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ABSTRACT

During 1991-95, up to 60% of the annual catch of
Pacific hake (Merluccius productus) in the U.S. manage-
ment zone was harvested by a U.S.-based fleet of fac-
tory trawlers. Optimal foraging theory was used to
motivate a statistical analysis of movement patterns of
these vessels. This study focused on the mesoscale char-
acteristics of the environment (5-50 km), and vessel
movement at these spatial scales. Geostatistical analyses
of hake densities derived from the 1992 and 1995
National Marine Fisheries Service assessment surveys
with quantitative echo-sounding techniques showed that
strong spatial correlations of hake density do not extend
beyond ~25-35 km. The range of Pacific hake spatial
correlation suggests an association with mesoscale oceano-
graphic features whose characteristic scale in the California
Current system is determined by the Rossby radius of
deformation (~25 km in mid-latitudes off the West
Coast). The foraging patterns of factory trawlers can
be described as a series of moves between trawling lo-
cations. The distance between successive hauls depends
on whether the vessel continues fishing within a local
area of high fish density, or moves to a different area.
Generalized additive models (GAM) were used to ex-
amine influence of the catch rates of prior hauls on the
distance between successive hauls. The GAM models
suggested that deviations from the expected catch rate
influence the decision to move from a local foraging
area, as expected from optimization models of animal
foraging. These decisions appeared to be based on rel-
atively short time frames, such that information from
only the most recent one or two hauls in the area is used.
In addition, results indicated that the presence of other
fishing vessels operating nearby reduces the probability
that a vessel will leave an area.

INTRODUCTION

Factory trawlers—fishing vessels that both catch and
process fish—are important in many fisheries worldwide
(Garcia and Newton 1995). The advanced technology
of these vessels (including hydraulic winches to set and
retrieve extremely large nets, automated filleting ma-
chines, flash freezers, freezer holds, fish meal plants, elec-
tronic echo sounders, and GPS navigation and plotting
equipment) enables them to efficiently catch and process

large quantities of fish (up to 500 metric tons per day).
The ability of these vessels to operate independently of
port services for extended periods is a significant ad-
vantage in harvesting migratory species like Pacific hake
(Merluccius productus), whose spatial distribution can vary
greatly from one year to the next. Since fish can be
processed immediately after they are caught, these ves-
sels produce a high-quality product from fish species
whose flesh undergoes rapid proteolysis when held at
ambient temperatures.

In this paper, I discuss the fishing patterns of factory
trawlers as an example of the foraging behavior of ani-
mal predators. Although a factory trawler is, of course,
a complex machine operated by a crew, from the per-
spective of its role in the ecosystem, it is reasonable to
view it as a single agent—a midwater filter feeder that
detects prey by using echolocation. A similar approach
was used by Gillis et al. (1995a, b) to study discarding
behavior in a trawl fishery subject to trip limits.

The foraging choices available to these vessels depend
on the spatial and temporal scale of their assessment of
the environment (Holling 1992). This paper focuses on
the mesoscale characteristics of the environment (5-50
km)} and vessel movement at these spatial scales. Since
factory trawlers do not return to port regularly to de-
liver fish to a processing plant, their movement patterns
at this scale are assumed to be a pure foraging process.
Foraging behavior at this scale can be described as a
series of movements between successive trawling loca-
tions. The focus of this paper is to develop statistical
models for investigating the factors that influence these
movements, particularly the movements which indicate
that the vessel has left the area where it had been fish-
ing previously.

The analyses of vessel movement presented in this
paper are motivated by Arditi and Dacorogna’s (1985,
1988) contribution to optimal patch foraging theory.
Their work generalizes the marginal value theorem
(Charnov 1976) to habitats with arbitrary prey distrib-
utions. Although they limit their consideration to one-
dimensional habitats, this is not as restrictive an assumption
as it seems. Many fisheries occur within relatively narrow
depth limits parallel to the shelf break or the coastline.
Arditi and Dacorogna (1988) show that when presented
with an arbitrary prey distribution in a habitat, the optimal
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Figure 1. Schematic of the Arditi and Dacorogna (1988) optimal foraging

model. The threshold density partitions the habitat into areas of two types:
those in which it is optimal to forage, and those where the optimal strategy is
to transit as quickly as possible.

forager should partition the habitat into contiguous areas
of two types: areas in which it is optimal to forage, and
areas in which the optimal strategy is to traverse as quickly
as possible without foraging.

In the areas where it is optimal to forage, the forager
should move on when the density of prey declines below
the critical density that partitioned the habitat into for-
aging and nonforaging regions (figure 1). The critical
density is determined by the mean density of prey in the
habitat as a whole (similar to the marginal value theo-
rem) and by the forager’s functional response curve.
For a factory trawler, the functional response is the re-
lation between fish density and surimi production, and
is a nonlinear function of the capture efficiency of the
net, the time required to set and retrieve the net, and
the production capacity of the factory (Dorn, in press).

The Arditi and Dacorogna foraging model implies
that the forager perceives its habitat as a “behavioral land-
scape” in which different activities are performed in dif-
ferent regions. This emphasis on the forager’s perception
is different from the marginal value theorem, where
the pattern of the environment is assumed. The model
suggests that the “patches” of classic optimal foraging
theory may not be intrinsic to the environment, but a
result of the forager’s imposing a particular cognitive
structure on the environment.

The critical threshold transforms an undifferentiated
environment into a mosaic of two types of regions—for-
aging and nonforaging. The characteristic dimensions
of those regions will depend on the spatial continuity of
the prey population. A prey population with short-range
spatial continuity would present the forager with many
small patches to exploit. If the spatial correlation of the
population extends to wider scales, the patches will be
larger and fewer. Since the forager alternates between
two patterns of movement (small-scale movements within

78

a foraging area, and larger-scale movements of transit
between foraging areas) the spatial continuity of the prey
population has important implications for how the for-
ager moves.

The transition from the theoretical models of Arditi
and Dacorogna (1988) to a statistical analysis of how
catch rates affect vessel movement must confront the real
complexity of the environment—that is, those impor-
tant environmental characteristics not included in the
theoretical model. Although the model allows the catch
rate to decline in a foraging area only because of fish-
ing activity, in fact, local changes in prey abundance may
result from a variety of factors, many of them unrelated
to fishing activity. Moreover, although the model as-
sumes perfect knowledge of the environment, fishing
vessels typically will not know in advance where prey
density is high.

