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Partitioning total size selectivity of gill nets for
walleye (Stizostedion vitreum) into encounter,
contact, and retention components

Charles S. Anderson

Abstract: Contact and retention components were estimated by indirect methods for w&dégestedion vitreunin

Lake Erie, Dexter Lake (Ontario), and nine Minnesota lakes. In all 11 lakes, the retention function was well described
by a unimodal function of fish size/mesh perimeter, and the addition of a contact component significantly improved
model fit. A plausible range of models was identified for Lake Erie by considering the contact component to be
constant or proportional to mesh size. Total catchabilities were estimated for two lakes by direct methods and
encounter probabilities estimated by comparison of direct and indirect selectivities. Encounter probabilities estimated
for Dexter Lake increased proportionately to fish length. Encounter probabilities estimated for Mille Lacs had a more
complex form and were not well described by allometric power functions such as those sometimes used to describe
swimming speed and encounter rates.

Résumé: Les composantes contact et rétention ont été estimées de fagon indirecte pour le dor&ti@ostedion

vitreurm) des lacs Erié et Dexter (Ontario) et neuf lacs du Minnesota. Dans les 11 lacs, la fonction de rétention était
bien décrite par une fonction unimodale taille du poisson/périmetre de la maille, et I'ajout d'une composante contact a
permis d’améliorer de fagon appréciable I'ajustement du modéle. Une gamme plausible de modeles a été déterminée
pour le lac Erié en supposant la composante contact constante ou proportionnelle a la taille de maille. Le pouvoir de
capture total a été estimé pour deux lacs en appliquant des méthodes directes et la probabilité de rencontre a été
estimée en comparant les sélectivités directes et indirectes. Cette probabilité augmentait en proportion de la longueur
des poissons dans le lac Dexter. Celle obtenue pour les lacs Mille était plus complexe et n’était pas bien décrite par
des fonctions de puissance allométriques semblables a celles utilisées pour décrire la vitesse de nage et le taux de
rencontre.

[Traduit par la Rédaction]

Introduction alter behavior to approach or avoid the net. The expected

. . . - - total catch is
This paper describes the size selectivity of multiflament

gill nets for walleye §tizostedion vitreumin Lake Erie, (1) Cim =N,RE)PRC)AR) f,

Dexter Lake (Ontario), and nine Minnesota lakes. The

number of fish expected to be captured in a net is dependeithereC, is the expected total catch of fish of lendtin a

on the number in the population and the probabilities ofnet of meshm, N, is the population of fish of length,
encountering the net (approaching the net), contacting thB(E) is the probability of encounteR(C) is the probability

net after encounter, and being retained after contact. Diredf contact,P(R) is the probability of retention, anfg, is the
methods (fishing known populations) have been used tdishing effort with meshm. If one assumes that encounter is
estimate total selectivity (Hamley and Regier 1973), anddependent on fish size, contact is dependent on mesh size,
indirect methods (comparing catch distribution over severafnd retention is dependent on fish size and mesh size, then
mesh sizes) have been used to estimate length, mesh, and #ee equation for expected total catch can be written as
tention components (Millar and Holst 1997). However, the _

relationship of these components to total selectivity and td?) Cim = Ni01BnYim

the events leading to capture remains obscure. _with the probabilities in the same order as above.

The relationship between statistical models and physical Equation 2 suggests a simpler statistical model including
processes is clarified by adding to the conceptual model o length component, a mesh component, and a retention
Rudstam et al. (1984) anq the'statlstlcal model of M|Il.ar a,ndcomponent. If the number of fish is unknown, as in indirect
Holst (1997). Encounter is defined here as approaching '”t%nalysis, the number of fish and encounter probability are
a proximity where the net may be detected and the fish may,mbined in a single length component= N, a, that esti-

mates abundance on encounter. The mesh compdhent

Received December 24, 1996. Accepted April 16, 1998. estimates the probabilities of contacting meshes. If fishing
J13812 effort is unknown, effort becomes confounded in this mesh
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500 Lafayette Road, St. Paul, MN 55155-4012, U.S.A. Cin of lengthl caught in meshm is assumed to be an obser-
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Table 1. Features of the lakes and data sets for which mesh ~ whether rotation withrc # 0 would yield a more realistic de-
factors and retention components were estimated by indirect scription of the events leading to capture.

methods. This paper describes the size selectivity of multifilament
gill nets for walleye. Contact and retention components are

Lake Area (ha) 5:{;?5“”9 X\;zltlﬁyeed estimated by indirecf[ methods for Wz_illeye captured in 11
lakes. The indeterminancy problem is examined and two

Dexter 409 68-70 1659  Lake Erie models are chosen from a family with equally

Erie 2 566 734 78-89 10761  good fit to illustrate a plausible range of indirect models.

Cass 12050  83-94 2509  The encounter component and total selectivity are estimated

Kabetogama 10425  83-95 2768 py combining direct and indirect methods for Dexter Lake

Lake of the Woods 128 288 91-95 4077  and for Mille Lacs, Minnesota. Experiments that might re-

Leech 44 280 83-95 3495  solve the choice of models are discussed.

