Abstract—A bottom trawl catch of flat-
fish is composed of fish that were ini-
tially in the path of the trawl net and
fish that were initially in the path
of the bridles and were subsequently
herded into the net path. Bridle effi-
ciency (i.e. the proportion of fish in the
bridle path that are herded into the
net path) for seven species of flatfish
was estimated by fitting a model of
the herding process to data collected
during a field experiment. The exper-
iment consisted of repeatedly making
trawl hauls with three different bridle
lengths. The model was then fitted to
the catch of each species, by length
class, as a function of the widths of the
net and door spreads at the three bridle
lengths. Bridle efficiency was indepen-
dent of body length for five species
(yellowfin sole, Limanda aspera; flat-
head sole, Hippoglossoides elassodon;
rock sole, Lepidopsetta bilineata; Dover
sole, Microstomus pacificus; rex sole,
Glyptocephalus zachirus) and ranged
from 0.22 for rex sole to 0.40 for
rock sole. Bridle efficiency declined
with increasing body length for two
species (English sole, Parophrys vetu-
lus; Pacific sanddab, Citharichthys sor-
didus), ranging from about 0.35 to 0.10
over the lengths sampled.
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Swept-area estimates of biomass pro-
duced by bottom trawl surveys are typ-
ically used as relative indices of stock
size rather than absolute measures
because the sampling efficiency of the
trawls!? is rarely known. As a means
to estimate trawl efficiency, Dickson
(1993a) developed a model describing
the trawling process and the associated
fish behavior from an undisturbed state
before arrival of a fishing vessel until
passage of a trawl codend. For benthic
species that remain closer to the sea
bottom than the head-rope height, this
model specifies that trawl efficiency is
primarily determined by two processes:
escapement of fish out of the net path
by passing either under the footrope or
through the mesh (net efficiency) and
herding of fish into the net path by the
doors, mudclouds, and bridles (bridle
efficiency). In our study, we focused on
fish herding, considering the problem
of quantitatively estimating bridle effi-
ciency or the proportion of fish encoun-
tering the bridles that are herded into
the net path.

Underwater observations of trawls in
operation have revealed that the pro-
cess of herding differs between semi-
pelagic species, such as Atlantic cod
(Gadus morhua) and haddock (Melano-
grammus aeglefinus) that tend to swim
near the bottom, and benthic species,
such as flatfish that often remain in
direct contact with the bottom (Main
and Sangster, 1981b). Atlantic cod are
apparently stimulated to herd by the
sight of the trawl doors and the mud-
clouds that form in the wake of the
doors, whereas flatfish are stimulated
to herd by the close proximity or ac-
tual touch of the doors and lower bri-
dles as they sweep along the bottom
(Hemmings, 1969; High, 1969; Marty-
shevskii and Korotkov, 1969; Main and

Sangster, 1981a, 1981b). Flatfish, once
stimulated to move, tend to swim a
relatively short distance in a direction
perpendicular to the bridles where they
slow down or settle on the bottom un-
til the bridle again overtakes them.
This pattern is usually repeated, pro-
ducing what appears to an observer on
the trawl headrope as a zigzag path to-
ward the center of the trawl footrope
(Main and Sangster, 1981b). While this
is occurring, however, flatfish may ei-
ther swim over the bridle or become ex-
hausted and be overtaken by the bridle
and thereby escape the herding pro-
cess. Bridle efficiency is determined by
the relative frequency of such events.

Perhaps because the mechanism of
herding seems more obvious for flatfish
than other types of fish, the earliest
mathematical models of fish herding
were based on the contact-swim-con-
tact pattern of flatfish herding (Hem-
mings, 1969; Foster et al., 1981; Fuwa
et al,. 1988; Fuwa, 1989). These models
were focused on individual fish and typ-
ically considered both the physical as-
pects of the trawl, such as shape and
speed, as well as the biological aspects
of the fish, such as size and endurance.
Although these models provided a more
structured way of examining fish herd-
ing and allowed the quantitative eval-
uation of the relative importance of
the various aspects of the process, they
were of limited use in estimating bri-
dle efficiency of specific trawls because
some of the required parameters were
unknown or difficult to estimate.

