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A Simple Stratified Design for M ar k—Recaptur eEstimation of Salmon

Smolt Abundance

Stan R. Carlson, Lewis G. Coggins Jr., and Charles O. Swanton

Asstract: We describe amark—recapture (M—R) techniquein which astratified design and sampling
at 1 or 2 stream | ocations are used to estimate the abundance of amigrating salmon smolt popul ation.
The method consists of counting smolts captured at a designated downstream site and releasing
marked smolts back into the population at an upstream site. Marked smolts subsequently recovered
at the downstream site are counted to estimate capture probability (trap efficiency), which isused to
estimate smolt abundance for a segment of the population. This procedure is temporally stratified
such that each trap efficiency trial is discretely paired with one capture period; this can typically be
accomplished by releasing marked smolts at relatively short intervals (afew days) with little chance
of recaptured fish occurring in later strata. This approach accountsfor potential temporal changesin
capture probability under afairly modest assumption of stratum consistency. The method simplifies
the generalized 2-sample stratified design and provides some important advantages. (1) because
marking occurs in discrete intervals, personnel costs are substantially reduced; (2) because each
release of marked smolts corresponds to one capture period, only onetype of mark is needed, which
greatly simplifies marking procedures and recapture tallying; and (3) when only one capture siteis
used, material costs are reduced by about half. We present approximately unbiased abundance and
variance estimators of the total smolt population and develop amethod of estimating the number of
smoltsto be marked. A parametric bootstrap technique for quantifying precision is also devel oped.
An example of the method is given using the 1997 sockeye salmon Oncorhynchus nerka smolts
migrating from AkaluralLake, Kodiak Island, Alaska. The AkaluraL ake study included aweir count

of smolts, which we used to evaluate the accuracy of the M—R estimate.

INTRODUCTION

Effective management of salmon stocks often includes
enumeration of smolts, which represent the freshwa-
ter production of a stock prior to entering the ocean
environment. Smolt abundance, often with ancillary
variables such as smolt size, can be used to forecast
adult recruitment (Foerster 1954; Peterman 1981, Fried

and Yuen 1987; Macdonald and Smith 1987). Abun-
dance, age composition, and size of smoltscan beused
to assess management and enhancement actions, fresh-
water rearing capacity, and potential problemsin early
life history development and survival (Hyatt and
Stockner 1985; Koenings and Burkett 1987a; Kyle et
al. 1988; Thedingaet a. 1994; Edmundson et al. 1997).
Smolt numbers can also be used to assess the stock—
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recruit relationship without the added variation of ocean
mortality and problems with estimating adult recruit-
ment (K oeningsand Burkett 1987b; Humeet a. 1996).

A Peterson mark—recapture (M—R) estimate ap-
plied just onetimeto asmolt emigration may violate at
least one important assumption: constant probably of
capture. Thiscould be dueto several factors, including
changes in stream flow, temporal variation in the age
structure and size of smolts, and changes in sampling
methods by the researcher (e.g., atering trap configu-
rations). One approach that overcomesthisproblemis
ageneralized 2-sample stratified design for M—R esti-
mation, which hasbeen investigated by severd authors.
Darroch (1961) developed the maximum likelihood
theory, and Seber (1982: 431-439) described the esti-
mation methods. Dempson and Stansbury (1991) ap-
plied the technique to estimate the abundance of an
Atlantic salmon Salmo salar smolt population. The
2-sample design involves capturing, marking, and re-
leasing smolts upstream and subsequently capturing
smolts downstream, where marked and unmarked fish
are tallied. The technique requires a marking proce-
dure that indicates the day of release and continuous
recapturing. The method originally required pooling
releases and recaptures into strata (Darroch 1961;
Dempson and Stansbury 1991), but Schwarz and
Dempson (1994) developed a model that overcomes
this necessity by estimating daily capture probabilities.

Although the 2-sample design has clear advantages
over other methods, in many situations it may be
cost-prohibitive (particularly personnel time) or imprac-
tical. Rawson (1984) described asimpler techniquethat
uses 1 sampling siteand trap efficiency trialsdiscretely
paired with capture periods. In this paper we describe
amodified version of thismodel, that uses 1 or 2 sam-
pling locations, which we refer to as a simple strati-
fied M—R design. Thetechnique accountsfor potential
temporal changes in capture probability with afairly
modest assumption of stratum consistency. Wediscuss
the estimators presented by Rawson (1984), which we
believe wereincorrect, and present approximately un-
biased abundance and variance estimators. We also
develop abootstrap technique for quantifying estima-
tion precision, provide a procedure for determining
sample size, and present a method of estimating
short-term mark survival. An application of the method
is given using sockeye salmon Oncorhynchus nerka
smolts migrating from Akalura Lake, Kodiak Island,
Alaska, in 1997. The Akalura Lake study included a
weir count of the smolts that we used to evaluate the
accuracy of the M—R estimate.