Mille Lacs 53 628 86-95 5102

Rainy 89 357 83-95 1131

Upper Red 43626 84, 87-95 1153 Methods

Vermilion 19 875 84-92 2240

Winnibigoshish 23692  88-91, 93-95 640 Data sources

Data on 11 lakes were obtained from three sources (Table 1):
Note: Dexter Lake and Lake Erie catch data from Hamley and Regier data on Lake Erie calculated and estimated from tables and figures
(1973) and Henderson and Wong (1991), respectively. in Henderson and Wong (1991), data on Dexter Lake published in
“Minnesota waters. Hamley and Regier (1973), and original data on nine Minnesota
lakes collected by the Minnesota Department of Natural Resources
DNR).
@) Cim ~ PO(@BrnYim fm) ( Her)wderson and Wong (1991) described the size frequency distri-
where the mean catch valagB,yim f is the product of rela-  butions of Lake Erie walleye caught by mesh size. The smoothed
tive abundance on encountering a net, a mesh or Comagpque_ncy dlstrlbutlc_)ns are selectivity functions only under the as-
component, a retention component, and fishing effortSUMPtONs ﬂ:jathall girth groups;rs_l_equally abundalmft on I(Tncourrw]ter-
Indirect methods allow estimation @, and y;,, selectivity Ing nets and that contact probabilities are equal for all meshes.

d . ; . . From Henderson and Wong's (1991) figures, | reconstructed a
components and estimation of as a nuisance parameter; smaothed estimate of catch by girth group and mesh. The data

however, indirect methods alone cannot sepahatanda;.  \vere on 10 761 walleyes captured in 11 meshes (25, 29, 32, 35, 38,
When the number in the population is known, the total catchy1, 44, 48, 51, 54, and 57 mm bar) fished with equal effort in

is assumed to be an observation of a Poisson random distrgangs. The nets were multifilament clear nylon (210/2 thread)

bution: hung with a webl/line ratio of 1.83-2.16. Panels were 33 m long,
hung in the sequence 57, 29, 48, 25, 44, 54, 32, 38, 35, 51, and
(4) Clm - PO(NIGIBmVIm fm) 41 mm.

Hamley and Regier (1973) published the data on recaptures of

and the encounter factor can be estimated too. X ; .
These statistical models partition encounter, contact, an arked walleye from which they made direct estimates of total
! ! illnet selectivity. In addition, data on total captures of 1659

retention processes only under the restrictive assumptiongajieyes (marked or unmarked) caught in gill nets were tabulated.
that () length and not mesh or fish size/mesh perimeter ratiq ysed the latter data on total captures in gill nets to estimate the
x influences encounter rateji)( mesh and not length or mesh size and retention components of selectivity and then used
size/perimeter ratio influences contact ratid,) (and reten- the data on marked fish to estimate total selectivities and (by the
tion depends on fish size/mesh perimeter ratio and not otheurifference) the length component. Seven mesh sizes were used: 19,
wise on length or mesh. The conceptual model of Rudstand5. 32, 38, 44, 51, and 57 mm bar measure. Panels were 30.5 m
et al. (1984) is the same as eq. 1 when contact probabilitie§ng by 1.5 m deep. Two panels of the same mesh were tied
are assumed constant. Rudstam et al. (1984) used the wosely end-to-end for each set; however, meshes were fished sepa-
“ancounter’ to mean contact with the net. The statisticalratew‘ not otherwise in a gang. On each day, four mesh sizes were

. . .. set. Net material was multiflament No. 210/3 nylon left untreated
model of Millar and Holst (1997) is the same as eq. 3. M'"aror white in color. Nets were hung with a webl/line ratio of 2.0 (H.

and Holst (1997) described the assumptions or inferencegegier, 21 Hollybrook Cres., Willowdale, ON M2J 2H5, personal

that may be made about the forms @f B, andy,. They  communication).

noted that maximum likelihood may be applied for estima- pata on total length of 5102 walleyes and the mesh size of ex-

tion and that for many choices, the model may be expressegerimental gill nets in which they were captured in Mille Lacs,

in log-linear form. Minnesota, in the years 1986-1995 were compiled. All walleye
Millar and Holst (1997) made an important point that the sampled in 1991-1994 were sexed and were aged from spines or

partitioning of expected catch into length, mesh, and retenscales; subsamples were sexed and aged in other years. Panels of

tion componentsyB,y(X) is indeterminate. That is, identical five mesh sizes (19, 25, 32, 38, and 51 mm bar measure) were wo-

expected catches are obtained by multiplyigg by (I/m)°, ven end-to-end in that sequence in a gang, and gangs were fished

B, by m’, andc by I for any choice ofc. I refer fo multi- with equal effort each year (32 sets) in a standardized way

lication in thi on b I f1h (Scidmore 1970). Each panel was 15.24 m long by 1.82 m deep.
plication in this way as a rotation because plots of the COMTpe meshes were multifilament No. 104 twisted nylon. All meshes

ponent functions appear to rotate when values afe small.  \yere hung with a web/line ratio of 2.0 and were left untreated or
Under some assumptions about the forms of the three comghite in color.

ponents, a statistically unique model may be estimated; how- Data on total length and mesh of capture were compiled for
ever, even for such a model, the researcher should considesmlleye captured by similar standardized nets and sampling de-
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signs in eight other large Minnesota lakes over varied time period&SENMOD as described in Millar and Holst (1997). Other models

(Table 1). _ _ _were fitted by SELECT methods (Millar 1995) using SYSTAT
Population estimates by age and year were provided for M'”e(WiIkinson et al. 1992).