The approach to modeling fish herd-
ing changed markedly after Engas and
Godg (1989a) conducted trawling ex-

1 Throughout this paper, we will refer to the
trawl as an entire fishing gear comprising
the net, bridles, and doors.
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periments to quantitatively examine the effects of varia-
tions in bridle length on catch for each area and fish size.
Reasoning that the changes in catch that accompanied the
changes in bridle length provided information on the ef-
ficiency of herding, Dickson (1993b) estimated the bridle
efficiency coefficients for Atlantic cod and haddock by fit-
ting a simple linear model of the trawl herding process to
data from Engas Godg’s (1989a) experiments. Ramm and
Xiao (1995) conducted a similar trawl herding experiment
and developed a new type of herding model appropriate
for cases in which escapement at the center of the trawl is
zero.

In our study, we extended Dickson’s (1993a) herding
model so that it is more specific to the peculiarities of flat-
fish herding and additionally extended Dickson’s (1993b)
approach to fitting the model to data by providing a more
rigorous statistical foundation. The model was then ap-
plied to herding data for the 83-112 Eastern bottom trawl
(Armistead and Nichol, 1993) used by the Alaska Fisher-
ies Science Center (AFSC) to conduct its annual bottom
trawl survey of the Eastern Bering Sea. These data were
collected during two herding experiments, patterned af-
ter those of Engas and Godg (1989a), in which emphasis
was placed on seven species of flatfish: yellowfin sole (Li-
manda aspera), flathead sole (Hippoglossoides elassodon),
rock sole (Lepidopsetta bilineata), English sole (Paroph-
rys vetulus), Dover sole (Microstomus pacificus), rex sole
(Glyptocephalus zachirus), and Pacific sanddab (Cithar-
ichthys sordidus).

Materials and methods

Development of the herding model

Consider that the area of the bottom swept by a trawl con-
sists of two components, the area between the wingtips
of the net (net path), and the area between the wing tips
and the doors (bridle path; Fig. 1). The catch (N) obtained
in a trawl can be represented as some proportion, k, of
the number of fish in the net path (N_) plus some propor-
tion, P, of the number of fish in the bridle path (N,). If the
probability of capture for a fish herded into the net path is
identical to that of a fish initially in the net path, then P
can be considered equal to k k,, where k; is the bridle effi-
ciency? or the proportion of fish within the bridle path that
is herded into the net path. Algebraically this is expressed
as

N = kN, + K kN, @)

The numbers of fish within the net and bridle paths are
equal to the fish density (D) multiplied by the path areas,
that is,

2 In Dickson (1993a) this same quantity is referred to as sweep
efficiency (k). We use the term “bridle efficiency” because the
83-112 Eastern trawl does not have sweeps connecting the bri-
dles to the doors as does the trawl considered by Dickson.

N, = DLW,
@)
N, = DL (W, - W,),

where L = tow length;
W,, = the width of the net path; and
W, = the width of the door path (Fig. 1).

Combining all terms, the total catch then can be expressed
as

N =k, DLW, + kk,DL (W4 —W,). @)

At this point the model is quite similar to the one proposed
by Dickson (1993a) to describe the trawl catching process
for Atlantic cod and haddock. We now modify the model to
make it more specific to flatfish by considering that herd-
ing is restricted to the portion of the bridle path in which
the lower bridle is in contact with the bottom. This can be
expressed as

N = k,DLW,, + k,hDL (W, — W, — W), 4

where W, = the width of the path in which the bridle is
not in contact with the bottom; and
h = the herding coefficient or the proportion of
fish in the bridle contact path that is herded
into the net path.

Thus, k, is the average efficiency over the entire bridle
path and h is the average efficiency in the portion of the
bridle path where herding actually occurs.

