passing
through the area. Extending the methods in this
manner would increase the level of coverage that
could be assumed, although it would raise further
issues in establishing effective coverage and vessel-
based evasion probabilities.

Conclusions

Anew method for estimatingillegal fishing effort
is put forward. The results from this new method
are similar to those of the Agnew and Kirkwood
(2005) method, and this suggests that the current
method is adequate under circumstances of low
evasion and when good knowledge exists that zero
observations reflect zero illegal fishing. The new
method performs better in the case of zero detec-
tions and can potentially better handle the evasion
of detection by illegal activity.

However, both the new method and the Agnew
and Kirkwood method suffer from the type of
observation method used, which directly affects the
system. This leads to a negative correlation between
the amount of fishing and the estimated amount
of fishing for a given number of illegal cruises.
Fundamental to the use of these methods is an
understanding of the degree to which this problem
can be mitigated through a better understanding of
the behaviour of illegal fishing vessels.

As the number of illegal cruises increases, both
the estimate and the average amount of illegal fish-
ing increase. This gives some confidence that the
method can produce results that have a degree of
legitimacy. However, the range of actual fishing (in
the simulation datasets) for a given estimated level
of fishing is very large. This range of uncertainty
increases as the evasion rate increases.

Alternative method for estimating the level of illegal fishing

This research suggests that it would be possible
to calculate a precautionary assessment of illegal
fishing such that the actual number of illegal fish-
ing days is less than, or equal to, the precautionary
estimate with some given level of confidence (for
example 80%).

This research indicates that there is a minimum
level of patrol coverage below which the results
are particularly poor. In the ideal case, the results
improved much more gradually when there were
patrol vessels present more than 25% of the time.
However, when the evasion ability was greater
than 0, even having vessels present 50% of the
time, or more frequently, might not be sufficient.
The testing of patrol coverage levels under adverse
assumptions remains to be explored.

All this research is predicated on a simulation
model which accurately reflects the behaviour of
the illegal fishers. Understanding and modelling
the actual and potential evasive behaviour of ille-
gal vessels and illegal fleets is an obvious priority.
It remains to be seen how robust these methods
are when inaccurate estimations are made of the
behaviour of the illegal fishers.
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Figure 1: =~ Comparison of the Agnew and Kirkwood (2005) method with the new method. This graph displays
the results of 1 000 simulations showing the correlation between the estimation of the days of illegal
fishing in each simulation against the actual days of illegal fishing in the simulation. In each simulation
there were five cruises and an evasion level of 0.5. Note that they are identical except for a slight scaling
factor.
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Figure 2:  Five cruise simulations. Each of the graphs represents the response to a different level of evasion for the

five cruise simulations. The line is a linear least-squares fit to the data. The estimation method is that of
Agnew and Kirkwood (2005).
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Figure5:  The sparse patrol schedule. Each graph shows the results from
1 000 simulations of five cruises with varying levels of evasion
(0, 0.2 and 0.5) with linear least-squares fit. The estimation
method is that of Agnew and Kirkwood (2005).
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are five illegal cruises with different levels of evasion (0, 0.2
and 0.5) with linear least-squares fit. The estimation method is
that of Agnew and Kirkwood (2005).
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and Kirkwood (2005).

157



Ball

10% coverage, 10 Vessels, Evasion 0 25% coverage, 10 Vessels, Evasion 0
L X ] ALl .}
800 800 -
L] 00 SINEEDEDED
E LN _J E
@ 600 A £ 600 A
"l; L] 1%
.§ € o0 IS & '§\
B 400 - é 400 -
@®©
i &
- 200 A * ¢ cnmamme 200 -
* o
0 T T T T T 0 T T T T T T T T T
0 100 200 300 400 500 0 100 200 300 400 500
Actual days fished Actual days fished
o .
34% coverage, 10 Vessels, Evasion 0 50% coverage, 10 Vessels, Evasion 0
800 800
©
2
& 600 - @ 600
b= K
[2] (2]
9 3
©
5 400 - & 400
- o
E 2
» 200 Q
2 g 200
LLi
0 T T T T T 0 - "
0 100 200 300 400 500 0 150 300 450 600
Actual days fished Actual days fished
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Alternative method for estimating the level of illegal fishing

Liste des tableaux

Emploi du temps de base des patrouilles de péche. Les dates de commencement et de fin correspondent
au premier et au dernier jours de patrouille du navire dans la région.