SAMPLING TECHNIQUE

We describe 2 approaches to the sampling, which re-
sultin separate estimators: (1) similar to Rawson (1984),
1 capture siteis used for al smolt sampling; and (2) 2
capture sites are used, one upstream for marking and
releasing and one downstream for capturing marked
and unmarked smolt. For the 1-site method marked
smolts are released at a desighated upstream site that
corresponds to the mark-release site for the 2-site
method. The downstream sitein the 2-site method cor-
responds to the capture site in the 1-site method. The
sampling method is stratified such that each trap effi-
ciency trial corresponds to one downstream capture
period or stratum; recaptures are assumed to occur in
only one stratum. Trap efficiency trialsare usually per-
formed approximately midway through each period.
The recovery rate of marked smolts in each stratum
and the total number of (downstream) captures are
used to estimate the size of the smolt population for
that segment of the migration.

Field techniques for the 1-site method consist of
continuously counting all smolts captured at a desig-
nated site. About midway through astratum, arandom
sample is marked and released back into the popula
tion upstream. Smolt collected for marking are trans-
ported to the rel ease site and typically held for at |east
1 h to assess condition and remove dead individuals.
The number of recaptures are recorded at the sam-
pling site. For the 2-site approach, smoltsare captured,
marked, and rel eased about midway through astratum
at the upstream site (the actual release site may be
nearby) and captures of all marked and unmarked
smolts are counted at the downstream site. Because
most salmon smolt emigrationsoccur primarily at night
(Hoar 1951; Hartman et al. 1967; Solomon 1981),
counting and marking generally take place thefollow-
ing day. The site selected for releasing marked smolts
must be an adequate di stance upstream to ensure com-
plete mixing of marked and unmarked smolts. The pro-
cedure is repeated at some minimally appropriate
interval to provide one-to-one correspondence of the
trap efficiency trial and capture period. Depending on
the migration rate of the particular species or stock
and the distance between sites, as few as 2-3 d can
ensure that al marked smolts have migrated past the
downstream site.

For each stratum, the following 6 assumptions ap-
ply, which are modified slightly from the customary
assumptionsfor the Peterson estimate (e.g., Seber 1982:
59). Assumption 1 — the population is closed; there-
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fore, the abundance remains constant. Thisis probably
met in most cases (any population changes are negli-
gible); mortality observed during marking, capturing,
and handling is censored or directly subtracted from
the estimate. Assumption 2— all smoltshavethe same
probability of being marked or al smoltshavethe same
probability of being examined for marks. Thisencom-
passes potential problemswith random sampling, mix-
ing of marked and unmarked smolts, and variable
catchability (size selectivity, marking effects, etc.).
Assumption 3— the probability of captureisconstant.
This is more restrictive here than with the 2-sample
method; i.e., the smaller the periods, thelesslikely this
assumptionwill beviolated. However, the estimator is
unbiased if the estimated capture probability is unbi-
ased for the average capture probability. Assumption
4 — marks are not lost between release and recovery.
This concerns the survival of marked fish and mark
retention; short-term mark survival can be estimated
and incorporated i nto the population estimate. Assump-
tion 5 — all marked smolts are reported on recapture.
Thisshould be met if thefield crew iswell trained and
the marking method is adequate. Assumption 6 — all
marked smolts released are either recovered or pass
by the downstream capturesite. Thisinvolvesthe prob-
lem of smolts occurring in subsequent strata; some
knowledge of the migration habits of the particular spe-
cies or stock may be necessary to meet this assump-
tion.

ESTIMATION METHODS

Rawson’sAnalysis

Rawson (1984) described the 1-site method and based
hisestimators on apaper by Cochran (1978), who evalu-
ated LaPlace's(1820) technique of estimating the popu-
lation of France. Cochran defined the known total
number of birthsin France asX, birthsin sampled com-
munes as X, and the population size of the sampled
communes as y. He then presented the ratio estimate
of the population of France as Y; = X(y/ x) , which
is a Peterson estimate; the ratio x/y is the estimate of
the birth rate, p. Characteristics of this estimator are
well known. The analogy to M—R experimentsis that
Xisthe size of the marked sample, x is the number of
recaptures, y is the total size of the second sample
(Seber 1982: 104), and p isthe proportion of marksin
the population. For each stratum, Rawson initially de-
fined the known number of marked releases asD, the
number of recapturesasd, and the number of unmarked
smoltsin the total capturesasn. Theratiod/D (recap-
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turerate) isthe estimate of capture probability or trap
efficiency. He then presented the ratio estimate of the
number of smoltsin the populationas N = n(D/d),
which is a Peterson estimate of the unmarked popula-
tion (Seber 1982: 436). Rawson correctly assumed that
marked smolts should not be included in the estimate
because these fish were counted (included in n) prior
tomarking.