Description of the herding experiments

The strategy that we used in our herding experiments
was to repeatedly trawl in such a way that the width of
the net path was held approximately constant, whereas
the width of the door path was varied among three dis-
tances by changing the length of the bridles. The first of
two herding experiments was conducted 25 July—2 August
1994 aboard the FV Arcturus in the eastern Bering Sea
and focused on yellowfin sole, flathead sole, and rock sole.
The second experiment was conducted 14-25 September
1994 aboard the RV Alaska off the coast of Washington
State and focused on English sole, Dover sole, rex sole, and
Pacific sanddab. For both experiments, we used a blocked
sampling design to minimize the effects on catch of the
spatial variation in fish density. In each geographic block,
three nearby, but nonoverlapping, 30-min trawl hauls at
a speed of 1.5 m/s were made with each of three bridle
lengths chosen in random order. Bridles measured 27 m,
55 m (the standard length used on AFSC surveys), and
82 m in length and were constructed of 16-mm diameter
steel cable. Tailchains connecting the doors to the bridles
(Fig. 1) were always constructed of 13-mm diameter long
link chain but differed in length between vessels (Table 1).
Trawl doors were always a “V” style measuring 1.8 m x
2.7 m and weighing 910 kg. On all hauls, spreads of the
doors were measured at the tops of the wings simultane-
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tail chain length

bridle length

Figure 1
Definitions of the trawl measurements. Included are the tailchain length, bridle length, length of the
bridle not in contact with the bottom (L ), width of the door path (W), width of the net path (W,),
width of the bridle path not in contact with the bottom (W), and bridle angle (a).

ously and continuously with an acoustic trawl mensura-
tion system. Tow length was measured as the straight line
distance between the GPS positions of first and last foot-
rope contact with the bottom determined with a time-depth
recorder attached to the headrope. Bottom temperature
was recorded at two second intervals with a bathyther-
mograph and averaged 3.0°C during the eastern Bering
sea experiment and 7.0°C in the West Coast experiment.
Bottom depth averaged 76 m during the eastern Bering sea
experiment and 67 m in the West Coast experiment. The
catch from each haul was first sorted to species; then the
catch of each species was weighed in the aggregate and fish

of each species were individually measured for total length
in centimeters. Both experiments were conducted during
daylight hours to best approximate the sampling protocol
used on most AFSC bottom trawl surveys.

Estimating W

The herding experiments provided data on N, L, W, and
W,,, but obtaining data to estimate W required a differ-
ent type of experiment. We obtained the necessary data by
directly observing the contact of the lower bridle with the
bottom on an experimental cruise conducted 9-12 Septem-
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Table 1
Trawl configuration parameters for each herding experiment. Included are the bridle and tail chain lengths that were used, the
number of sampling blocks occupied, and the means and standard deviations (in parentheses) of the wing spread, door spread, and
bridle angle. Also included are the mean values for the bridle off-bottom path width (W;). WA = Washington State.
Wing Door Bridle Bridle off-bottom
Bridle Tailchain Number spread spread angle path width
length length of (m) (m) (deg) (m)
Experiment (m) (m) blocks w,) Wy) (a) (Wosp)
Bering Sea 27.3 13.9 15 18.0 (0.6) 446 (2.1) 18.9(1.2) 233
54.6 13.9 15 17.3 (0.6) 58.7 (2.9) 17.6 (1.0) 21.8
81.6 13.9 15 17.1 (0.5) 71.6 (3.7) 16.6 (1.0) 20.5
West Coast (WA) 27.3 8.0 19 17.7 (0.3) 41.9 (0.7) 20.0 (0.5) 24.1
54.6 8.0 19 17.1 (0.6) 57.5 (1.5) 18.8 (0.7) 23.1
81.6 8.0 19 16.8 (0.3) 70.0 (1.5) 17.3 (0.5) 21.3
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ber 1995 aboard the RV Alaska off the coast of Washington
State using the 83-112 Eastern trawl equipped with stan-
dard 55-m bridles. The experiment consisted of recording
views of the lower bridle with a silicon-intensified target
(SIT) video camera while the trawl was in operation. The
camera was mounted in a positively buoyant case attached
to the upper bridle with a 1-m tether line and aligned so
that the lower bridle directly below the attachment point
could be viewed. The tether was positioned at 5-m inter-
vals between 23 m and 43 m behind the doors. One 15-min
tow at each of the five bridle positions was taken at both
depths of 20 m and 35 m.