Comparaison des valeurs calculées de P selon les différentes méthodes. La premiere méthode, celle
d’Agnew et Kirkwood, présume une probabilité d’évasion de 0, alors que la méthode révisée assouplit
cette hypothese en appliquant I’équation N° 8. Dans la nouvelle méthode, le multiplicateur dépend a la
fois du parametre d’évasion et du nombre de détections. Les intervalles donnés dans la colonne “New
method” couvrent les cas de 1 a 20 détections. Lorsqu’il n'y a pas de détection, la nouvelle méthode
utilise I’équation N° 13 pour déterminer la péche illégale prévue, mais n’utilise pas P. Les intervalles
présentés a la 3¢ colonne représentent tout I'intervalle des estimations pour ce niveau d’évasion, a deux
décimales pres.

Liste des figures

Comparaison entre la méthode d’Agnew et Kirkwood (2005) et la nouvelle méthode. Le graphique
illustre les résultats de 1 000 simulations indiquant la corrélation entre 1’estimation des jours de péche
illégale dans chaque simulation par rapport au nombre réel de jours de péche illégale dans la simulation.
Dans chaque simulation, il y a cinq campagnes et un taux d’évasion de 0,5. Il est a noter qu’ils sont
identiques a I’exception d’un faible facteur d’étalonnage.

Cinq simulations de campagnes. Chacun des graphiques représente la réponse a un taux différent
d’évasion pour les cinq simulations de campagnes. La ligne est un ajustement linéaire aux données par
la méthode des moindres carrés. La méthode d’estimation est celle d’Agnew et Kirkwood (2005).

Dix campagnes de péche illégales avec divers taux d’évasion (0, 0,2 et 0,5) et un ajustement linéaire par
les moindres carrés. La méthode d’estimation est celle d’Agnew et Kirkwood (2005).

Vingt campagnes de péche illégales avec diverses probabilités d’évasion (0, 0,2 et 0,5) et un ajustement
linéaire par les moindres carrés. La méthode d’estimation est celle d’Agnew et Kirkwood (2005).

Programme des patrouilles lorsque celles-ci sont rares. Chaque graphique illustre les résultats de
1 000 simulations de cinq campagnes pour divers taux d’évasion (0, 0,2 et 0,5) et un ajustement linéaire
par les moindres carrés. La méthode d’estimation est celle d’Agnew et Kirkwood (2005).

Les campagnes illégales ne sont pas écourtées lorsqu’elles sont détectées. Il y a cinq campagnes illégales
avec divers taux d’évasion (0, 0,2 et 0,5) et un ajustement linéaire par les moindres carrés. La méthode
d’estimation est celle d’Agnew et Kirkwood (2005).

Graphiques combinés, campagnes différentes mais méme probabilité d’évasion. Les graphiques de cette
figure combinent les graphiques correspondants des figures 1, 2 et 3. Les tracés sont présentés sous des
formes différentes pour indiquer que, qualitativement, ils sont différents. La méthode d’estimation est
celle d’Agnew et Kirkwood (2005).

Effets des différents niveaux de couverture. Dans chaque graphique, I’évasion est de 0 pour 10 campagnes
illégales. Le taux de couverture est la proportion de jours ot un patrouilleur surveille les pécheries de la
région.

Crncok Ta0muIg

OO0bruHBIN TpaduK PadOTHl PEIOOOXPAHHOTO CyAHA. J[aThl HaYajia M KOHIIA — 3TO MEPBHI U MOCICIHNUN
JIHH, KOTJIa CY/IHO MaTPYJIHPYET PErHoOH.