Rawson’serrorswere apparently initiated by amis-
interpretation of Cochran’s description of LaPlace’'s
model. Rawson subsequently equated n with X and D
withy, which isincorrect. Unfortunately, this mistake
resulted in incorrect equations for Rawson’s approxi-
mately unbiased estimators. In addition, it appearsthat
Rawson misapplied Cochran’s bias estimate. Assum-
ingxisabinomial random variable with parameters{y,
p}, Cochran showed that

E[Ye] = Y + X(1- p)/(w0°).

Thesampleestimate of thebias, X (y — X)/x?, should
have been subtracted from the population ratio estima-
tor, Y. Rawson added this bias estimate to his ratio
estimator, further compounding the notation error.

Notation

We definethefollowing:

h = stratum index (capture period and a corre-
sponding trap efficiency trial),
number of strataor periods(h=1, 2, ..., L),
number of marked smoltsreleased in
stratum h (mortality censored),
total number of marked smoltsreleased (=
M),
number of marked smolts recaptured in h,
number of unmarked smolts captured inh,
total number of smolts captured inh (=
m+u),
total smolt population sizeinh, excluding
marked releases and minus observed
mortality,
total smolt population sizeinh, including
marked releases (= M, +U,),
total smolt population size, excluding
marked releases (= ZU,),
total smolt population size, including marked
releases (= ZN,),
p, = population proportion of marked smoltsinh

= M/N,), . . .
e = smolt capture probability (trap efficiency) in
h(=n/N,), and
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S, = proportion of marked smoltsin h that
survive and retain their marks until passing
by the downstream capture site.

The parameters L, M,, and M are known, and the
random variablesarem,, u,, and n, . For 1-site experi-
ments all captures occur at asingle location so that M
and M, refer to the upstream releases. We assume
that observed smolt mortality is directly subtracted
where appropriate. Specifically, the number of deaths
counted during marking and releasing iscensored from
M, , and observed mortality in the trap captures and
during handling is subtracted from the estimate of U,
or N,. We also develop estimators that take into ac-
count short-term mark mortality, inwhich caseM, and
M are estimated.

Two-Site Experiments

Theobjectiveisto estimate N, the population of smolts
including the marked releases. For each stratum, h,
thefundamental estimator istherefore a Peterson esti-
mate,
N, = n, M,
m,

which has well-known properties. The distribution of
m,, conditional on M, and n,, is a hypergeometric.
Chapman (1951) has shown that N, ,athough asymp-
totically the best estimate of N, , isbiased, and thisbias
can be large for small samples. His estimator,

~ (ny+1)(M,+1)
T

-1, 1)

is exactly unbiased when (M, +n ) > N, and approxi-
mately unbiased when(M,_+n) <N ifm >7(Robson
and Regier 1964; Seber 1982: 60). Seber (1970) de-
rived an approximately unbiased estimate of the vari-

ance of N.:
V(N ):(M“H)(n“”)('\"h—”%)(nh—m)
h (m, +2)°(m, +2)

Thus, for 2-site experiments the approximately unbi-
ased stratum estimators areN and V(N ) The tota
smolt abundance estimateis

=3.N, )

@)

and the variance estimate is

v(N) =3, v(N). (@

Because N is asymptotically hormally distributed, an
approximate 95% confidenceinterval is

N +196,/v(N) . ()

One-SiteExperiments

The objective is to estimate U because the total
count of capturesincludesthe sample of marked smolts.
For each stratum, h, thefundamental estimator isthere-
fore a Peterson estimate of the unmarked population,

This is the maximum likelihood estimate of U, that
treats the joint distribution of m, (conditional on M,)
andu, astheproduct of 2binomid distributions (Darroch
1961; Seber 1982: 438). However, it followsfrom equa-
tion (1) that an approximately unbiased estimate of U,
is

W(M, +1)

Up=N,—- M, = m+1 - (6)

A~ 2 A 2
Because E[(Nh - Nh) ]Z E[(Uh _Uh) ] an
approximately unbiased variance estimate of U, is

v(u,)-

Thus, for 1-site experiments the approximately

(M, +2)(u, + m, +1)(M

] “mlh )
(m, +1)°(m,+2)

unbiased stratum estimators are U and V(Uh) The
total smolt abundance estimateis
A L N
- thlu h (8)
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and the variance estimate is

vU)=Y, MU,). ©)

An approximate 95% confidence interval for U is

U +196,/v(U). (10)

Test for Consistency

Thenull hypothesis (H ) of constant capture probabil-
ity over al sampling periods can be tested using a
chi-square test of homogeneity. If the test is nonsig-
nificant, the strata can be pooled (equivalent to ac-
cepting H ), and Chapman'’s (1951) estimator can be
applied to estimate N or U (equation 1 or 6, respec-
tively, without the stratum index). We recommend a
fairly liberal significance level for accepting H, (e.g.,
a=0.15). Themethod consists of atest of homogene-
ity for the rows of an L-by-2 contingency table of M—
R counts (Table 1). Thistest issimilar to that given by
Chapman and Junge (1956) and Darroch (1961), as
described by Seber (1982: 438), for 2-sample stratified
designs.