The video tapes were subsequently analyzed to deter-
mine the degree of bottom contact at each bridle position.
This was done by viewing each tow at ten randomly chosen
10-sec sampling intervals. Bottom contact was recognized
by the presence of sediment that is mixed into the water at
the point of contact. Because the bottom is irregular, when
the bridle has weak contact, just the tops of the irregulari-
ties are touched, whereas when the bridle has strong con-
tact, the entire bottom in the field of view is touched. The
average percentage of the bridle in the field of view that
was in contact with the bottom was scored according to the
following four-level scale: 1) no contact, 2) <25% contact, 3)
>25% and <75% contact, 4) >75% contact. The degree of bot-
tom contact at each bridle position and depth was then es-
timated as the mean of the ten evaluations.

The length of the bridle not in contact with the bottom
(L Fig. 1) was defined as the distance between the at-
tachment of the tailchain to the door and the point along
the bridle where bottom contact was 50%. To estimate L ,
a logistic function was fitted to the bottom-contact and bri-
dle-position data with generalized linear modeling (Ven-
ables and Ripley, 1994), then the fitted logistic equation
was evaluated at a bottom contact score of 3.0 (i.e. bottom
contact >25% and <75%). Variance of L was estimated
with bootstrapping (Efron and Tibshirani, 1993), where
the bootstrap samples were obtained by randomly choos-
ing, with replacement, from the haul mean scores at each
bridle position.

In subsequent analysis, L was treated as a constant
for all three bridle lengths and for both vessels. However
the variable actually used in the herding model, W , was
calculated as L multiplied by the sine of the bridle an-
gle (Fig. 1) and therefore varied slightly between bridle
lengths and experiments because the bridle angle varied.

In addition to the camera placements for measuring
L+, we also made placements at bridle positions both clos-
er to the doors to examine for any evidence of herding in
the area where the lower bridles were not in contact with
the bottom and closer to the wing tips to determine if bot-
tom contact was maintained continuously near the junc-
tion of the bridle and wing.

Fitting the model to the herding data

The herding model (Eq. 4) was modified in several ways to
clarify the way it was fitted to the experimental data and
to better define its underlying statistical structure. First,
because of the block design of the experiment, fish density
(D) was considered to be a constant within each block but
to vary between blocks. Furthermore, net efficiency (k)
was also considered to be a constant for all tows within
a block because depth and other bottom conditions are
nearly constant but vary between blocks. Because D and
k., are both block-specific constants and are confounded
in the model, they were combined into a new constant
k. Second, herding can vary with fish length (Engés and
Godg, 1989a; Dickson, 1993b), therefore Equation 4 was
modified to allow length dependency. The modified equa-
tion is

Ny = ki[LWn]ij + kihk[L(Wd -W, —W_) ;i tE (%)

where the subscript i = block number;
j = bridle length within a block;
k = fish length class and
€=~ N(0, o).
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For each size class, fitting Equation 5 to the herding da-
ta required estimation of N+1 parameters, where N is the
number of blocks sampled (i.e. a unique value of k for each
block and a common value of h for all blocks). Because the
model is nonlinear, because of the product of k and h, it
was fitted to the catch and trawl measurement data by us-
ing nonlinear regression (Venables and Ripley, 1994). Fish
length classes used in the calculations were chosen such
that the number of length observations was approximate-
ly equal among classes. Ten length classes were usually
chosen, but for species with narrow length ranges, as few
as eight were used. After fitting the model, estimates of
the variances of the parameters were obtained from the
inverse of the information matrix (Seber and Wild, 1989).

Bridle efficiency (k,) for each size class was calculated
from the estimated value of the herding coefficient (h) by
using the relationship

.0 Wy O
%= E W, -w B ©)

Although up to this point h was treated as a constant for
all bridle lengths, k, is not a constant because the propor-
tion of the bridle path in contact with the bottom will vary
with bridle length. Therefore k, was evaluated only for the
standard bridle length. Variance of k, was approximated
as

W, f
var(k,) = El_(\/\/d—jf{/\/)ﬁ var(h). )

Although the model that we used allows for length-
dependent herding, herding may not be a length-depen-
dent process in all species. We performed a simple test
of linear length-dependency by regressing the estimated
values of k, on the midpoints of the associated length in-
tervals. For species in which the slope was not significant-
ly different from zero, the herding model was refitted to
the data with all length intervals combined. For species in
which the slope differed significantly from zero, we calcu-
lated a functional relationship between k, and fish length.
Among the possible relationships examined, the best fit
was obtained with the exponential model

k, =a+ bexp (cL), (8)

where a, b, ¢ are parameters; and
L = the midpoints of the length classes.