CpaBHeHne 3HaueHHs P, paccuMTaHHOTO MO pPa3IWYHBIM MeToAaM. B mcxomHom merone ATHBIO M
KupkByna BeposTHOCTh H30ekaHMs TpHHUMAeTcs paBHOW 0, B MOAM(HUIMPOBAHHOM METOAE 3TO
JIOMYIIEHNE JIETaeTCs MEHEe CTPOTHM IyTeM NPUMEHEHNs ypaBHEHUs 8. B HOBOM MeTO/ie MHOXHTEIh
3aBHCUT OT TapaMeTpa M30exaHus W duciia oOHapyxkeHuil. MHTepBan B cromdue «HoBBIH mMeTom»
oxBarbeiBaeT ciydan 1-20 oOHapyxkenuii. Korma o6HapyxkeHus paBHbI 0, HOBBIII METOI HCIIONB3yeT
ypaBHeHHE 13, 9TOOBI ONpENEINTh OKMAAEMbIH HE3aKOHHBIH THpombicen, W P He ucmomb3yercs.
WutepBansl B cTondie 3 MpeAcTaBisIOT BECh AMAIA30H OLEHOK JUIS TaKOTO YPOBHS M30€KaHMS C
TOYHOCTBIO JI0 IBYX AECATHYHBIX 3HAKOB.
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CH1coK prUCyHKOB

CpaBrenne merona Arueio U Kupksyna (Agnew and Kirkwood, 2005) u HOBoro meroma. I'padux
neMoHcTpupyeT pe3yabrarsl 1000 MofeTbHBIX pacueTOB, MOKA3hIBAIOIINX KOPPEIISAIIAI0 MEKITY OIICHKON
JIHEH HE3aKOHHOT'O MPOMBICIA B KaXK/IOM MOJIEIILHOM pacieTe 10 CPABHEHUIO C (PaKTUUCCKUMU JTHIMHU
HE3aKOHHOTO TIPOMBICTIA B 3TOM pacdere. B kaxmoM pacdere ObIIO MATh PEHCOB M yPOBEHB M30€KAHUS
Obu1 paBer 0.5. 3ameTsTe, YTO OHM WACHTHYHBI, 32 UCKIIOYCHHEM HE3HAYUTEIHFHOTO KO3 HUIMeHTa
repecyera.

MopnenupoBanue Aty peticoB. Kaxpiid rpaduk mpeacTapisieT peakiuio Ha pa3sHble YPOBHU H30eKaHUS
JUISI MOJIETTMPOBAHNS IIATH PEHcoB. JINHMS — TMHEHHAS allIPOKCUMAIIHS JaHHBIX 110 METOY HAMMEHBIITNX
KkBaapaToB. MeTon oneHku ArHbio n Kupksyna (Agnew and Kirkwood, 2005).

JlecsaTh HE3aKOHHBIX PHIOOIPOMBICIOBEIX PEHCOB ¢ pa3sHbIMHU ypoBHsSMH m30exanus (0, 0.2 u 0.5) ¢
JIMHEHMHOM anmpoKCUMalueil o METOly HaUMEHBIINX KBaJparoB. Meron oneHku ArHbio u Kupksyna
(Agnew and Kirkwood, 2005).

JBanare HE3aKOHHBIX PHIOOTIPOMBICIIOBEIX PEHCOB ¢ pa3HOi BepoaTHOCTHIO n3dexkanus (0, 0.2 u 0.5)
C JIMHEIHOM annpoKcuMalye o METO/ly HAaMMEHBIINX KBaapaToB. Metoz onieHku ArHbI0 1 KupkByna
(Agnew and Kirkwood, 2005).

Penkoe marpynuposanue. Kaxnpiit rpaduk npencrasnser pesynsrarsl 1000 MOIETbHBIX pacdeToB s
IISITH peiicoB ¢ pa3HbIMU ypoBHsME u30exanwus (0, 0.2 u 0.5) ¢ nuHEiHOI annpoKCUMAaIei 1o METoLy
HaMMEHBIINX KBaaparoB. Merox ouenku Arabio u Kupksyna (Agnew and Kirkwood, 2005).

He3zakoHHbIe pelicbl He NpeKpalaoT CBOECH JAEATENbHOCTH NIpH OOHapyXeHUH. [ISTh He3aKOHHBIX
peiicoB ¢ pasHbiMH ypoBHsMH u30exkanus (0, 0.2 u 0.5) ¢ nuHEHHON ammpokcHManuel 1Mo MeTomy
HaMMEHBIINX KBaaparoB. Merox onienkn Arabio u Kupksyna (Agnew and Kirkwood, 2005).