Mark Survival

A simple experiment can be performed to estimate
short-term mark survival of smolts for each stratum
(§), whichisthe combined rate of mark retention and
fish survival after marking. The technique was de-
scribed by Thedingaet al. (1994) and consists of hold-
ing asample of marked smolts (in aflow-through box
or other suitable device) for at least 2 d and counting
theremaining livefish with visible marks. The experi-
ment is repeated for each stratum, and the estimated
mark survival for stratumhis

§="n, (11)

wherea, isthe remaining number of marked livefish,
andA, istheinitial number of marked smoltsheld. The
estimated number of marked smolts available for re-
capture in stratum h is therefore

Mh: Mhénv (12)
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Table 1. Contingency table of time strata by recapture
fate of marked smolts used to test the null hypoth-
esisof consistencyin capture probability. The sta-
tigtical analysisisachi-squaretest of homogeneity
for the rows of the table.

Recaptured Not Recaptured Total
(mh) (Mh' mn) (Mh)

m, Ml' m Ml

m, Mz' m, Mz

m ML' m ML

m M-m M

which replaces M, in equation (1) (2-site method) or
equation (6) (1-sitemethod) to estimate the smolt popu-
lation adjusted for mark survival. The bootstrap method,
whichispresented in thefoll owing section, can be used
to estimate the variance and confidence intervals. Ad-
justing for mark survival will always lower the abun-
dance estimate, a result of increasing the estimated
trap efficiency. Thismethod does not takeinto account
other sources of mark mortality (e.g., mark-induced
predation); thus, it should be viewed as a minimum
adjustment.

Bootstrap Technique

In M—R experiments, nonparametric bootstrapping us-
ing sampling with replacement implies an underlying
binomial or multinomial distribution (Buckland and
Garthwaite 1991). Bootstrap methods that use sam-
pling without replacement imply an underlying hyper-
geometric distribution (or multivariate extension). The
latter approach follows Chapman’s (1951) M—R model,
where m isconditiona on M, and n, and sampling is
without replacement. Therefore, we develop a para-
metric bootstrap method for the simple stratified M—R
design based on the hypergeometric distribution. We
also present a bootstrap method for mark survival-ad-
justed estimates.

In stratified sampling, the strata are treated inde-
pendently (Sitter 1992) so that bootstrap estimates for
N, or U, can be obtained, as well asfor N or U. The
random variable of interest is the number of recap-
tures, m. The total number of captures, n,, is treated
as fixed, and the number of releases, M,, (thus M) is
treated as fixed, unless the abundance estimate is ad-
justed for mark survival. The method worksfor 1- and
2-siteexperimentsbecause N, = U, + M, . Letj =1,
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2, ...,Bindicatethebootstrap sample; usualy B =1,000.
Let

~

&= Nh (13)
and

.M,

=R (14)

For mark survival-adjusted estimates, M, replaces
M, inequation (14). In general, thefollowing steps are
used to obtain stratified bootstrap estimates:

1. generate a bootstrap estimate of N, or U

for stratum 1;

2. repeat step 1 independently for each of the
L dtrata;

3. compute the stratified bootstrap estimate of
N or U;

4.  repeat steps 1-3 B timesto get the boot
strap sampleof N or U;

5. compute precision estimates of the bootstrap
sample (for N or U).

Stratum bootstrap samples may be obtained by
skipping step 3 and performing steps4-5for N, or U, .
The bootstrap varianceis

v(8)=X".(6,-8) /(-

where 6 is the parameter of interest (N, N, U, or U )
and © is the sample mean of the bootstrap esti-
mates 0. . Robust confidence intervals are found us-
ing percentiles of the bootstrap distribution (Efron and
Tibshirani 1993: 168-177). For example, the 2.5thand
97.5th percentileswould give a95% confidenceinter-
val.

Parametric bootstrapping consists of generating B
variates from afitted probability distribution and esti-
mating smolt abundance for each of the B iterations.
Thisinvolves drawing m, from aprobability distribu-
tion and calculating N or U, jn using equation (1) or
(6). Thisis repeated for each stratum to calculate N
or U using equation (3) or (8). The whole process |s
repeated B times. Bootstrap variance and percentile
confidence intervals are then used to quantify the pre-
cision of the abundance estimate.

(15

The parametric method treats m, as hyper geo-
metrically distributed with parameters {N,, M,
n}; N, issubstituted for N, and n_istreated as fixed
in the bootstrap sampling. Each iteration consists of
drawing arandom variate, m., from the hypergeomet-
ric distribution and following the bootstrap sampling
steps. This technique was mentioned in Buckland and
Garthwaite (1991) for nonstratified sampling but ap-
parently was not applied.