Model fitting was done by using nonlinear regression.
Variance of the predicted value of k, was estimated with
bootstrapping (Efron and Tibshirani, 1993), where the
bootstrap samples were obtained by sampling the resid-
uals from the regression, with replacement, and adding
them to the predicted values of k,. The functional relation-
ship between the standard deviation of k, and fish length
was approximated by using a parabolic model fitted by
linear regression.

One implicit assumption of the herding model is that h
is constant for all three bridle lengths. We tested the va-
lidity of this assumption by comparing the goodness of fit
of a modified version of the herding model to that of the
original. In the modified model, the herding coefficient was
represented as

h, = h+dL,
where h, = the herding coefficient at bridle length L;
h = the mean herding coefficient for all bridle

lengths;

d = afree parameter; and

L = a coded value of bridle length equal to -1, 0, 1
for the short, medium, and long bridles (with
this notation, negative values of d indicate
that h, declines with increasing bridle length).

Because this is a comparison of two nonlinear models with
differing numbers of parameters, we used as a measure
of fit the penalized sum of squares; that is, RSS/(n-2p),
where RSS is the residual sum of squares, n is the number
of data values, and p is the number of parameters (Hilborn
and Mangel, 1997, page 115). A linear change in h, is con-
sidered significant when the penalized sum of squares for
the modified model is less than that for the original model.

Results

Herding experiments

Fifteen blocks were completed in the Bering Sea herding
experiment; 19 blocks were completed in the West Coast
herding experiment. Although the intention of the experi-
ments was to maintain a constant trawl geometry at all
bridle lengths, in both experiments wing spread decreased
0.9 m and bridle angle decreased an average of 2.5% from
the shortest to the longest bridles (Table 1). The experi-
mental change in bridle length had a pronounced effect on
the area swept by the bridles. In the Bering Sea experi-
ment, for example, total bridle length (i.e. bridle plus tail-
chain length) was increased by 143% from the shortest to
the longest bridle, which, in turn, produced a 64% increase
in door path width (W,) and a 113% increase in total bridle
path width (W, — W,). However, this increase in bridle
length also produced a 930% increase in the bridle contact
path width (W, — W, — W, Table 1) because only a small
portion of the bridle remained in contact with the bottom
at the shortest bridle length.

Catch per area swept by the net increased significantly
with increasing bridle length for six of the seven species
(rock sole, yellowfin sole, flathead sole, Dover sole, Eng-
lish sole, rex sole; weighted linear regression, P<0.010)
indicating strong herding by the bridles (Fig. 2). For Pa-
cific sanddab, however, the increase was not significant
(P=0.096).

Fish length changed significantly (P<0.05) with increas-
ing bridle length for only two species (English sole and Pa-
cific sanddab; Table 2) and in both cases smaller fish were
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Figure 2
Catch in numbers per hectare swept by the net (i.e. tow length multiplied by net width), by species, plot-
ted against the bridle length in meters. A straight line, fitted to the data with weighted (inverse of the
variance) linear regression, is also shown for each species. Significance of the slope of this line indicates
that herding contributes to the catch.

with increasing bridle length seems to be a general flatfish
pattern for this trawl. In all cases, however, the magnitude
of the decrease was quite small (Fig. 3).

caught at longer bridle lengths. Because four of the re-
maining five species also displayed declining, but nonsig-
nificant, changes in fish length, a decrease in fish length
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Table 2

Relationship of mean fish length to increasing bridle
length. The total number of fish measured, the slope of the
regression line fitted to mean length at each tow versus
bridle length, and the probability that the slope equaled
zero is shown for each species. Only English sole and
Pacific sanddab are significant. Note that a negative slope
indicates that smaller fish are caught with longer bridles.