KomOuHHpoBaHHBIC TpaduKH, pa3iHyHbIe PEUChl HO OMMHAKOBAsi BEPOSTHOCTh M3bexanus. [paduku
Ha 3TOM PHCYHKE KOMOMHHPYIOT COOTBETCTBYyoLIMe rpaduku pucyHkoB 1, 2 u 3. Jlns nuarpamm Ha
rpaduKe HCTONB3YIOTCS PA3IHYHbIC YCIOBHBIC 0003HAYCHHS, YTOOBI OKA3aTh KAYECTBEHHBIC PA3ITHYHSI
Mexay HumMH. Merton onenku Arubio n Kupksyna (Agnew and Kirkwood, 2005).

BnusiHue paznnyHbIX ypoBHeW oxBara. Ha kaxmoMm rpaduke 10 HE3aKOHHBIX pelcoB M M30ekaHue
passo 0. CterneHp oxBara — JI0J1sl JJHEH, KOIjia ppl00OXpaHHOE CY/IHO TaTPYIIMPYET PErHOH.

Lista de las tablas

Plan basico del guardapescas. Las fechas de inicio y fin corresponden al primer y tltimo dia en que el
barco se encuentra patrullando la region.

Comparacién del calculo de P segtin diferentes métodos. El método original de Agnew y Kirkwood
supuso una probabilidad de evasién igual a 0, el método modificado relaja esta suposicién aplicando
la ecuacién 8. En el nuevo método el multiplicador depende tanto del parametro de evasién como del
numero de detecciones. Los rangos en la columna correspondiente al “nuevo método” cubre casos de
1 a 20 detecciones. Cuando no hay detecciones, el nuevo método utiliza la ecuacién 13 para calcular
la pesca ilegal prevista y no se utiliza P. Los rangos presentados en la columna 3 representan todas las
estimaciones para ese nivel de evasién, con una precision de dos decimales.

Lista de las figuras

Comparacién entre el método de Agnew y Kirkwood (2005) y el nuevo método. Se grafican los resultados
de 1000 simulaciones mostrando la correlacién entre el célculo de los dias de pesca ilegal de cada
simulacién y los dias reales de pesca ilegal de la simulacién. En cada simulaciéon hubo cinco viajes y un
nivel de evasion de 0.5. Nétese que salvo por un leve factor de escala, éstos son idénticos.

Simulaciones de cinco viajes. Cada uno de los gréficos representa la respuesta a un nivel de evasion
distinto para la simulacién de los cinco viajes. La linea representa un ajuste lineal a los datos segtin el
método de minimos cuadrados. El método de estimacién corresponde al método de Agnew y Kirkwood
(2005).



Figura 3:

Figura 4:

Figura 5:

Figura 6:

Figura 7:

Figura 8:

Alternative method for estimating the level of illegal fishing

Diez viajes de pesca ilegal con distintos niveles de evasién (0, 0.2 y 0.5) con un ajuste lineal segtn el
método de minimos cuadrados. El método de estimacién corresponde al método de Agnew y Kirkwood
(2005).

Veinte viajes de pesca ilegal con distintas probabilidades de evasion (0, 0.2 y 0.5) con un ajuste lineal
segtin el método de minimos cuadrados. El método de estimacién corresponde al método de Agnew y
Kirkwood (2005).

Escasas patrullas del programa de vigilancia. Cada grafico muestra los resultados de 1 000 simulaciones
de cinco viajes con distintos niveles de evasion (0, 0.2 y 0.5) con un ajuste lineal segtin el método de
minimos cuadrados. El método de estimacién corresponde al método de Agnew y Kirkwood (2005).

Los barcos de pesca ilegal no restringen sus acciones al ser detectados. Cinco viajes de pesca ilegal con
distintos niveles de evasién (0, 0.2 y 0.5) con un ajuste lineal segtin el método de minimos cuadrados. El
método de estimacion corresponde al método de Agnew y Kirkwood (2005).

Graéficos combinados, distintos viajes pero igual probabilidad de evasion. Los graficos en estas figuras
combinan los gréficos correspondientes de las figuras 1, 2 y 3. En este gréfico los puntos se han ilustrado
con distintas formas para denotar una diferencia cualitativa. El método de estimacién corresponde al
método de Agnew y Kirkwood (2005).

Los efectos de distintos niveles de cobertura. En cada gréfico hay cero evasién y 10 viajes ilegales. La
cobertura esta representada por la proporcién de dias en que un guardapescas patrulla la region.
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