Catch rates for Pacific hake also follow a diel pattern,
with the daytime rates about twice as high as nighttime
rates when hake are dispersed through the water column.
Catch rates vary between vessels because of differences
in the nets used, horsepower, and other technological
characteristics of the vessel. To standardize the catch rates
by accounting for the diel trend and for differences in
fishing power, a preliminary model was fit to the haul-
by-haul catch rate data, with vessel and time of day as
predictor variables. The residuals from this model were
used in the analysis of vessel movement patterns. This
approach follows Vignaux (1996a, b), who used a sim-
ilar strategy to assess the spatial structure of fish distrib-
ution and to analyze fishing behavior in a trawl fishery
off New Zealand.

The statistical analyses presented in this paper exam-
ine how catch rates and other information affect the de-
ciston to leave an area where a vessel is fishing. One
might expect the catch rate of the target species to be
the major factor in this decision, but other factors, such
as the presence of other vessels nearby, may also be im-
portant. The first objective of the statistical analysis will
be to evaluate how the catch rate of the most recent haul
affects the decision to leave. Next, the effect of prior
catch rates will be evaluated. Previous catches differ from
the most recent catch by being farther away in space and
time from the most recent catch. Since areas of higher
than usual hake density are transient, fishermen may use
a weighting function that assigns more emphasis to re-
cent catches. An exponential weighting model has been
used in theoretical work on other foraging situations
(McNamara and Houston 1985) and will be evaluated
here. In addition, how the presence of other vessels fish-
ing nearby affects the decision to move will be evalu-
ated. The presence of other vessels could induce the
vessel to remain in the area longer than it would if the
decision were based strictly on its own catch rate.
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The subsequent sections of the paper are organized
as follows. After a brief presentation of background in-
formation on the factory trawlers participating in Pacific
hake fishery, results are presented from a geostatistical
analysis of acoustic survey data to assess the spatial con-
tinuity of Pacific hake distribution. These results are used
to select the appropriate spatial scale at which to assess
vessel movement patterns. Then, from fishery data col-
lected by at-sea observers, models are fit to the haul-
by-haul catch rates of the factory trawler fleet during
1991-95, with time of day and a categorical term for
individual vessels as predictor variables. The residuals
from this model are then used in a generalized additive
mode]l (GAM) to predict the probability of movement
from a foraging area. Other variables are also assessed
in the model. Finally, the results are compared with those
from other studies of spatial correlation and fishing be-
havior, and recommendations are offered about further
research into fishing behavior.

FACTORY TRAWLERS AND PACIFIC HAKE

During 1991-95, an average of 14 factory trawlers
and 5 mother ships participated in the Pacific hake at-
sea fishery each year, with an average aggregate catch
of 150,000 metric tons (t) per year. The factory trawlers
in the Pacific hake fishery are large vessels (275-375 ft
long), carry a crew of 70-100, and can remain at sea
for several months. Between 50% and 70% of the crew
is engaged in surimi production. Several work shifts op-
erate the processing factory 24 h per day. Midwater trawls
(mean traw] opening 90 X 55 m) are used exclusively for
Pacific hake. The at-sea fishery operates as a “derby”
fishery in which all vessels compete for the fleetwide
quota. With the entry of U.S. factory trawlers and mother
ships in 1991, the character of the at-sea fishery changed
dramatically. Before 1991, the fishery had lasted for as
long as 6 months; now it closes 3—4 weeks after the an-
nual opening date of April 15.

As is usual with targeted midwater trawling, catches
in the hake fishery are extremely pure, with bycatch typ-
ically amounting to less than 3% of the total catch by
weight. The most common bycatch species are pelagic
rockfishes and mackerels: yellowtail rockfish (Sebastes
Sflavidus), widow rockfish (Sebastes entomelas), Pacific ocean
perch (Sebastes alutus), jack mackerel (Tiachurus symmet-
ricus), and Pacific mackerel (Scomber japonicus). The by-
catch is either discarded at sea or diverted to the fish
meal plant. Although the bycatch of chinook salmon
(Oncorhynchus tshawytscha) is low (4,000-6,000 fish per
year), it is an important concern because of the extremely
low abundance of many West Coast chinook salmon pop-~
ulations. Several West Coast chinook salmon runs are
listed as endangered under terms of the U.S. Endangered
Species Act (Waples et al. 1991; Fisher 1994).

METHODS

Analysis of Pacific Hake Spatial Pattern

Geostatistical techniques were used to assess the spa-
tial continuity of Pacific hake by means of data from
acoustic resource assessment surveys conducted by the
NOAA research vessel Miller Freeman during July—
September of 1992 and 1995 (Dorn et al. 1994; Wilson
and Guttormsen 1997). Acoustic data were collected
with a Stmrad EK500 scientific echo-sounding system
(Bodholt et al. 1989) that used a 38-kHz transducer
mounted on the vessel’s centerboard 9 m below the
waterline. Acoustic data were processed on a SUN work-
station with Simrad BI500 echo-integration and analy-
sis software (Foote et al. 1991) to exclude non-hake
sound-scatterers from the echo integration.

The survey design consisted of equally spaced east-west
transects extending from 30 m to approximately 1,500
m bottom depth. Transects were spaced 10 nautical miles
(nmi) apart for most of the survey, with higher-density
spacing (5 nmi) in the Juan de Fuca Canyon—La Perouse
region (48°-49°N lat.). Survey transects were run only
during daylight hours because hake disperse at night. The
acoustic backscatter attributed to Pacific hake by 0.5-nmi
transect section was converted to fish density by means of
a length-target strength relationship of TS = 20 log(length)
— 68 (Traynor 1996). Since 40-60 days are required to
conduct a coastwide acoustic survey of Pacific hake, some
redistribution of fish would be expected during the sur-
vey operations. But adjacent transects were almost al-
ways surveyed within one day, and usually within several
hours, so the effect of fish redistribution should be rela-
tively minor at scales less than the transect spacing. To an-
alyze spatial correlation with acoustic survey data, it is
necessary to assume that the data provide an instantaneous
“snapshot” of Pacific hake distribution patterns.