Lacs walleye by P.J. Radomski (Minnesota DNR, 1601 Minnesota o pexter Lake, meshes were not fished with equal effort and

Dr., Brainerd, MN 55744, personal communication). His estimates,ot g meshes were fished each year. The length distributions on

were produced by virtual population analysis (VPA) (Pope 1972)encountering nets and fishing efforts therefore differed by mesh

of an_g_ler harvest by age data and tuned _with gilinet and trawl agez yeary: thus, the statistical model for indirect analysis was
specific catch per effort data. The analysis assumed natural mortal, o gified to be

ity rate M = 0.60 for age 1 anil = 0.29 for older ages. The latter
mortality rate was estimated by Pauly's (1980) equation. Analyseg; C.. ~Po f
by various other VPA and catch at age algorithms (ADAPT VPA,S( ) my (@yBmYim Fmy)

LOWESTOFT VPA, CAGEAN) vyielded results consistent with whereCip, is catch of walleye (whether marked or not) aiag is

Radomski's. Angler harvest was also estimated by length group, e of net-nights. The indirect analyses were done with data on
and year from annual nonuniform probability access based anglert | catch of wall b th le si | than f
surveys. These harvest estimates were provided by R.E. Brusewit2t@l catch of walleye because the sample size was larger than for

(Minnesota DNR, 1200 S. Minnesota Ave., Aitkin, MN 56431, marked walleye. _ o

personal communication). Brusewitz also provided data on a 1981— [N the family of indirect models obtained by rotating with an ex-
1985 experiment in which 1735 walleye were tagged and 158 taggor]e_ntc, some choices of give more: realistic descriptions of the
were returned by anglers in the year following tagging. These dat#ndividual components. For Lake Erie, | chose a valuecafuch
allow a direct estimate of the form of angler selectivity to be com-that the adjuste@,, estimates showed no trend when regressed on
pared with an estimate derived from the final gillnet selectivity Mesh size and another value ofincreased by 1.0, for which the

function in order to corroborate the gillnet model. adjustedB, estimates were roughly proportional to mesh size. Con-
tact coefficients should be constant or increase with mesh size be-

Analytical methods cause visibility is greater for small meshes.

Catches were tallied by length or girth groups. The published _. .
groupings were used for Dexter Lake and Lake Erie. For Mille Diréct and combined methods
Lacs, length groups were 12 mm wide. For other Minnesota lakes, Hamley and Regier (1973) presented data on the number of re-
groups were 25 mm wide. The midpoint of each length (\:]roupcapturesmmy of marked fish in gill nets by length, mesh, and year
rangel was used as the characteristic length for that group, and th@nd on the number of exposureg,, of marked fish to nets by
length to perimeter ratia was calculated for each combination of length, mesh, and year. One marked fish at large on the night one
lengthl in meshm. When retention was to be estimated as a factorn€t was set constituted one exposure to that mesh. The statistical
Y, X values were grouped and assigned the value of the group midhodel for direct analysis was thus

point. (8)  Pimy ~ PO imya Bmy(X))

wheref,, andy(x) are the estimates obtained previously by indirect
alysis of all walleye captures in gill nets. This model is log-
Inear anda; was estimated by maximum likelihood. Capture prob-
abilities (= catchabilities) were then calculateddgs = & | 3, ¥(x).
A length selectivity functioro(l) for Dexter Lake was estimated
fitting a linear regression to tH& &,) points. The function was
fitted by weighted least squares, where the weight was the relative
number of exposures of the length-class.
For Mille Lacs, VPA population estimates by age and year were
(5)  YX) =expk+bxt+ b x2+.) distributed over lengths to obtain estimates by length group and
year. In distributing fish over lengths, | initially assumed that the

Indirect methods

The statistical model of eq. 3 was estimated by maximum likeli-
hood methods for each of the 11 lakes. No assumptions were mal
about length distributions on encountgr; they were estimated as
factors. Models were fitted with contact coefficiefi{s constant or
estimated as factors. Likelihood ratios were examined to tesg
whether estimating contact coefficients significantly improved theY
fit. Models with polynomial or rational polynomial retention func-
tions y(x) were fit to all lakes. Specifically, relative retention was

or proportion of males in the population remained 0.5 at all ages. The
6 _1 b (bg + byx+...) mean length at age at the time of net sampling was calculated sepa-
(6) ¥(¥) _E xp(1+ b x + b3x2...) rately for males and females from von Bertalanffy growth equa-

tions (R.E. Brusewitz, personal communication). The equations

wherex is a fish size/perimeter ratio. The constanhormalizes  described length at annulus formation; however, mean length at
relative retention on a 0 to 1 scale. It wesnfounded with other ~Sampling was estimated by calculating length at age +1, as nearly a
normalizing constants in the initial output, but was easily calcu-full year's growth had occurred before netting. Fish were further
lated at the maximum of the rest of the retention function. Each ofdistributed over length groups, assuming normal length distribu-
these classes of retention functions provided better fits than similafions about the means with variances as estimated by age and sex
order exponential polynomials of or log(x), and eq. 5 simplifies ~ from 1991-1994 samples (when all fish were aged and sexed). The
to log-linear forms. In preliminary analyses, models with polyno- @Je 10+ population estimates were distributed over ages 10-20 in a
mials ofx or log(x) often failed to converge on a solution. Models stable age distribution calculated with a survival rate of 0.544. The
were fitted for polynomials of increasing order until likelihood ra- 0.544 value was obtained by summing population estimates of age
tio tests showed that the additional term did not significantly im- 9 for 1984-1995 and dividing by the sum of population estimates
prove the fit. Patterns of deviance residuals were examinedfor age 8 for 1983-1994. After thus distributing all age groups over
Because unimodal and bimodal selectivity curves have been prcll length groups, the numbers were summed to obtain population
posed for walleye, indirect models were fit for Lake Erie and Mille €stimates by length group. Net catches in 1986-1995 were also
Lacs with retention as a factgy, making no assumption about the Summed by length group to obta). Capture probabilities per ex-
parametric form. Log-linear models were fitted using SAS ProcPerimental gang were estimated fy=C; /(32N).
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Fig. 1. Two solutions from a family of models with girth, mesh,
and x factors fitted to Lake Erie walleye data. These solutions
cover a plausible range of values for contact probabilities and
were calculated with rotation constarts= —300.15 (circles) and
c = —299.15 (squares). Indirect methods estimated (A) the

frequency with which fish encountered each mesh over the

period of sampling, (B) the relative probability of contact, and
(C) the relative probability of retention. (D) The selectivity of a