For mark survival-adjusted estimates, a, istreated
ashinomially distributed with parameters{ A, S}, SnIS
substituted for S, and A isfixed. Each bootstrap itera-
tionconsists of first drawinga, fromthebinomial dis-
tribution. Equations (13) and (14) areusedto calculate
S ad M. The random variate m, is then drawn
from the hypergeometric distribution (as described
above), replacingM, with M and the remaining boot-
strap sampling steps arefollowed

SampleSize

Animportant objectivein estimating smolt abundance
is achieving specified levels of accuracy and preci-
sion. Thisinvolves sampling to obtain an estimate that
is accurate within an absolute error or relative error,
allowing for asmall probability of exceeding theallow-
ableerror (Thompson 1992: 31). For example, thegoal
may beto estimate N or N, within 10% (relative error)
of the true value with 95% confidence (o = 0.05). De-
termining a sample size to achieve adesired accuracy
and precision involves someinitial guesswork and as-
sumptions. In particular, the techni que we describere-
quires some knowledge about the smolt population,
expected trap efficiency, and temporal characteristics
of the run. The method also relies on the normal ap-
proximation.

For aprecision level of or=0.05, the absolute error
bound is defined as

dzz\/\@,

where 0 is the parameter of interest. The relative er-
ror bound is defined as

(16)

(17)

Robson and Regier (1964) suggest using o = 0.05
and r = 25% for management work and r = 10% for
research purposes.
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Wefirst develop amethod of estimating the num-
ber of smoltsto mark in asingle M—R experiment or
stratum (M, ) for aselected relative error, r,. The tech-
nique requires a guess of trap efficiency (e ). In some
instances the researcher may prefer to specify arela
tive error for each stratum, in which case this method
issuitablefor the simple stratified design. We also de-
scribeamethod of estimating stratum samplesizes(M,)
to achieve a selected relative error, r, for estimating
the total emigration (N or U). Thistechnigue requires
aguess of the fraction of the total smolt emigrationin
each stratum. Define

r]h
eﬁﬁh and (18)
M.n
E[m[My.n|=—=I"=Me . (19

Chapman (1951) has shown that, for the hypergeo-
metric moddl,

V(Nh) = V(Uh) = Nﬁ[(l\/lhqq)’l + 2(|\/|hen)’2 "
6(Me, )73] : (20)

Therelative error bound for estimating N, istherefore

=2 N 2AMe ) 6] A
(21)

Solutionsfor M, are found by solving the equation

K
M = 6 @00) - (22)

Table 2 provides values of K for relative errors
ranging from 5 to 100% and « = 0.05 and 0.10. The
relationship between e, and M, for o= 0.05 and rela-
tiveerrorsof 5, 10, 25, and 50% are shownin Figure 1.
Because the relationship isanegative power function,
relatively small increasesin trap efficiency will often
effect a substantial reduction in the number of smolts
required for marking. Assuming that U, /N, = 1, equa-
tion (22) also applies to estimating U, (1-site experi-
ments), athough the sample sizeswill be biased dightly
low.
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Table 2. Method for estimating the sample size of fish
to mark in mark—recapture experiments based on
the equation M = K[e(100)] %, where M isthe num-
ber of fish to mark and e is the trap efficiency.
Solutions for K are given for 2 probability levels
(o) of exceeding the desired relative error.

Relative Numerator (K)

Error (%) a=0.05 «=0.10
5 160,250 108,914
6 111,385 75,757
7 81,896 55,734
8 62,744 42,722
9 49,604 33,790
10 40,201 27,396
1 33,274 22,692
12 27,998 19,106
13 23,886 16,310
14 20,620 14,087
15 17,982 12,291
16 15,835 10,834
17 14,052 9,623
18 12,556 8,605

19 11,287 7,742
2 10,203 7,003
21 9,277 6,374
2 8472 5,828
23 7,769 5,349
24 7,150 4,928
2 6,603 4,556
30 4,648 3,227
35 3,470 2,426
40 2,705 1,906
45 2,181 1,550
50 1,807 1,295
60 1,318 91.7
70 1,023 759.1
80 830.0 625.9
0 696.7 532.8
100 600.0 464.7

The relationship betweenr, and the total relative

error is
=y, r7(07), (23)

where ¢, is the fraction of the smolt run passing the
sampling sitein stratumh. Ifr, isconstant among strata,
thatis,r =r,=...=r ,then

F = oy D, 0F (24)
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Figure 1. Relationship between trap efficiency (capture probability) and the number of salmon smolts to mark for relative
errors (r) of 5, 10, 25, and 50%. The probability of exceeding r () is 5%. The lower plot shows the relationships on
logarithmic scaled axes.
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and thus,

(25)

r
M=——— -
Vzhzlq)h '

After the ¢, are determined, r, can be solved for the
desiredr,, and Table 2 and equation (22) used to find
the stratum sample sizes, M,. Note that M, will in-
crease as a larger fraction of the run occurs in fewer
strata. Chapman (1951) recommends designing M—R
experiments so that at least 10 marked smolt are re-
covered (m) toensurenegligiblebiasin N, ; thismini-
mum should always be adopted.