Directional correlograms (Rossi et al. 1992) were
estimated for mean hake density by 0.5-nmi transect sec-
tion, z(x,), where x, is location of the transect section.
Separate correlograms were estimated for E-W (east-
west) and (N-S) north-south directions, with a direc-
tional tolerance of £45°. In the E-W direction, binning
intervals of 2.5 km were used to a maximum distance
of 50 km; in the N-S direction, binning intervals of 10
km were used to a maximum distance of 80 km. Different
binning intervals were used because the survey design
of parallel E-W transects yields fine-scale information
on spatial correlation along the transect in the E-W di-
rection, but relatively coarser information in the N-§
direction (Pelletier and Parma 1994). Since the orien-
tation of the shelf break is north-south in the area where
the fishery operates, the N-S correlogram measures along-
shelf spatial correlation, while the E-W correlogram
measures the cross-shelf correlation.
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In addition, I estimated an omnidirectional correlo-
gram, using the same binning strategy as for the E-W
correlogram. The estimation was restricted to acoustic
data collected north of 41° and east of 127°W, an area
roughly corresponding to the area where the fishery op-
erates. The correlogram is a plot of the lag correlation,

p(h), such that

1 N
. N(h) 21 () —m_, )G+ )=, ]
p(h) = |
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where z(x)) and z(x, + h) are pairs of hake densities sep-
arated by vector distance h; m_, and m_, are the means
of the initial and terminal points of the vectors used to
estimate the lag correlation; and s_, and s, are the stan-
dard deviations of the initial and terminal points. Rossi
et al. (1992) call this the non-ergodic correlogram to
distinguish it from the more usual spatial correlogram
where the global mean is subtracted out, and the global
variance is used to scale the covariance. Rossi et al. (1992)
recommend this form of the correlogram for ecologi-
cal applications where nonstationarity in local means and
variances is frequently encountered.

To demonstrate how the spatial structure in hake dis-
tribution might be perceived by fishing vessels, I used
hake density by 0.5-nmi transect section to estimate
structure functions. The structure function describes the
spatial pattern of resources from the perspective of the
forager (Mangel and Adler 1994). I applied an indica-
tor transform to hake densities of the form

, _flifzx) 2k
“”@‘{oya@<k’

where the threshold density (k = 635 kg ha ') is the
value of hake density such that the median of all acoustic
densities greater than the threshold is equal to the me-
dian density implied by the catch rates for factory trawlers
during the fishery.

To obtain an expected density from the fishery catch
rates, I determined the area swept by the net from the
haul duration, towing speed, and the horizontal open-
ing of the net (= 90 m, the mean net width recorded
by several observers). Daylight hauls (between 0600 and
2000 Pacific Standard Time) made by factory trawlers
during the 1991-95 seasons were used. Since a strong
avoidance response has been reported for Pacific hake
when encountering midwater trawl nets (Nunnallee
1991), the assumption of 100% capture efficiency is un-
justifiable. To estimate the threshold density, 1 assumed
that a commercial midwater trawl would capture 50%
of the fish in the water column, and evaluated the sen-
sitivity of the results to this assumption. It should be em-
phasized that the purpose here was to obtain a rough
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approximation of the spatial pattern and geographic
extent of the regions where fishing would be successful.
The structure function is defined as

pli(x+h) =1]i(x) = 1)) = Prop {resource at vector dis-
tance h away, given that there is resource at the cur-
rent point}

pli{(x+h) =1]i(x) = 0)) = Prop {resource at vector dis-
tance h away, given that there is no resource at the
current point}.

In this definition, the structure function has been gen-
eralized from Mangel and Adler (1994) to allow the struc-
ture function to vary depending on the direction away
from the current point. This broader definition of the
structure function makes it possible to consider direc-
tional structure functions similar to directional correlo-
grams. To estimate the structure function, I followed the
algorithm of Mangel and Adler (1994):

N(h)

> i+ h) i(x,)
k=1

pliGeth) =110 =1) =

2 i)

k=1

In estimating the structure function, I used the same bin-
ning strategies that were used to estimate the directional
correlograms.

Catch Rate Model

NMFS-certified observers are placed on all factory
trawlers and mother ships in the at-sea fishery. While on
board, observers maintain a complete record of the catch
weight, duration, set and retrieval times, and retrieval
location for each haul made by the vessel. Set location,
however, is not recorded, which limits the spatial reso-
lution of estimated distances between trawling locations.
A tow that retraces the path of the previous tow in re-
verse direction could have a retrieval location farther
than 10 km away. Alternatively, two tows that end at the
same location could have trawled toward that Jocation
from opposite directions. Since all vessels carry observers,
there is a complete record of all hauls during the fish-
ery. This record is kept in the NORPAC database, an
ORACLE relational database maintained by the North
Pacific Observer Program at the Alaska Fisheries Science
Center (7600 Sand Point Way NE, BIN C15700, Seattle,
WA 98115-0070). The number of hauls in each fishing
season by factory trawlers ranged between about 1,000
and 2,000 (table 1).

A generalized additive model (GAM) with Poisson
error (Hastie and Tibshirani 1990) was used to stan-
dardize the catch rates. This form of GAM has been used
in marine ecology applications to analyze trawl survey
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TABLE 1
Number of Factory Trawlers and Mean Catch Rates
in the 1991-95 Pacific Hake Fishery

Number of Number Average catch
Year factory trawlers of hauls rate (t/hr)
1991 9 1,940 41.8
1992 14 1,743 43.4
1993 13 1,227 44.2
1994 7 1,192 60.5
1995 9 954 39.6

data (Smith 1990; Swartzman et al. 1992). Poisson re-
gression is a pragmatic choice for “count-like” data where

the variance is proportional to the mean (McCullagh
and Nelder 1983),

Eler) = u(x)
Var[er] = & u(x),

where cr,is the catch rate in t hr ™' for the ith haul; u(x))
is the expected catch rate of the ith haul as a function
of a vector of covariates x;; and ¢ is an overdispersion
parameter that models the additional variability in the
data relative to the Poisson distribution, where the vari-
ance is equal to the mean (Lawless 1987).