Number of
Species fish measured Slope  P(slope=0)
Rock sole 23,586 -.075 0.23
Yellowfin sole 7231 0.008 0.83
Flathead sole 2927 -0.311 0.31
Rex sole 22,774 -0.052 0.56
Dover sole 12,507 -0.036 0.75
English sole 21,968 -0.277 <0.01
Pacific sanddab 34,209 -0.383 <0.01

Estimating W «

The degree of contact of the lower bridles with the bottom
varied with increasing distance from the doors. Contact
never occurred in the first 28 m (Fig. 4). At greater dis-
tances, contact became intermittent and was focused pri-
marily at the tops of sand ripples. Contact reached 50%
at 36 m and nearly 100% at 40 m (Fig. 4). The estimated
value for L, was 36.0 m (95% confidence intervals; +1.4
m). This value was assumed to be constant for all three
bridle lengths and both vessels.

Fit of the model

Of the seven species examined for length-dependent herd-
ing, only Pacific sanddab and English sole had significant
slopes in the regressions of k,, on fish length (Table 3, Fig.
5). In both cases the slope was negative indicating that
herding efficiency decreased with increasing fish length.

For the five species displaying no significant length-de-
pendent herding, the estimated herding efficiency in the
bridle contact path (h) varied from 0.50 for rex sole to
0.84 for rock sole, whereas the herding efficiency in the
entire bridle path (k) varied from 0.22 to 0.40 (Table 4).
For the two species showing significant length-dependent
herding, English sole and Pacific sanddab, k, varied from
about 0.35 at the shortest lengths to about 0.08-0.10 at
the longest lengths (Fig. 5).

Test of model assumptions

For six of the seven species, the fit of a modified herding
model, with h parameterized as a linear function of bridle
length, produced a larger penalized sum of squares than
the fit of the original model with a constant h. This find-
ing indicates that the fit was not improved by the specifi-
cation of a linear variation in h, and that the assumption

Table 3

Regression of k, on the midpoints of fish-length classes.
The number of length classes, the slope of the regression
line, and the probability that the slope equals zero are
shown for each species. Only English sole and Pacific
sanddab have significant (P<0.05) slopes.

Number of
Species size classes Slope P(slope=0)
Rock sole 10 -0.006 0.088
Yellowfin sole 10 0.001 0.767
Flathead sole 10 -0.004 0.249
Rex sole 10 -0.004 0.354
Dover sole 9 -0.003 0.564
English sole 8 -0.027 0.006
Pacific sanddab 10 -0.016 0.008

of constancy of h at all bridle lengths is valid. However, for
Pacific sanddab the fit was significantly improved by the
modification. Because the sign of the slope parameter of
the linear change was negative, it indicates that for this
species herding was less effective at longer bridle lengths.

Discussion

Bridle efficiency

Herding by the bridles of the 83-112 Eastern trawl sub-
stantially contributes to the catch of flatfish. For rock sole,
as an example, approximately 49% of the catch comprised
fish that were herded into the net path.3 This contribution
is ignored when swept-area estimates of abundance are
based on wing spread rather than door spread. Although
such an assumption could lead to an overestimate of abun-
dance, herding is only one component of the trawl catching
process and the gains from herding could be offset by the
losses due to net escapement.

Bridle efficiency did not vary with fish length for five
of the seven species examined (Table 3); consequently, for
these species, herding by the bridles is not length selec-
tive. A similar lack of length selection was observed by
Bridger (1969) in a study examining the herding of lemon
sole (Pseudopleuronectes americanus). For English sole
and Pacific sanddab, however, bridle efficiency clearly de-
clined with increasing fish length and therefore herding is
length selective.

Such length selectivity should lead to a change in mean
fish length when the average duration of herding experi-
enced by an individual fish is increased by an increase in
bridle length. Without exception, the changes in mean fish
length that we observed with increasing bridle length are

3 From Equation 4, it can be shown that the herded proportion in
the catch is equal to hw, /(w, + hw,), where w, = w,— W, —W.