EXAMPLE

Methods

We conducted a study in 1997 to estimate the number
of sockeye salmon smolts migrating from Akalura
Lake, Kodiak Island, Alaska. One capture site was
used in the experiment; thus, the appropriate estima-
torsare for parametersU, and U. Details of the meth-
ods are given in Coggins (1998). The release site was
approximately 1 km upstream from the trap site and
located in relatively low-velocity flow (<0.5m-s?). A
single Canadian fan trap (Ginetz 1977) covering about
30% of the stream width waslocated in Akalura Creek
approximately 5.6 km below the lake outlet. A
perforated-plate lead was attached from the trap to
the nearest stream bank to prevent smolt passage on
the shore side of the trap (Figure 2). The smolts were
marked with Bismark Brown'Y dyeand heldfor 1 hin
aperforated live box. Before release, dead smolts and
those behaving abnormally were removed and censored
from the data. Five trap efficiency trials were con-
ducted approximately weekly and sampling took place
from April 30 to June 12. Trap efficiency trials were
paired with capture periods 1-2 d before the release
and 1-3 d after the last observed recapture of marked
smolts. An experiment to estimate short-term mark
survival was conducted for each period and included
in the analysis. The mark-survival test consisted of
holding 100 marked fishfor 5 din aperforated live box
and enumerating mark mortalities.

We estimated stratum sample sizesfor marking to
achieve a total relative error, r, of 15% (o = 0.05).
Based on M—R studies conducted on Akalura Creek
from 1991 to 1996 (e.g., Swanton 1996), the expected
trap efficiency, g, was 10%. We anticipated that the
fraction of therunin each stratum would be 20, 35, 25,
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15 and 5%. Therefore, the expected stratum relative
error, r,, was 30% (equation 25), and the estimated
number of fish to mark per stratum, M, , was 465 (equa-
tion 22 and Table 2), which we rounded up to 500.
Actual samplesizes, whichwereusually dightly higher
than 500, are givenin Table 3.

In addition to the M—R trap, a second trap was
installed and fitted with leads spanning the remaining
portion of thestream (Figure 2). Collectively, the2 traps
captured 100% of the smolt emigration; thistotal con-
figuration is hereafter referred to astheweir. Thetotal
number of smolts passing theweir wererecorded daily.
The weir census provided an opportunity to evaluate
potential biasin the M—R estimate.

Results

Table 3 summarizesthe Akalural ake smolt data show-
ing the stratification scheme. The average number of
days required to recapture marked smolts was 1.7 d
(al strata combined). A chi-square test of temporal
consistency indicated the strata could not be pooled (P
< 0.001; Table 4). A comparison of smolt abundance
estimates and weir counts are given in Table 5. The
total trap estimate, either unadjusted or adjusted for
mark survival, did not differ significantly fromthetotal
weir count of 193,064 (P = 0.16 for the unadjusted
estimate and P = 0.40 for the adjusted estimate). How-
ever, abundance estimatesin periods 3 and 5 weresig-
nificantly higher than the corresponding weir counts:
for period 3, P = 0.0021 (unadjusted) and P = 0.012
(adjusted) and for period 5, P = 0.0003 (unadjusted)
and P = 0.0006 (adjusted). On the other hand, acom-
parison of cumulative abundance curves indicated a
fairly high degree of agreement between theweir counts
and M—R estimates (Figure 3). Although the true trap
efficiencies (trap catch divided by the weir count) ex-
hibited considerable variation within periods, efficiency
estimates reflected reasonably well the average true
efficiencieswithin each stratum (Table 6). Asexpected,
the true trap efficiency was underestimated in period
5, and to alesser extent in period 3. However, only a
small portion of the run (1.5%) occurred during period
5; thus the effect on the total abundance estimate was
negligible. The normal approximation and the paramet-
ric bootstrap method (with and without the adjustment
for mark survival) gavevery similar precision estimates
(Table 7).

DISCUSSION

The M—R model we described, stratified so that trap
efficiency trials and capture periods are discretely
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Akalura Creek
was located about 5.6 km below the outlet of Akalura Lake.

Figure 2. Schematic of the trap and weir configuration for capturing sockeye salmon smoltsin Akalura Creek in 1997. The site
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Table 3. Summary of mark—recapture data of sockeye salmon smolts migrating from Akalura Lake in 1997.
Trap efficiency trialswere conducted in approximately weekly intervals. Onetrap site was used, and marked
smolts were released 1 km upstream. Adjusted releases are based on a short-term mark-survival experi-
ment.