The structural part of the model consisted of two ad-
ditive terms: a categorical term for vessel, and a “smooth”
function of time of day (average of set and retrieval times)
estimated with the loess scatterplot smoother (Chambers
and Hastie 1992). Because of the short duration of the
at-sea hake fishery (3—4 wk), a seasonal effect was not
considered necessary in the model. The additive part of
this model is log-linear; that is, p(x;) = exp|m], where
7 is the additive predictor. Separate models were fit for
the 199195 seasons. A span width (fraction of the data
used by loess to estimate local linear regressions) was fixed
at 0.3 on. the basis of a series of trial models in which
the span width was varied systematically. A span width
of 0.3 provided enough flexibility to capture the diel
trend while at the same time excluding higher-frequency
variation from the smooth term.

Statistical Models of Vessel Movement

Although the focus of this analysis is to determine the
factors leading to a decision to leave a mesoscale aggre-
gation of fish, without an extensive acoustic survey con-
ducted at the same time as the fishery, it is difficult to
know with certainty when this decision is made.
Consequently, it was necessary to use some easily mea-
surable proxy for this decision. If a critical distance be-~
tween successive trawling locations is chosen appropriately,
it should be possible to partition the intertrawl move-
ments into those within an area and those representing
a transit between areas.

For this research, a distance of greater than 30 km be-
tween haul retrieval locations was selected as the crite-
rion for moving to a new area. This criterion was based
on the examination of Pacific hake spatial patterns dur-
ing the 1992 and 1995 acoustic surveys reported in the
results, which suggests that strong spatial correlations do
not extend beyond ~25-35 km. Consequently, the de-
pendent variable in the statistical model is the geomet-
ric distance between successive haul retrieval locations
recoded as 0-1 variable, where 0 denotes a distance of
less than 30 km, and 1 denotes movement of greater than
30 km. Mean trawling distance, assuming the vessel trav-
els in a straight line for the duration of the haul, was
16.2 km during 1991-95, which is roughly one-half the
range of spatial correlation of 30 km.

Logistic regression is the primary statistical model for
analyzing binary response data. Logistic regression pre-
dicts the probability of an event (movement greater than
30 km) based on a set of covariates. Since the Arditi and
Dacorogna (1988) model suggests that a threshold catch
rate triggers the decision to move, a flexible regression
technique (the GAM described above) was used for the
statistical analyses. The expectation and variance for lo-
gistic regression are

Ely] = w(x)
Varly] = m(x)[1 = m(x,)]

where y, is the 0-1 response variable, and m(x,) is the
probability of moving to a new area following the ith
haul as a function of a vector of covariates x,. Ina GAM,
the linear predictor of logistic regression is replaced by
an additive predictor with the general form m = f, (x,)
T hHx,) + . +fp(xp), where fl.(x].) is 2 smooth func-
tion of x.. As with the Poisson model, this “smooth”
function is estimated with local linear regressions. The
probability of the event is linked to the additive predic-
tor by the logistic function m(x;) = exp(n)/[1 + [exp(n)].
Potential covariates examined with this modeling frame-
work were the catch rate residual for the ith haul, an ex-
ponentially weighted average of the catch residuals for
previous hauls within 30 km, and the number of other
vessels fishing nearby, where nearby is defined as the num-
ber of vessels within 15 km over the previous 6 hrs.
Separate models were fit for the 1991-95 seasons. This
model and the Poisson regression model for catch rates

were fit by means of the statistical modeling language
S-Plus (StatSci 1993).

RESULTS

Spatial Analysis
In 1992 and 1995 NMES acoustic surveys, areas of
high Pacific hake density were found mostly in a narrow
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Figure 2. Pacific hake density in 0.5-nmi transect segments for the 1992
and 1995 NMFS acoustic surveys. To show both surveys, data for the 1992
survey is offset to the west by 2° longitude. Transect segments in which the
Pacific hake density was greater than 635 kg ha~' (the nominal density
required to support fishing activity) are marked with vertical bars. The 300-m
isobath and survey transects are also shown.

N-S band close to the continental shelf break (figure 2).
Consequently, the E-W dimensions of the area where
the fishery can operate are much narrower than its N-S
dimensions. Interspersed regions of high and low den-
sity extend along the entire coast. Certain features along
the shelf break tend to support higher densities of Pacific
hake (e.g., Heceta Bank oft central Oregon and Juan
de Fuca Canyon off Cape Flattery), but high densities
are not confined to these areas.

In 1992, densities in excess of 635 kg ha™! represented
8.9% of the surveyed area north of 41°N and east of 127°W/
but 18.2% of the area within the 150-600-m bottom-
depth range, where most fishing occurs. In 1995, the per-
centages were 4.8% for the surveyed area and 11.4% for
the area within the 150-600-m bottom-depth range. The
decrease in the area of high fish density from 1992 to 1995
may be due to an estimated 23% decline in the total bio-
mass within these depth and geographic boundaries. A
relation between overall abundance and the proportion
of potential habitat that is occupied has been observed for
many fish populations (MacCall 1990).
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Figure 3. Directional correlograms for the 1992 and 1995 NMFS acoustic
surveys of Pacific hake.

The spatial correlograms support the depiction of hake
spatial pattern in figure 2. The E-W directional correl-
ogram for the 1992 survey declines from 0.56 at a dis-
tance of 0—2.5 km to near zero at ~25 km (figure 3).
The N-S directional correlogram is similar to the E-W
correlogram at larger distances (>8 km) where com-
parison is possible. Despite differences in overall abun-
dance and the location of the higher-density areas in the
1995 survey, the directional correlograms for the 1995
survey show a similar pattern to the 1992 correlograms
(figure 3). As with the 1992 correlograms, the E-W and
N-S directional correlograms for the 1995 acoustic sur-
vey are similar at lag distances where comparison is pos-
sible. There is a slight positive correlation (~0.025)
extending from 30 to 60 km in the 1995 survey that
does not appear in the 1992 correlograms, but this cor-
relation is only about 5% the correlation at a range of
0-2.5 km.