648 Fishery Bulletin 99(4)

Yellowfin sole Dover sole
0.12 1
0.15 1
0.10 1
S 0.08 1
£ 0.10 1
S 0.06 1
o
o 0.04 0.05 1
0.02 1
0.0 1, . , ) _ 0.0 1 ,
10 20 30 40 50 10 20 30 40 50
Rock sole English sole
0.10 1 0.14 1
0.12 1
c 0.08 0.10
8
T 0.06 1 0.08 1
& 0.06 1
& 0.04 1 .
0.04
0.02
0.02 1
0.0 1y i . . d 0.0 1, . .
10 20 30 40 50 10 20 30 40 50
Flathead sole Rex sole
0.12 1
0.10 1
0.10 1
0.08 1
s 0.08 1
‘-E 0.06 1 0.06 -
& 004
s 0.04
0.02 1 0.02 1
0.0 1, . . . . 0.0 17 ; . - .
10 20 30 40 50 10 20 30 40 50
Length (cm) Pacific sanddab
0.10
0.08 1
0.06 1
0.04
0.02 1
0.0 1, . . . .
10 20 30 40 50
Length (cm)
Figure 3
Length-frequency distributions, expressed as proportions, by bridle length. Thin solid lines represent
short bridles, medium solid lines represent standard bridles, and thick solid lines represent long bridles.

consistent with the observed changes in bridle efficiency whereas both species with herding efficiency that declined
with fish length. All five species with length-independent with fish length displayed a decline in mean length with
herding efficiency displayed no change in mean length, increasing bridle length (Tables 2 and 3).
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Table 4
Estimates of bridle efficiency, k;, the standard deviation (SD) of k, by species, and the r? for the model fitted without length depen-
dency. For the two species where k, varies with length, parameters for predicting k, and SD(k,) as functions of fish length are
provided. The two functions are k, = a + b exp(cL) and SD(k,)= a + bL + cL?, where L = fish length in centimeters; and h = the
average efficiency in the portion of the bridle where herding occurs.

Parameters of
SD(k,,) = f(fish length)

Parameters of
ky, = f(fish length)

Species r2 h Ky SD(ky) a b c a b c
Rock sole 0.91 0.840 0.400 0.056

Yellowfin sole 0.77 0.580 0.275 0.057

Flathead sole 0.70 0.510 0.242 0.065

Rex sole 0.71 0.502 0.216 0.061

Dover sole 0.80 0.636 0.274 0.064

English sole 0.81 0.384 0.165 0.041 0.033 42.667 -0.221 0.3338 —-0.0232 0.00042
Pacific sanddab 0.83 0.161 0.070 0.030 0.046 36.783 -0.354 0.0774 —0.0059 0.00012

Form of the herding model

The herding model that we propose is essentially
the same as Dickson’s (1993a) model except that it
includes an additional parameter (W) needed to cor-
rect a potential shortcoming of the original. This short-
coming can be seen in the following example, which for
simplicity considers a herding experiment with only
two bridle lengths. Starting with Dickson’s model (sim-
ilar to Eq. 3 in our study), an estimator for k, can be
derived from the quotient of the catches obtained with
long bridles to the catches obtained with short bridles:

W, - RW,

kb ) R(Wdl _Wn) - (Wdz _Wn) ’

where R = N, / Ny;

Wy, Wy, = the door spreads with the shorter and
longer bridles; and all other variables
are the same as those in Equation 3.

Estimates of k,, based on values of W ;, W,, and

Relative contact

25 30

35 40
Distance from door (m)

Figure 4

Relative bottom contact of the lower bridle plotted against the
distance measured from the door for each camera position and
depth. Also shown is the fit of a logistic equation. L  is defined
as the distance (vertical dotted line) corresponding to a relative
bottom score of 3.0 (horizontal dotted line).

W, from the Bering sea experiment, increase with
catch ratio (R) and reach a value of 1.0 when R
equals the ratio of the door spreads (W,/Wy,). This increase
indicates that the bridles are completely efficient (k,=1.0)
when the proportionate increase in the area subjected to
herding equals the proportionate increase in catch. If R
exceeds the ratio of the door spreads, then k,>1.0, which
is not feasible. In our herding experiments, however, R
exceeded door spread ratios for all species except English
sole and Pacific sanddab; therefore, in most cases the unmod-
ified herding model failed to provide feasible estimates of k,,.
By comparison, estimates of k,, from the modified model are
feasible over the entire observed range of catch ratios.