Captures
Release (h) Releases (M,) (m) () (n)
Date Period Stratum Unadjusted Adjusted Marked Unmarked Total
7 May 4/30-5/112 1 487 468 100 13244 13,344
14 May 5/12-5/19 2 550 550 112 15,209 15,321
22 May 5/20-5/26 3 519 488 86 6,811 6,897
28 May 5/27-6/2 4 530 530 97 3,599 3,696
5 Jun 6/3-6/12 5 520 489 31 497 528

a0nly 30 smolts were captured from April 30 to May 4.

paired, has some practical and monetary advantages  (2) Because each release of marked smolts corre-
over the2-samplestratified design (e.g., Darroch 1961)  spondsto one capture period, only onetype of mark is
for estimating salmon smolt runs. (1) Because mark-  needed, which simplifiesmarking procedures, fish han-
ing occurs at discrete intervals and continuous sam-  dling, and recapture tallying. (3) When only one cap-
pling occurs at only one site, personnel costs are  ture site is used (1-site experiment), material costs
substantially reduced — possibly by asmuch ashaf.  (primarily for traps) are reduced by about half.
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Figure 3. Comparison of cumulative frequency distribution curves of weir counts and mark—recapture abundance estimates
of a sockeye salmon smolts migrating from Akalura Lake in 1997. Vertical lines indicate the tempora strata.
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Table 4. Contingency table used to test for consis-
tency inthe capture probability of sockeyesalmon
smoltsmigrating from AkaluraLakein 1997, m is
the number of marked smolts recaptured and M, -
m, isthe number not recaptured. A chi-square test
of homogeneity indicated significant temporal
change in capture probability (P<0.001); there-
fore, the strata were not pooled. Trap efficiency
estimates are also given.

Estimated

Recapture Status Total Efficiency
Period m, M- m, M) (%)
(1) 4/30-5/11 100 387 487 205
(2) 5/12-5/19 112 438 550 204
(3) 5/20-5/26 86 433 519 16.6
(4) 5/127-6/2 97 433 530 183
(5) 6/3-6/12 31 489 520 6.0

Total 426 2,180 2,606

Violating the assumption of within-stratum consis-
tency in capture probability isapotential drawback of
the simple stratified design. However, the technique
accountsfor major changes and trendsin capture prob-
ability, which in most cases will substantially reduce
bias, compared with anonstratified Peterson estimate.
Minimizing stratum length while maintaining discrete
periodswill help alleviate this potential problem. The
1997 AkaluraL ake M—R study indicated that the tech-
nique can be applied successfully using periods of ap-
proximately 1 week. A similar study conducted at Red
Lake, Kodiak Island (Barrett et al. 1993), aso pro-
duced no detectable bias in the estimate of the 1992
sockeye smolt emigration. In that study, theweir count
was 1.314 million smolts and the M—R estimate was
1.210 million smolts (95% confidenceinterval: 0.908—
1.513million).

Table 5. Mark—recapture abundance estimates of sock-
eye salmon smolts migrating from Akalura Lake
in 1997. A 1-site experiment was used, and esti-
mates unadjusted and adjusted for mark survival
are given. Standard errors (in parentheses) were
estimated using a parametric bootstrap method
based on the hypergeometric distribution.

Smolt Abundance Estimates Weir

Period Unadjusted Adjusted Count!
(1) 4/30-5/11 63,991(5560) 61,499(5585) 60,511
(2) 5/12-5/19 74,161(6227) 74,161 (6227) 83,265
(3) 5/20-5/26 40,709 (3973) 38,283(3894)  28,504*
(4) 5/27-6/2 19,501 (1817) 19,501 (1817) 17,978
(5) 6/3-6/12 8,092 (1470) 7,610 (1398) 2,806*
Total 206,454 (9441) 201,054(9518) 193,064

TWeir counts indicated with an asterisk differ significantly
(P <0.05) from the mark—recapture estimate.

Most smolt M—R projectswill require at least one
season of development before fina implementation.
Firgt, thetype of trap(s) must be selected. Inclined-plane
traps, for example, have been used on a number of
smolt projectsin Alaska and appear to work well un-
der variousconditions, including high-ve ocity flowsand
streams with heavy debris loads (e.g., Todd 1994).
Thedingaet al. (1994) used rotary-screw trapsto catch
4 salmonid species in Situk River in southeastern
Alaska. Swanton et al. (1996) used Canadian fan traps
to capture sockeye smoltsin 2 Kodiak Island streams,
although thistype of trap may be susceptibleto debris
plugging (Todd 1994). Other capture techniques that
should be considered include partial weirs (e.g.,
Dempson and Stansbury 1991) and various types of
nets. If a2-site experiment is planned, we recommend
using different upstream and downstream trapping

Table 6. Comparison of trap efficiency estimates based on mark—recapture trials and “true” trap efficiencies
calculated as the trap catch divided by the weir count. Relative smolt abundance, based on weir counts, is
shown to indicate the importance of each sampling period. Estimated efficiency isgiven for unadjusted and
mark-survival-adjusted releases. The range in true efficiency is given to indicate variation within each

stratum.
Relative Estimated Efficiency (%) True Efficiency (%)
Period Abundance (%) Unadjusted Adjusted Mean Range