1857

gression. From the three components, a function to estimate
catchability for a single mesh could be calculated dy(1) =
a(NBmY(x). The corresponding estimate for catchability in the ex-
perimental gang ig(l) = d(l)szmV(x). The process of distribut-

ing fish over length groups and then calculatigg &, (1), and

g(1) was done twice, first assuming that the proportion of males in
the population was 0.5 at all ages and then assuming that the pro-
portion changed (increasing linearly with age from 0.5 at age 1 to

gang of 11 meshes estimated by indirect methods is actually an 0.6 at age 4 and then decreasing linearly from 0.6 at age 5 to 0.5 at
estimate of relative capture probability after encountering a gang2d€ 20)-
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The remaining encounter factor was estimated doy= ¢/

As a test, each model was applied to calculate an expected pro-
portion of males by age in the net catch for comparison with ob-
served values. After population estimates were distributed over
lengths, retaining sex and age identifiers, numbers were multiplied
by ¢(I) to generate an expected catch by age and sex. The expected
proportion of males in the catch was graphically compared with
the observed proportion in the 1991-1994 catch. This comparison
was made iteratively; it led to rejection of the firgfl) model and
then to alteration of the second model at large fish lengths before a
satisfactory final model was obtained.

Each Mille Lacsg(l) model was also tested by comparison of
harvest estimates from creel surveys with population estimates
made by applying each model. Models were rejected if harvest es-
timates by length and yeait,, regularly exceeded population esti-
mates derived from the modal,, =C,, /{( ). For the final model,
exploitation was estimated for 1986-1998, (= H|y/N|y). The
mean exploitation for each length was calculated as a measure of
angler selectivityg and compared with angler selectivity estimated
from 1981-1985 tag return data. Exploitation rates were estimated
from tag return data by smoothing splines, and confidence intervals
were constructed by bootstrapping 1000 times (Anderson 1995).

Results

Lake Erie

Indirect analysis of a model containing girth, mesh, and
retention factors identified a family of solutions (deviance
407.7, 247 df) in which the contact probability changed reg-
ularly with mesh size. The retention factor estimates had a
skewed unimodal form; therefore, models with parametric
retention functions in the form of eq. 5 were estimated. A
model with fitted mesh factors and a retention function with
terms up tobsx > had a good fit (deviance = 189.8, 228 df),
although deviance values were considered approximate be-
cause the data were previously smoothed and truncated. This
model had a significantly better fit than those with contact
probabilities held constant (likelihood ratio 30.4, 10 df) or
proportional to mesh to a power (likelihood ratio 28.5, 9 df).
Deviance residuals exhibited runs of positive and negative
values, a result of working from smoothed frequency
distributions, and the largest negative residuals occurred
aboutx = 1.05, near where the distributions had been trun-
cated. Two solutions from the family with equal fit illustrate
the indeterminate aspect of indirect analysis. Rotation of the
initial mesh factors byn® with ¢ = —300.15 produced a solu-
tion in which relative contact coefficients did not show any
systematic change when regressed on mesh size. Rotation
with ¢ = —=299.15 produced a solution in which the relative

2 mPm¥(x), where 3 Bri(x) was calculated at the length group contact coefficients increased with mesh size, falling about
midpoints from the coefficients estimated by indirect methods. Thethe lineB=-0.004 + 0.018 (r2 = 0.94). Much larger values

&, values are estimates of the probability that a fish of lergtfil

for c appeared implausible because they would produce very

encounter a panel i_n the experirrlental_gang. An encounter probdew contact probabilities for the 25-mm mesh, and smaller
bility function was fitted to the(l, G,) points by least-squares re- (19-mm) meshes caught walleye in appreciable numbers in
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Fig. 2. Encounter, contact, and retention components of total ~ proaching nets and decreasing estimates of proportion cap-
selectivity estimated for Dexter Lake walleye. (A) Encounter tured. The solution wittc = —299.15 estimated that 2857.9
probabilities were estimated by a combination of indirect and  fish approached each mesh, or 31437 encountering nets
direct methods. Indirect methods estimated (B) the relative with 34% being captured. Indirect estimates of selectivity
probability of contact and (C) the relative probability of are incomplete descriptions of capture probability because
retention. (D) The total selectivity or catchability of each mesh they do not include the probability of encounter. Neverthe-
was calculated as the product of encounter, contact, and retentidess, within the range of plausible values (—300.15 to

components. —299.15), it appears that walleye with girths about 170 mm
> 004 most frequently approached nets, that the retention function
= ' ' .t was a strongly skewed bell shape with a peak at1.28 -