The data used to estimate the N-S correlation for the
smallest lag distance (0—10 km) were collected along
transects in the Juan de Fuca Canyon-La Perouse region,
the only area where the transect spacing was 5 nmi in
both the 1992 and 1995 surveys. Since this a bathy-
metrically complex region—with a narrow, steep-walled
canyon and a large offshore bank—the correlation struc-
ture in this region may differ from other locations along
the West Coast where the bathymetry is less complex.
Additional acoustic data collected along transects ori-
ented at angles to the usual survey grid are needed to
adequately assess anisotropy. Although figure 2 suggests
the presence of larger-scale N-S structure (that is, higher
densities in the Heceta Bank and Juan de Fuca canyon
area and lower densities elsewhere) the spatial statistics
interpret these patterns as N-S trends rather than as a
spatial correlation (Swartzman et al. 1992). From the
perspective of the fishing vessel, the key spatial charac-
teristics of the hake population would appear to be
(1) a narrow, elongated region of potential occurrence,
and (2} transient fishable aggregations ot 20-30 km in
size that can be fished on multiple times.
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Figure 4. Directional structure functions for the 1992 and 1995 NMFS

acoustic surveys of Pacific hake. Only the first part of the structure function is
shown; that is, the conditional probability of finding hake densities higher than

the threshold density at vector distance h away, given that the density is

higher than the threshold at the current location.
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Figure 5. Poisson catch rate regression predictions for noon catch rate by
vessel in 1993 and by time of haul for 1991-95 for a single vessel that fished
in all years.

The directional structure functions for the 1992 and
1995 NMEFS acoustic surveys are shown in figure 4. The
E-W and N-S structure functions are similar for both
surveys. The structure functions for 1992 and 1995 show
similar patterns, with a conditional probability of 0.5-0.4
of finding high fish densities at short distances (<2.5 km)
and a rapid decline to baseline levels at 25~35 km. This
decline is slightly steeper than the decline in the correlo-
grams. As distance increases, the conditional probability
for finding high fish density approaches the uncondi-
tional probability (~0.10 in 1992 and ~0.05 in 1995).

The estimated structure functions are fairly robust to
the choice of a threshold density in the range of plus or

minus 25% of 635 kg ha™'. At higher threshold densi-
ties, there is a tendency for the conditional probability
of high fish density to decline more rapidly than at lower
thresholds, so that baseline levels are reached at ~20 km
rather than 30 km. Consequently, inaccuracies of this
magnitude in the length-TS relationship for hake or in
the assumed 50% capture efficiency of midwater trawls
would not cause a severe bias. These results suggest that
if a vessel moves more than ~30 km away from its cur-
rent fishing location, its probability of encountering high
densities of hake is similar to the probability at a loca-
tion chosen at random within potential hake habitat.
Consequently, these results provide the rationale for
the statistical analysis of vessel movement, where a move-
ment ot greater than 30 km between trawling locations
is assumed to represent a decision by the fishing vessel
to leave a local area of high density.

Catch Rate Model

Since the objective of fitting the Poisson regression
model to the catch rates was to obtain a set of catch rate
residuals for additional analysis, I present only general
features of the model. For each year 1991-95, both terms
in the model, vessel and time of day, are highly signifi-
cant (p < 0.001). The high significance level indicates
that vessel and time of day are important influences on
the catch rate, but this result is at least partly due to the
large amount of observational data available for fitting
the model (table 1). The GAM analogue to the coeffi-
cient of determination—1.0 minus the ratio of the model
deviance to the deviance for a null (mean) model
(Swartzman et al. 1992)—ranged from 25.5% in 1991
to 43.9% in 1993. The relatively low r? values suggest
that there is considerable variation in catch rates not ex-
plained by the model.

Model results are best interpreted by looking at model
predictions rather than by directly examining the model
coefhicients. Most vessels tended to have similar predicted
noon catch rates, although in each year, several vessels
had predicted catch rates that were more than twice those
of the rest of the fleet (figure 5). Figure 5 shows the pre-
dicted catch rates only for 1993, but the pattern for the
other years was similar. In particular, vessels with higher
catch rates in 1993 consistently experienced higher catch
rates than the rest of the fleet throughout 1991-95. These
variations may be explained by differences in vessel or
net characteristics, variation in fishing skill, or difter-
ences in fishing strategy. For example, some vessels may
spend more time searching, but target only the highest
densities they encounter while searching.

The GAM smooth term for time of day (mean of
set and retrieval times) generally shows an increase in
catch rate at ~0600, and a decline at ~1800 (all times are
Pacific Daylight Time, UTC+7; figure 5). Sunrise and
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Figure 6. Mean catch rate residual versus intertraw! distance (distance
between successive haul retrieval locations) for factory trawlers during
1991-95.

sunset on 1 May at 45°N, 125°W (the approximate lo-
cation of Heceta Bank off central Oregon) occur at 0611
and 2024, suggesting that the diel variation in catch rates
is closely coupled to ambient light levels. In 1992, fish-
ing was prohibited during nighttime (from midnight to
one hour after official sunrise) to reduce the bycatch of
chinook salmon. In contrast to other years, the GAM
smooth term for 1992 does not show an increase in the
predicted catch rate at sunrise. In 1991, 1992, 1994, and
1995, catch rates peaked in midmorning (~1000), but
in 1993, for reasons that are unclear, they peaked in the
afternoon instead. Figure 5 shows the predicted diel pat-
tern in catch rate for only a representative vessel in all
years. Since the additive predictor for Poisson regression
is log-linear, the pattern for other vessels would simply
be scaled upwards or downwards by a multiplicative
factor. The mean catch rates for the entire factory trawler
fleet were similar in 1991-93 and 1995, whereas in 1994
the catch rate was 43% higher than the average for the
other years (table 1).