In our initial attempts to fit the herding model to experi-
mental data, we treated W, as an additional parameter to

be estimated in the fitting process. However, it soon became
clear that W, and h are confounded in the model and that
convergent solutions required an independent estimate
of W ;. We were able to obtain such an estimate and ob-
serve fish behavior near the bridle by using video methods,
because in the standard configuration of the 83-112 East-
ern trawl the bridles are not obscured by mudclouds over
much of their lengths. However, in perhaps more typical
cases where the bridles are obscured by the mudclouds, es-
timation of W, with video methods would be problematic.
A further complication in such cases is that the mudclouds
themselves might provide a herding stimulus and confuse
the interpretation of W .
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Figure 5

Estimated bridle efficiency (k,) plotted against fish length in centimeters. The fit of an exponential
model (Eqg. 8) to the data is also shown for English sole and Pacific sanddab, the two species with sig-

nificant decreases in k, with increasing length.
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Model assumptions

The adequacy of the herding model and the appropriate-
ness of our herding efficiency estimates rest on a variety

of assumptions. First, we assumed herding efficiency was
independent of bridle length. If, however, exhaustion was
a primary determinant of bridle efficiency, then it is pos-
sible that individual endurance would be exceeded more
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frequently at longer bridle lengths and would thereby
diminish herding efficiency. This assumption was tested by
comparing the fit of a herding model with a bridle-length
dependent h to that of an unmodified model. The modi-
fied model provided a better fit for only one species, Pacific
sanddab. Because this species is the smallest of the seven
(Fig. 3), it is likely that its swimming endurance might
have been exceeded at the longest bridle length. However,
for the remaining species the assumption is valid.

Second, we assumed that none of the fish in the area
spanned by W are herded into the net path. Although we
recognize that the doors and the mudclouds immediately
behind the doors must herd some fish toward the net path,
such fish would be herded into the section of the bridle un-
obscured by the mudcloud and likely escape beneath the
lower bridle. We attempted to confirm this possibility by
examining video observations from this area of the bridle
to see if flatfish escaped or showed any herding behavior,
but the results were equivocal because few fish, and prob-
ably only moving fish, were seen.

Third, we assumed that in changing the length of the
bridles we did not alter trawl geometry in any way other
than by increasing the area exposed to herding. As in
the studies of Engas and Godg (1989a) and Ramm and
Xiao (1995), increased bridle length in our study produced
a small, but significant, reduction in wing spread (Table
1). If this change produced a change in footrope contact
and net efficiency, then it would lead to a biased estimate
of herding efficiency (net efficiency is explicitly assumed
to be independent of bridle length in Eq. 4). Other pos-
sible changes in trawl geometry are that 1) at the longest
length the upper bridle may sag sufficiently to touch the
bottom within L and 2) at the shortest length the bridle
tension may be sufficient to lift the wingtip off the bot-
tom. With such changes, and perhaps even without, L
may not be constant at all bridle lengths. Although we ex-
amined the performance of the trawl along the entire dis-
tance from the wing tips to the doors at the standard bri-
dle length, we had insufficient ship-time to examine the
performance at all bridle lengths to verify that the bridles
performed as intended. We recommend that further stud-
ies of herding efficiency include additional research to ver-
ify that standard trawl performance is maintained for all
experimental configurations. One approach for doing this
is to simultaneously estimate escapement under the foot-
rope, perhaps by using an auxiliary net attached beneath
the trawl net as in Engas and Godg (1989b), so that the
assumed independence of net efficiency and bridle length
could be tested.

Fourth, we have conducted these experiments in rela-
tively small areas that do not encompass all of the bot-
tom conditions found over the areas covered by the bottom
trawl surveys; therefore the results are potentially biased
and certainly less variable than if they were conducted
over such a range of conditions.

Bridle efficiency is only one component needed to deter-
mine trawl efficiency (i.e. the proportion of fish within the
door path that are caught). The remaining component, for
flatfish at least, is net efficiency (i.e. the proportion of fish
within the net path that are caught). If estimates of net ef-

ficiency are also available, perhaps obtained with the use
of an auxiliary net to capture escaping fish (Engas and
Godg, 1989b), they can be included with estimates of bri-
dle efficiency in Dickson’s (1993a) model of the trawl fish-
ing process to produce estimates of trawl efficiency. Such
estimates could then be used to convert relative indices of
fish abundance from trawl survey to absolute estimates of
abundance.
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