8 0.03L (A) | 1.31, and that selectivity of the mesh gang reached
| maximum at girths about 265-275 mm. After rotation with
S ool i the specifiedc and incorporation of a normalizing constant,
5 - the retention function forc = —-300.15 wasy(x) =
T ooik R ] exp(300.15 logk) + 840.5122 — 2561.6547! +
3 et 4415.028% 2 — 5054.0538 + 3245.013%* — 889.041375).
o 0g | | The function forc = —299.15 was the same except that the
w 0o 300 500 700 first two constants were —299.15 and +840.2549.
Total length (mm)
> 12 r r Dexter Lake
= 19 (B) o« 4 Indirect models based on eq. 6 were fitted to the Dexter
c 0.8l ) Lake data; however, models based on eq. 5 or other polyno-
8 ' mials did not consistently converge to a solution. Models
5 08 . with estimated mesh factors provided a better fit than mod-
B 04b ' - els with constrained mesh factors (likelihood ratio tegst
S 2l Lo 4 0.05), and addition of &, parameter to the retention func-
5 . l tion did not improve the fit > 0.05). The best model had a
o %% 20 40 60 deviance of 313.1 with 192 df. The deviance residuals of the
Mesh (mm) moqQI were reasonably distributeq. The resulting indirect se-
> 12 : : lectivity model (Tables 2 and 3; Figs. 2B and 2C) had mesh
% 10l (C) component estimates that increased regularly with mesh
© size, except that the estimate was unusually large (1.677) for
g o8- 51-mm bar mesh. This estimate had a large SE (0.555) and
S 08 appeared to be an aberration. An unusual value relative to
5 o4 the largest mesh may have occurred because the same
= meshes were not fished each year and meshes were not tied
@ 021 in a gang. The mesh factor estimates were renormalized to a
& 0.0 : . 5 maximum valug of 1.0 before calcula}ting selectivities to en-
Length / perimeter sure 'ghat the final model Wou_ld not imply a net capable of
0015 c_atchlng more than 100% of fish encountering it. The reten-
' ' ' tion function showed a strongly skewed unimodal shape,
.*E’ 0012k (D) with a maximum value at a total length/perimeter ratio of
o= 2.57. The shape of the indirect model incorporating mesh
8 000sr and retention components differed markedly from the bi-
D 0.006}- modal functions shown by Hamley and Regier (1973) for the
o larger mesh sizes. When the Hamley and Regier (1973)
5 0003 selectivities were calculated and used to generate the ex-
= . pected proportion of each length group in each mesh (each
foo 300 500 700 year), the fit had a deviance of 462.2 (versus 313.1 for the
Total length (mm) indirect model). Thus, the indirect model with a unimodal

retention function provided a better description of the distri-

Minnesota lakes. Although the two illustrated solutions yieldbution of total walleye catch among meshes.

equal values for expected catch by girth and mesh, they im- Encounter probabilities were estimated from the mark—
ply different numbers of fish approaching the nets, different’ecapture data after incorporating the contact and retention
contact and retention components, and different overall “se€stimates from the indirect analysis. The encounter probabil-
lectivity” for the gang of 11 meshes (Fig. 1). The solution ity estimates for the length groups, increased with total
with ¢ = —300.15 estimated that 2119.8 walleye approachedength (TL); however, because there were few exposures to
each mesh over the entire Samp”ng period (the sum eb- nets for Wa.”eye 0UtS|de.the 320—530 mm total |ength rang_e,
timates). Of the 23317 total fish thus encountering netsthe form of the relationship there remained uncertain
10 761 or 46% were captured. Solutions with smaller oFig. 2A). Encounter probability was proportional to TL
largerc produced increasing estimates of number of fish ap{@() = 0.2658 x 107 x ). This encounter function falls
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Table 2. Estimates (SE in parentheses) of the mesh size compofgnt$ gillnet selectivity for walleye in 10 lakes.

Mesh (mm bar measure)

Lake 19 25 32 38 44 51 57
Dexter 0.143 (0.057)  0.291 (0.105)  0.464 (0.155)  0.465 (0.151)  0.770 (0.224) 2i®335)  1.00
Cass 0.162 (0.060)  0.303 (0.084)  0.559 (0.113)  0.694 (0.101) 1.00
Kabetogama 0.289 (0.078)  0.418 (0.084)  0.648 (0.096)  0.770 (0.083) 1.00

Lake of the Woods ~ 0.311 (0.072)  0.703 (0.122)  0.855 (0.112)  0.921 (0.089) 1.00

Leech 0.110 (0.027)  0.209 (0.039)  0.330 (0.045)  0.433 (0.043) 1.00

Mille Lacs 0.185 (0.039)  0.392 (0.061)  0.734 (0.083)  0.898 (0.067) 1.00

Rainy 0.396 (0.293)  0.580 (0.310)  0.601 (0.223)  0.656 (0.160) 1.00

Upper Red 0.107 (0.070)  0.477 (0.247)  0.734 (0.279)  0.681 (0.181) 1.00

Vermilion 0.167 (0.061)  0.288 (0.079)  0.430 (0.087)  0.534 (0.080) 1.00
Winnibigoshish 0.059 (0.067)  0.130 (0.107)  0.255 (0.146)  0.472 (0.171) 1.00

Note: Estimates are relative to a value of 1.0 for the largest mesh. Under some restrictive assumptions, the mesh factors are estimates of relative
probability of a fish contacting the mesh after encountering it.
“Dexter lake values were normalized to a maximum value of 1.0 before plotting or use in other calculations.

Table 3. Coefficients (SE in parentheses) of the retention component of gillnet selectivity for wd{lgyestimates for 10 lakes.

Coefficients

k

Lake bo

by

b,

bs

(= maximum

X at
maximum

Dexter —1.463 (0.142) ~1.013 (0.015) 0.728 (0.074) 0.268 (0.007) 12.565 2.427
Cass ~1.837 (0.141) -0.929 0.012 0.898 (0.076) 0.229 (0.005) 43.395 2.548
Kabetogama ~1.905 (0.149) ~1.013 (0.015) 1.001 (0.084) 0.276 (0.007) 23.056 2.413
Lake of the Woods ~1.880 (0.134) -0.976 (0.013) 1.008 (0.075) 0.261 (0.006) 28.807 2.444
Leech ~1.945 (0.142) -0.951 (0.012) 0.988 (0.075) 0.245 (0.005) 30.560 2.530
Mille Lacs —2.053 (0.154) ~1.013 (0.015) 1.058 (0.086) 0.280 (0.007) 15.209 2.503