The catch rate residuals (cr, — ér) have a nearly sym-
metric distribution, with a mean of zero (as expected)
and a median of —7.16 t hr™ . There are a few extremely
large positive residuals (maximum 1,628.0 t hr ™ 1), sug-
gesting that some skewness is present. However, only 1%
of the residuals are larger than 218.5 t hr ' A plot of
the mean catch rate residual versus intertrawl distance
provides additional support for the use of a 30-km in-
tertraw] distance to indicate the decision to move to a
new area (figure 6). For intertrawl distances less than ~30
km, the mean catch rate residual decreases with increased
intertrawl distance, whereas at distances greater than ~30
km, the mean catch rate residuals are strongly negative,
and show no consistent relationship with intertrawl
distance. This suggests that the pattern of spatial corre-
lation detected in the acoustic survey data is perceived
in a similar way by fishing vessels.
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GAM Models of Vessel Movement

The sequence of terms assessed in the models con-
sisted of (1) the catch rate residual for the most recent
haul; (2) a weighted average of previous hauls within 30
km, including an assessment of the appropriate expo-
nential weighting coefficient to use; and (3) the num-
ber of other vessels operating nearby. This order was
established so that the most recent information on the
target species would be assessed first, while information
that is less recent, or less sure (in the case of informa-
tion on the activity of other vessels) would be addressed
subsequently. Trial models with a term for the number
of vessels added first showed smaller declines in deviance

Latitude N

Longitude W

Figure 7. Path of a single factory trawler during a 28-day opening in 1994,
constructed by connecting the haul retrieval positions with straight lines. Solid
lines connect consecutive haul retrieval locations less than 30 km apart;
dashed lines connect those farther than 30 km apart. The E-W scale on this
figure has been expanded to better depict the fine-scale structure of the path.
The box is 30 km square.
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than models with a term for the catch rate residuals added
first. This suggests that the order in which terms were
evaluated was a reasonable approach.

Before fitting models, I conducted several exploratory
data analyses. Figure 7 shows the path of a single vessel
during a 28-day opening in 1994, constructed by con-
necting the haul retrieval positions with straight lines.
Searching behavior between hauls would, of course, not
appear on this figure. The distribution of between-trawl
move distances during 1991-95 has a mean of 14.2 km,
a median of 8.0 km, and is skewed significantly to the
right (figure 8). Out of a total of 6,914 valid observa-
tions for 1991-95, 530 (7.7%) consisted of move dis-
tances greater than 30 km, the criterion assumed to
indicate a decision to move to a new area.

A comparison of models with linear and smooth terms
for the catch rate residual of the immediately preceding
haul evaluated whether there was significant nonlinear-
ity between the catch rate residual and the probability
of movement. I selected a span width of 0.5 for the
smooth term by fitting a series of trial models with vary-
ing span widths for the 1994 data, and choosing a width
that provided enough flexibility to capture the nonlin-
earity in the data, but did not result in an excessive amount
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Figure 8. Frequency distribution of the distances between successive haul
retrieval positions for factory trawlers in the Pacific hake fishery, 1991-95.
The final bar of the histogram includes all distances greater than 100 km.

of roughness in the smooth term. The addition of a
smooth term for the catch rate residual for the imme-
diately preceding haul was significant at a = 0.05 in
the GAM models for four out of the five years (table 2).
P-values based on likelihood ratio tests (Hastie and
Tibshirani 1990) for adding the nonlinear smooth term
ranged from <0.001 in 1991 to 0.128 in 1993.

TABLE 2
Analysis of Deviance for Logistic Regression GAMs for the Probability of Vessel Movement in 1991-95
Year Model® Residual df Residual dev. A dft A dev. P-value©
1991 Null 1908.0 1046.1 — — —
+ linear CR. 1907.0 1013.3 1.0 32.8 0.000
+ smooth CR. 1902.2 991.1 4.8 22.2 0.000
T AVGCR 1902.3 983.9 —0.2 7.2 No test
+ NVESS 1898.1 933.8 4.2 50.1 0.000
1992 Null 1680.0 1052.4 — — —
+ linear CR. 1679.0 1037.9 1.0 14.4 0.000
+ smooth CR. 1673.6 1025.6 5.4 12.3 0.039
+ AVGCR 1673.7 1012.5 —0.1 13.2 No test
+ NVESS 1670.4 970.7 3.3 41.8 0.000
1993 Null 1201.0 533.9 — — —
+ linear CR. 1200.0 527.8 1.0 6.1 0.014
+ smooth CR 1194.9 5191 5.1 8.7 0.128
+ AVGCR 1195.0 516.1 —-0.1 3.1 No test
+ NVESS 1191.3 4977 3.7 18.4 0.001
1994 Null 1176.0 468.2 — — —
+ linear CR 1175.0 464.8 1.0 3.4 0.065
+ smooth CR. 1170.0 446.1 5.0 18.7 0.002
+ AVGCR 1170.2 442.0 —0.2 4.1 No test
+ NVESS 1166.8 435.2 3.4 6.7 0.107
1995 Null 943.0 603.1 — — —
+ linear CR 942.0 582.1 1.0 21.1 0.000
T smooth CR 937.5 570.5 4.5 11.6 0.030
+ AVGCR 937.4 556.1 0.1 14.4 No test
+ NVESS 932.9 537.6 4.5 18.5 0.002

*Terms in additive predictor: null—intercept term only; linear CR—linear term for catch rate residual of the most recent haul; smooth CR—smooth term
for catch rate residual; AVGCR—smooth term for the weighted average of catch rate residuals within 30 km using an exponential coefficient of 3.5;
NVESS--smooth term for the number of vessels operating within 15 km over the previous 6 h. Terms were added to the models in the order they occur in
the table. The “+” symbol indicates that the term has been added to the model; the “1” symbol indicates that the term replaces the previous term.

PThe degrees of freedom for smooth terms quantify the degree of “smoothness” of the term (Hastie and Tibshirani 1990).

¢P-values (from a )(ZM/. distribution) are for a likelihood ratio test of the change in deviance between models.
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Figure 9. Generalized additive model (GAM) predictions of the probability of
movement as a function of the catch rate residual for the most recent haul.
The upper and lower limits of the x-axis are the 0.05 and 0.95 quantiles of the
catch rate residual.