(1) 4/30-5/11 31.3 205 214 21.9 10.3-35.4
(2) 5/12-5/19 431 20.4 204 18.3 10.3-34.8
(3) 5/20-5/26 14.8 16.6 17.6 239 19.0-29.5
(4) 5/27-6/2 9.3 18.3 18.3 20.0 10.2-25.4
(5) 6/3-6/12 15 6.0 6.3 17.7 9.3-34.5
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Table 7. Comparison of precision estimates using the normal approximation and parametric bootstrapping for
mark—recapture estimates of the sockeye salmon smolt emigrationin AkaluraCreek in 1997. Unadjusted and
mark-survival-adjusted estimates are given for the bootstrap technique. Bootstrapping was based on the
hypergeometric distribution and consisted of 1,000 iterations; the percentile method was used to obtain

confidenceintervals.

Standard 95% Confidence Limits
Technique Variance Error Lower Upper
Normal Approximation 9.180E+07 9,581 187,675 225,233
Bootstrap (unadjusted) 8.914E+07 9,441 188,865 225,030
Bootstrap (adjusted) 9.058E+07 9,518 183,361 220,318

methods to help reduce possible within-stratum bias
(Seber 1982: 85-87).

The type of mark or tag will also need to be se-
lected. Bismark Brown Y dye, for example, has been
used in numerous sockeye smolt M—R studies (Todd
1994). Thedingaet al. (1994) used a Panjet instrument
and 3 different inksto tattoo-mark 4 species of salmo-
nid smolts. Dempson and Stansbury (1991) used Floy
streamer tags to mark Atlantic salmon smolts.
Macdonald and Smith (1980) used aluminum stapletags
to mark sockeye smolts. After selecting amarking tech-
nique, marked fish should be observed for obvious be-
havioral effects. Short-term mark survival issimpleto
evaluate, can be easily incorporated into the analysis,
and will provide valuable information about marking
and handling effects.

It isoften difficult to obtain adequate sample sizes
for marking during the early and late segments of the
migration. A simple solution to this problem isto re-
lease smolts over afew successive days and pool the
release datafor that period. However, itismost impor-
tant to obtain adequate sample sizesfor marking around
the peak(s) of the emigration — those periods that ac-
count for the majority of the total smolt abundance.
Achieving atrap efficiency of 10-20% should be ad-
equate for most studies (Figure 1) and will require ex-
perimenting with the placement, number, and
configuration of the trap(s).

For most types of gear, catchability varieswith the
size of the fish (Ricker 1975). For a migrating smolt
population, traps that exhibit size-selectivity have un-
equal capture probability, which will biasthe smolt es-
timate. The temporal stratification described in this
paper attemptsto account for variation in capture prob-
ability related to migration timing. For species with
multiple age classes, such as sockeye salmon, runtim-
ingisgenerally related to age, and thusthe major smolt
sizegroups(e.g., Swanton et al. 1996). However, size-
selectivity can still occur within an age class and run
timing may overlap considerably. One potentia rem-

edy for this problem is to stratify the estimate using
size groups of the population that have constant
catchability (Seber 1982: 81-82). Groups can be es-
tablished based on known size differences between
age classes or substocks of the emigrating smolt. The
sampling method is an extension of the simple strati-
fied design and only requiresindexing size groups by
using an additional subscript in the equations presented
inthis paper. To test the hypothesis of no size selectiv-
ity (H,) in the recovery (downstream) sample, Seber
(1982: 82) recommends a technique described by
Robson (1969). The method consistsof measuring (e.g.,
fork length) and marking each fish individually. After
recapture sampling, the size distributions of the recap-
tured and not-recaptured smolts are compared using
the Kolmogorov—Smirnov statistic; failuretoreject H,
indicates no size selectivity. Unfortunately, this tech-
niqueinvolvesadded handling and individually tagging
each fish, which may be impractical and costly. One
aternative is to measure all marked and recaptured
fish and censor identical measurements observed in
both samplesfrom the marked sample. Another option
is to compare size distributions of all marked smolts
and the recaptured smolts, although this approach vio-
lates (albeit modestly) the assumption of independent
samples. It should be noted that, because of large sample
sizes, the power of these tests is often so great that
inconsequential size-selectivity will result in astatisti-
cally significant test.

Age (scale samples) and size (weight and length)
data are usually collected concurrently in smolt enu-
meration studies to develop brood tables and to esti-
mate the average size of smolts in the predominant
age classes. We recommend sampling in proportion to
the number of captures so that the within-stratum as-
sumption of random sampling is satisfied reasonably
well. In practice, it may be necessary to base the daily
sample size on the previous day’s catch, unless atech-
nique of sampling proportional to the catch, such asa
systematic method, is devised.
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