Rainy -2.119 (0.411) ~0.897 (0.037) 1.214 (0.260) 0.235 (0.015) 57.813 2.545

Upper Red ~1.299 (0.217) -0.917 (0.024) 0.700 (0.131) 0.229 (0.010) 25.913 2.471
Vermilion ~1.776 (0.159) -0.956 (0.014) 0.925 (0.088) 0.246 (0.007) 38.389 2.458

Winnibigoshish ~3.467 (1.081) ~0.988 (0.066) 1.804 (0.591) 0.289 (0.037) 24.450 2.686

Note: Under some restrictive assumptions, the retention function estimates the relative probability of a fish being retained after contacting a net.

within the range of power functions that have been used tdorm. A model based on eq. 6 with estimated mesh size fac-
correct for encounter rates (Rudstam et al. 1984; Hendersawors provided a better fit than one with a constant contact
and Wong 1991; Spangler and Collins 1992). Total selectivprobability (o < 0.05), and the addition of b, parameter to
ity curves estimated as the product of encounter, contacthe retention function did not improve the fit. The final indi-
and retention components differ among mesh sizesect model had a deviance of 475.1 with 191 df, and devi-
(Fig. 2D). All curves differ from the bimodal ones illustrated ance residuals appeared reasonably distributed. This fitted
by Hamley and Regier (1973), although the curves for thenodel showed that the probability of contact increased
two smallest meshes had small positive slopes at the largestgularly with mesh size for Mille Lacs walleye (Table 2;
fish lengths. The comparison of direct and indirect modelsFig. 3B). The retention function described a strongly skewed
shows that indirect models are biased because they cannbéll shape (Table 3; Fig. 3C). Combining the indirect
estimate the encounter component of total selectivity. Thestimates of contact and retention components for the five
total selectivity model had a deviance of 194.5 when appliedneshes suggested that the aggregate selectivity of the gang
to the data on captures of marked fish from a known populahad two peaks, with a local minimum between lengths most
tion. When the Hamley and Regier (1973) selectivity curvesvulnerable to 38- and 51-mm meshes.
were similarly applied (after fitting the constant necessary to The direct estimates of total capture probabilitigs of
convert relative selectivities to capture probabilities), the deMille Lacs walleye in experimental nets increased sharply
viance was 190.3. The Hamley and Regier (1973) curvesver lengths from 350 to 500 mm (Fig. 4). Estimates of en-
thus give a slightly better fit to the mark—recapture data setounter probabilitiesy, were nearly constant at the smallest
from which they were derived, but a poorer fit to the data onlengths and then increased sharply over lengths from 355 to
distribution of total walleye catch among nets. 575 mm (Fig. 3A). Encounter probabilities(l) were fitted
by a piecewise linear function when six outliers at the larg-

Mille Lacs est length groups were omitted; however, a quadratic piece

Indirect analysis of a model containing length, mesh, andvas added at the largest lengths to obtain a final model that
retention factors identified a family of solutions (deviance =was consistent with data on sex ratios of captured walleye
339.4, 189 df) that suggested that contact probabilitie@and with harvest estimates. The quadratic piece was ob-
changed with mesh size and that retention had a unimodahined by multiplying the second linear part by a linear forc-
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Fig. 3. Encounter, contact, and retention components of total
selectivity estimated for Mille Lacs walleye. (A) Encounter
probabilities were estimated by a combination of indirect and
direct methods and were multiplied by %1Before plotting.
Indirect methods estimated (B) the relative probability of contact plotting.
and (C) the relative probability of retention. (D) The total
selectivity or catchability of each mesh was calculated as the
product of encounter, contact, and retention components and

multiplied by 1@ before plotting.
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Fig. 4. Direct estimates of total selectivity of experimental gangs
of five meshes for walleye in Mille Lacs and the selectivity
function calculated as the product of encounter, contact, and
retention components. All values were multiplied by? H&fore

Total selectivity

200 800
Total length (mm)

800

This relationship bore little resemblance to the power
functions with exponents of 0.5-1.0 that have been used
thus far to correct for encounter rates (Rudstam et al. 1984;
Henderson and Wong 1991; Spangler and Collins 1992).

Total selectivities (or catchabilities) are proportional to
the product of the encounter, contact, and retention compo-
nents. Because the encounter component increases sharply at
lengths from 355 to 575 mm, the total selectivity curves of
the meshes (Fig. 3D) and of the experimental gang (Fig. 4)
differ markedly from curves that correct only for mesh and
retention components. Total selectivities of the smallest
three meshes are bimodal and resemble Hamley and
Regier’s (1973) curves, while the selectivities of the largest
two meshes are unimodal and do not.

A preliminary model based on an assumption that the pro-
portion of males in the population was 0.5 at all ages was
estimated and rejected. When net catches were divided by
the preliminary catchability estimates to produce population
estimates by length group and year, the population estimates
for walleye >450 mm TL were less than the corresponding
creel survey harvest estimates in many years. In addition,
the preliminary model implied that the proportion of males
in the net catches should be <0.5 for walleye less than age 8,
and the data did not show this (Fig. 5, line A).