The smooth term for the catch rate residual for each
year consistently shows an increased probability of move-
ment with declining catch rates (figure 9). Although
there are some differences between years, in general
the predicted probability of movement is low when the
catch rate residual is positive, increases relatively rapidly
when the catch rate residual becomes negative, then
remains stable at higher levels with further decreases in
the catch rate residual. To address whether these results
were being driven by the behavior of only a few vessels,
models with individual terms for vessel were fit for 1993
and 1994 by means of regular logistic regression. Patterns
of increasing probability of movement with declining
catch rates were consistent for all vessels, although there
was considerable variation in the slope and the inflec-
tion point of the logistic curves.

To model the role of earlier information in the deci-
sion to leave an area, it was necessary to consider which
hauls would be used and how much influence they should
have. Certainly, recent nearby hauls should receive the
most weight, but during the course of a fishing season
a vessel moves several times, and often returns to a lo-
cation that was fished earlier in the season. The partic-
ular summary of previous experience used for this analysis
was an exponentially weighted average, m,, of previous
hauls, such that the catch rate residual for the most re-
cent haul received a weight of 1.0, and previous hauls
within 30 km of that haul received progressively less
weight the further back in time that they occurred:
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Figure 10. Deviance profiles for 1991-95 of the exponential coefficient (r)
in the exponential average summarizing previous fishing experience. The far-
thest right point of the profile is the deviance for a model with only the most
recent haul. The bold line is the mean for all years.

where i(k) is an indicator function that takes the value
1.0 if the kth haul is within 30 km of the jth haul and
zero otherwise; ¢ (k) is the time in days from the kth haul
to the jth haul; and r is an exponential coefficient that
governs the rate that the catch rate residuals from ear-
lier hauls are down-weighted relative to the most recent
haul. This summary of previous fishing experience was
calculated on a vessel-by-vessel basis, not for the fleet
as a whole.

The key parameter in this approach to modeling past
information is the exponential coefficient, r. To gain
some insight into the appropriate choice for r, I obtained
deviance profiles across r for each year by varying r in-
crementally from 0.5 to 10 in steps of 0.5. Although the
shape of the r profile differed between years, in each year
there was a value of r that resulted in a lower deviance
than the model which used only the most recent catch
rate residual (figure 10). The minimum deviance 7 val-
ues were generally in the range of 2.0-6.5 (which imply
half weights of 2.5-8 hrs). The value of r with mini-
mum deviance for all years was 3.5, which results in a
half weight of 4.8 hrs; that is, a haul retrieved 4.8 hrs
before the current haul receives half the weight in the
weighted average. The average time between haul re-
trievals on a factory trawler is usually about 5 hrs (mean
haul duration 2.5 hrs, mean time between hauls 2.5 hrs).
This suggests that the decision to leave an area is based
on information from only the most recent 1-2 hauls.
The change in deviance for r = 3.5 ranged between 3.1
in 1993 and 14.1 in 1995 (table 2), but no attempt was
made to associate p-values with these changes in deviance.
Determining the appropriate degrees of freedom for the
likelihood ratio test is difficult because of correlation in
the catch rates of successive hauls, and the choice of
the exponential coefficient r used in the weighted average.
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Figure 11. Frequency distribution of local fishing activity during 1991-95
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Figure 12. Generalized additive model (GAM) predictions of the probability
of movement as a function of local fishing activity for 1991-95. Predictions
are for a model with two terms: an exponential average of the catch rate
residuals for previous hauls, and local fishing activity. The catch rate residual
term was fixed at zero to produce the model predictions.

The influence of local fishing activity on the decision
to leave an area was examined next. Similar issues about
the choice of an appropriate spatial and temporal frame
to summarize information on local fishing activity must
be addressed. The summary of local fishing activity used
for this analysis was a simple count of the number of
unique vessels (both catcher processors and catcher boats
delivering to mother ships) within 15 km that had con-
ducted trawling operations within the previous 6 hrs.
Fifteen kilometers is an approximation of the range of
sight from a vessel at sea. This summary of local fishing
activity ranged from 0 to 12 vessels, with a mean of 2.6
vessels (figure 11). Nineteen percent of the time there
were no other vessels within 15 km. The GAM smooth
terms for local fishing activity show a decrease in the
probability of movement with increasing local fishing
activity (figure 12). The smooth terms are fairly linear
throughout their range. The smooth terms are signifi-
cant at o = 0.05 in all years except 1994 (table 2).

DISCUSSION AND CONCLUSIONS

The analysis of acoustic survey data indicated that the
spatial correlation extended to 25-35 km. These results
are generally comparable with other research on similar
species. Sullivan (1991) found that spatial correlations of
spawning pollock in Shelikof Strait, Alaska, extended to
about 30 km. Other analyses of survey or fishery data
have reported spatial-correlation ranges. For haddock on
Georges Bank the range is 9 nmi (Polacheck and Vglstad
1993); for hoki off New Zealand, the range is 11 nmi
(Vignaux 1996a).

The factors that produce spatial correlation in fish pop-
ulations are poorly understood. Ultmately, the physical
oceanography of the summer feeding habitat of Pacific
hake probably determines its correlation structure. In-
stability in the California Current mean flow produces
mesoscale meanders and eddies that are sites of enhanced
primary production (Abbott and Zion 1987) and that
create fronts which concentrate zooplankton, including
euphausiids, the primary food of Pacific hake (Rexstad
and Pikitch 1986; Mackas et al. 1991). The spatial scale
of these mesoscale oceanographic features is determined
by the baroclinic Rossby radius of deformation, which
is ~25 km in midlatitudes oft the West Coast (Thomson
et al. 1992). If Pacific hake concentrate in areas of high
zooplankton density, aggregations may occur in asso-
ciation with these mesoscale oceanographic features.
However, this is an area of active research, and additional
work 1s needed to elucidate the biophysical linkages be-
tween the physical environment and regions of high
fish abundance.