The encounter component and total selectivity were re-
estimated after assuming that the proportion of males in the
population increased from 0.5 at age 1 to 0.6 at age 4 and
then decreased from 0.6 at age 5 to 0.5 at age 20. Observa-
tions about angling selectivity suggested that the discrep-
ancy between observed and expected proportion of males in
the net catch was best resolved by assuming that the propor-
tion of males in the population changed in this way. Angler
exploitation increases at lengths about 275 mm, and walleye
recruit to the fishery before they fully recruit to the experi-
mental nets (Fig. 6). Tag return data for Mille Lacs from
1982 to 1986 and Jacobson’s (1994) analysis of Big Sand
Lake suggest that vulnerability of walleye to angling may
decrease at the larger sizes. In addition, release rates esti-
mated in the 1990s in the Mille Lacs creel survey increase
from 3% to more than 50% at lengths from 430 to 710 mm
(R.E. Brusewitz, personal communication). Under the
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Fig. 5. Proportion of male walleyes observed in the Mille Lacs Fig. 6. Angler selectivity estimated from 1981-1985 tag returns
net catch (circles) and the proportion expected in the catch for (smoothed, 95% confidence intervals) and the mean exploitation
successive total selectivity models (lines). Line A: the proportion for 1986-1995 estimated by dividing angler harvest estimates by
expected in the catch when the proportion in the population wasgillnet model population estimates (circles).

assumed to be 0.5 at all ages and a nonlinear encounter function 0.20 0.5
was fitted. Line B: the proportion expected in the catch when m ' 'g
the proportion in the population was assumed to increase from g 2
0.5 at age 1 to 0.6 at age 4 and then decrease from 0.6 at age 5 2 o015 %4 8
to 0.5 at age 20. The encounter function had the linear pieces 2 §
shown in Fig. 6A. Line C: the proportion expected when the % 403 3
encounter function was altered downward at total lengths from £ 0.10 =
575 to 800 mm as shown in Fig. 3A. 3 doo 2
£ . o
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a Holst (1997). In indirect analyses, the fish length, mesh size,
02 , . , and retention components may be considered relative
o 5 10 15 20 estimates of abundance on encountering nets, probability of

Age (years) contact, and probability of retention, respectively. To
interpret the components in this way, one must assume that

assumption that the proportion of males in the populatior(i) encounter probability is a function solely of fish size,
changed with age, the proportion expected in the catchii) contact probability is a function solely of mesh size, and
matched observed values well up to age 7 (Fig. 5, line B)(iii) retention probability is a function of fish size and mesh
To obtain a Satisfactory match at older ages, it Wa§ize, usually a function Solely of the fish size/mesh perime-
necessary to alter the piecewise linear encounter function &' ratio. These assumptions have not been tested but could
lengths >575 mm. The linear piece was multiplied by a lin-be by observation and experimentation in large tanks, such
ear adjustment function that decreased from 1.0 at TL =2s used by Fujimori et al. (1994). The length component is a
575 mm to 0.0 at TL = 800 mm, producing a third quadraticbiased estimate of population size distribution because it
piece. With this final encounter function (Fig. 3A), the pro- does not correct for encounter probability; thus, separate es-
portion of males expected in the catch matched observetimates of encounter probability are needed.
proportions well (Fig. 5, line C). The mean exploitation rates The length component will be a biased estimate of abun-
had a similar form to the estimates from the earlier tag redance on encountering nets if the form of contact and
turn data (Fig. 6), and few harvest estimates by length anéetention components is inappropriate. Indirect analyses are
year exceeded Corresponding popu]ation estimates. severely limited in their abl'lty to resolve the form of the
The final model was consistent with harvest estimates bgontact and retention components, and some additional as-
length and year, with the observed proportion of males in théumptions are often necessary to obtain a statistically unique
catch by age, and with the form of ang|er Se|ectivity esti-mOdel. Even then, a fitted model can be rotated to |dent|fy

mated by tag returns. an infinite family of models that generate equal expected
catch values but have different length, contact, and retention
Other Minnesota lakes components. Possible ways to identify the most realistic

Indirect selectivity models based on eq. 6 were estimatedhodel from the set of models with equally good fit include
for e|ght other Minnesota lakes. The estimated models Werélrect observation of retention probabllltles of fish of vari-
similar to that for Mille Lacs (Tables 2 and 3) and are not il- OUs sizes after contact with nets, acoustic or photographic
lustrated. Models with fitted mesh factors provided a bettermonitoring of the size distribution of fish swimming past a
fit than models with equal factors (the improvement was nosspecified point, comparison of catches in encircling nets
significant in Winnibigoshish), and the addition lnf param- ~ With those of conventional sets, observation of detection and
eters did not improve the fit. Mesh component estimate@voidance behavior in the vicinity of nets, and experiments
increased with mesh size, and retention functions reachedith competing gear in various spatial configurations. New

maximum values at TL/perimeter values near 2.5. observations are required, for there is no compelling biologi-
cal evidence for any of the usual assumptions about the form

of encounter, contact, or retention components.
Published descriptions of selectivity of gill nets for
The incorporation of contact probability into the concep-walleye have not been based on statistical models (Regier et
tual model of Rudstam et al. (1984) provides a link betweeral. 1969; Hamley and Regier 1973; Willis et al. 1985;
the physical processes leading to capture and formal statistdenderson and Wong 1991) and do not agree on the form of
cal models of Kirkwood and Walker (1986) and Millar and contact or retention components. The increases of amplitude

Discussion
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of selectivity curves with increasing mesh size that are evimay be appropriate for species that are pelagic or migratory
dent in the figures of Regier et al. (1969) and Hamley andand for nets set for short intervals. It may not be appropriate
Regier (1973) are similar in magnitude to the increases off individuals change direction frequently or have a limited
mesh components estimated for Dexter Lake and nine Minhome range. In this situation, a random walk or diffusion
nesota lakes; however, Willis et al. (1985) and Hendersomodel may more appropriately describe encounter rates as a
and Wong (1991) chose not to adjust amplitude. Indirecfunction of swimming speed and turning frequency.
analyses cannot identify the most realistic form of the con- Given the uncertainties about the appropriate form for the
tact component, and the components presented here can ércounter probability component, what precautions should a
rotated to fall anywhere in the general range of publishediologist take in developing and applying models of gillnet
values, as illustrated for Lake Erie. The contact estimates fogelectivities? It is reasonable to correct for contact and
the Minnesota lakes fell along a straight line with a negativeretention components estimated by indirect methods based
intercept. Rotating the models for Minnesota lakes to reon clearly stated statistical models (Kirkwood and Walker
move the linear trend would produce equally good fits with1986; Millar 1995; Millar and Holst 1997), recognizing that
contact probability estimates that would be greatest for théndirect methods neatly partition abundance on encounter,
panels in the middle of the net gang. Because the panelsontact probability, and retention probability only under
were woven together in order of mesh size, the rotated conestrictive assumptions that have not been tested. One should
tact estimates would suggest that fish are led along the gangnderstand that indirect methods that accurately describe
and that position of the panel influences contact probability. contact and retention processes will produce biased
In developing indirect selectivity models, it is common to estimates of population size structure because the estimated
assume that the retention function scales with mesh size arldngth  factors confound abundance and encounter
sometimes to examine this assumption by comparisonprobability. Indirect methods that estimate relative frequen-
among a set of candidate models (Millar 1995). The retencies of length groups encountering nets (Kirkwood and
tion functions presented here for 11 lakes scale with meshvalker 1986; Millar 1995; Millar and Holst 1997) are supe-
size and are all strongly skewed and unimodal. They resenrior to methods that assume that all groups are equally abun-
ble the indirect models illustrated by Regier et al. (1969) anddant on encounter (Helser et al. 1991; Henderson and Wong
Hamley and Regier (1973, see their fig. 10) and resembl&991; Hansen et al. 1997). It is a strength of indirect meth-
the tabulated values in Willis et al. (1985, the reciprocals ofods that they may be based on relatively large data sets ac-
their correction factors are selectivities) and Henderson andumulated in routine monitoring. Although several studies
Wong (1991). When the unimodal retention functions werehave contrasted selectivity functions or relative abundances
multiplied by the appropriate encounter probability function, estimated by direct and indirect methods, none have identi-
the total selectivity curves for the smaller meshes becaméed the missing encounter component in indirect models as
bimodal. This analysis confirms Hamley and Regier'sa reason for differences (Borgstrgem 1989; Winters and
(1973) conclusion that the shapes of the total selectivityWheeler 1990; Borgstrom and Plahte 1992; Mattson 1994;
curves change with mesh size, although the details of the s&ierce et al. 1994; Hansson and Rudstam 1995). Where pos-
lectivity curves differ, particularly for large meshes. The sible, direct and indirect methods of estimating gillnet selec-
length distributions of wedged and tangled walleye overlagivity should be compared to quantify the encounter
in both Dexter Lake and Mille Lacs data sets; therefore, sepeomponent. Other studies that measure the form of the reten-
arating the modes of capture appears unnecessary. Retentitbon function, the size distribution encountering nets, or con-
probabilities appeared to have a unimodal form even whemact probabilities are necessary to identify the most realistic
estimated as factors for Lake Erie or Mille Lacs walleye. Imodel from a set of indirect models with equal expected
agree with Henderson and Wong (1991) that the modes afatch values.
capture are often difficult to distinguish in the field and that The relative efficiency of two meshes is the relative num-
the two processes are dependent. ber of fish that the meshes would be expected to capture if
The encounter functions estimated for Dexter Lake andill size groups were equally abundant (Regier and Robson
Mille Lacs were conditioned on specific indirect estimates1966). The efficiencies are proportional to the area under the
of contact and retention probabilities. For these lakes, totalotal selectivity curves of Figs. 2 and 3. They increase with
catchabilities estimated as the product of three selectivitynesh size because the range of fish lengths likely to be re-
components should be realistic even if each component is @ined scales with mesh size, because contact probabilities
somewhat distorted representation of the events leading tgenerally increase with mesh size, and because encounter
capture. The encounter functions differed most for small angbrobabilities increase with fish length over much of the size
large fish outside the size range of the Dexter Lake datarange.
The form of the functions may also show differences in The primary assumption of the statistical model
swimming behavior between the two lakes. underlying the indirect methods is that the catcigswere
Rudstam et al. (1984) assumed that encounter rates wenedependent observations from a Poisson distribution with
directly proportional to swimming speeds. This “direct expected mean catch rates as given in eqg. 3. Catch rates may
proportionality” assumption would be appropriate whenvary during the period nets are set, as is likely for species
swimming is strongly directional and individuals change di-showing diel activity cycles; however, the mean rates should
rections infrequently because individuals spend little time inbe the same for all nets. This means that nets should be set
areas previously traversed and because there would be littfer a fixed period. Nets were fished overnight, throughout
local depletion of the stock in the vicinity of the net (or the period that walleye are most active and vulnerable in the
learned avoidance). The direct proportionality assumptiorsamples analyzed in this study. Catch rates of walleye (and
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other species) are known to decrease as the set time in- multimesh multifilament gillnets in Lake Erie, and its applica-

creases (Minns and Hurley 1988), perhaps because there istion. Can. J. Fish. Aquat. Sci8: 2420-2428.

progressive local depletion of the stock; however, mean enJacobson, P.J. 1994. Population dynamics of large walleye in Big

counter rates may still be the same for all nets fished over- Sand Lake. Minn. Dep. Nat. Resour. Invest. Rep. No. 436.

nlght, as the Stat|st|ca| model assumes. KlrkWOOd, GP, and Walker, T.l. 1986. Gillnet mesh selectivities
for gummy sharkMustelus antarcticu$sunther, taken in south-
eastern Australian waters. Aust. J. Mar. Freshwater R&s.
689-697.
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