The geostatistical analyses of Pacific hake spatial struc-
ture demonstrate the importance of considering the spa-
tial characteristics of fish populations when interpreting
vessel movement patterns. Other research on fishing be-
havior has usually imposed ad hoc models of decision
making by looking at movement between arbitrary geo-
graphic blocks or statistical reporting areas, which may be
unrelated to how fishermen perceive their environment
(Hilborn and Ledbetter 1979; Gillis et al. 1993; Vignaux
1996b). Eales and Wilen (1986), however, examined fish-
ing location choice in a shrimp fishery where the poten-
tial fishing area was divided into smaller regions based on
fishing patterns. The structure function illustrates how
the foraging landscape would be perceived by a fishing
vessel that requires a threshold fish density in order to
operate profitably. To estimate the structure function,
however, it was necessary to link fishery catch rates with
acoustically measured fish densities by making some fairly
crude assumptions about the capture efficiency of com-
mercial fishing gear. Independent information is needed
about the level of fish density that can support fishing
activity, such as might be obtained by placing a calibrated
echo sounder on a commerecial fishing vessel.
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The results of the GAM models of vessel movement
showed that there 15 a low probability that a vessel will
leave a foraging area when its catch rate is higher than
its expected catch rate. The probability of moving in-
creases sharply when catch rate residuals become nega-
tive. This result generally agrees with the Arditi and
Dacorogna (1988) prediction of a threshold prey den-
sity that triggers movement by the forager. But the re-
sults also suggest that there may be additional factors
involved in the decision to move. Although the proba-
bility of moving is clearly a nonlinear function of the
catch rate residual on a logistic scale, there is no evi-
dence of a discontinuity. This may in part be due to
the GAM approach to modeling, which estimates smooth
terms in an additive predictor. Also, the probability of
movement for negative catch rate residuals is between
0.05 and 0.15, which indicates that fishing vessels still
have a fairly low probability of leaving an area when their
catch rates are below average. Since factory trawlers usu-
ally target their midwater nets on acoustically detected
aggregations of fish, the ability to locate a suitably dense
aggregation may play an important role in the decision
to move.

The GAM models of vessel movement showed that
an exponentially weighted average of previous hauls with
a half-weight of approximately 4.8 hours was more suc-
cessful at predicting movement than only the catch rate
residual of the most recent haul. This result suggests that
vessels base their decisions on relatively short time frames.
Evaluating different frame lengths is a new approach to
interpreting fishing behavior, but similar approaches have
been used with bumblebees in artificial foraging envi-
ronments (Real 1991). Previous research on fishing be-
havior has assumed an arbitrary time window over which
experience is averaged, typically one day (Eales and Wilen
1986; Vignaux 1996b) or one week (Hilborn and
Ledbetter 1979; Gillis et al. 1993). The time frame that
the vessels use to evaluate fishing success may be related
to the temporal persistence of hake aggregations and also
to the inherent stochastic variation in the catch rates. If
hake aggregations are extremely transient, earlier infor-
mation would rapidly become useless as a predictor of
current conditions. A fishing vessel that used an inap-
propriate weighting scheme would remain too long in
an area where the fishing is no longer good or, con-
versely, would leave too soon and spend an excessive
amount of time in transit between areas.

The tendency for vessels to be less likely to leave an
area if there are other vessels nearby is an advantageous
strategy from two perspectives. First, the presence of
other vessels in an area suggests high fish densities.
Information on the local density of fishing vessels can
be collected easily and quickly in comparison to sur-
veying an area acoustically or by test fishing. Second,
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each vessel fishing in the same area can be certain that
no other vessel has a higher average catch rate than it
does. This is particularly important in a fishery that is
managed with a fleetwide quota. If only a few days re-
main to the close of season, a risk-averse strategy such
as fishing near other vessels will guarantee that the re-
maining quota will be shared equally among vessels.
Searching for a new area with higher catch rates runs
the risk that the season will close before higher catch
rates can compensate for the time spent searching or in
transit. Since the north-south variance in trawling loca-
tions in the at-sea fishery typically decreases toward the
close of the season, there is some evidence that the spa-
tial distribution of fishing activity is affected by these
considerations.

Vignaux (1996b) conducted a similar analysis of fish-
ing behavior in a trawl fishery for hoki off New Zealand.
Instead of using a GAM model to predict vessel move-
ment as a function of catch rates, Vignaux (1996b) tested
for differences in the probability of movement when the
catch rates were below and above average. Vignaux’s re-
sults regarding the effect of low catch rates were similar
to those in this paper, suggesting that this may be a com-
mon characteristic of fishing behavior.

The GAM models for vessel movement developed in
this paper offer advantages over the more ad hoc ap-
proaches that have been used up to now to study fish-
ing behavior. The GAM models allow a more detailed
examination of vessel response. For example, my eval-
uation of nonlinearity in the response to declines in catch
rates would have been difficult with conventional ap-
proaches. Also, GAM models provide a unified frame-
work for evaluating different sources of information and
other attributes of the catch in addition to the catch rate.

One of the initial objectives of this research was to
investigate vessel responses to salmon and rockfish by-
catch. In addition to the catch rate of the target species,
decision making may depend on the amount of bycatch
and other attributes of the catch, such as the mean size
or sex ratio of the target species. But it became evident
that observer sampling procedures and record keeping
do not provide enough information for such analysis.
Since bycatch estimates are often derived from a small
sample of the catch, sampling variability may occasion-
ally result in unrealistic bycatch estimates for individual
hauls. This sampling variability is not a problem when
the objective is to estimate the bycatch for the entire
fleet, but it does present difficulties for the statistical mod-
els developed in this paper, where accurate information
is needed for each haul. In addition, observers sample
only a subset of hauls for species composition, ranging
from 35% to 70%. Consequently, it is difficult to assess
decision making based on more than one haul. The
cumulative bycatch over a number of hauls may be a
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more important predictor of vessel response than by-
catch from a single haul.

The spatial structure of salmon and rockfish distrib-
ution is also likely to differ in scale from that of Pacific
hake. An analysis of the spatial correlation of bycatch
species is a prerequisite for developing models of vessel
response to bycatch. Methods developed by Vignaux
(1996a) using fishery data to analyze spatial structure in
the distribution of the target species may also be ap-
plicable to bycatch species. Since observers record only
the retrieval locations of hauls, the spatial resolution of
the observer database is not adequate to examine spa-
tial correlation and vessel movement at smaller scales
than those examined in this paper. Once the spatial scale
of the bycatch species has been identified, vessel responses
at this scale could be explored with the techniques de-
veloped in this paper. Since bycatch is an important con-
cern in managing the Pacific hake fishery, expanded data
collection procedures in the fishery should be considered.
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