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Cautionary Note about Estimating Mean Length at Age with
Subsampled Data

PHiLLIP W. BETTOLI*

U.S Geological Survey, Biological Resources Division,
Tennessee Cooperative Fishery Research Unit,1
Tennessee Technological University, Cookeville, Tennessee 38505, USA

LEANDRO E. MIRANDA

U.S Geological Survey, Biological Resources Division,
Mississippi Cooperative Fish and Wildlife Research Unit,2
Mississippi State University, Mississippi State, Mississippi 39762, USA

Abstract.—Subsampling fixed or random numbers of
fish per length category to estimate mean length at age
is commonplace. However, biologists often ignore the
fact that those data are collected in a stratified manner
and do not represent a simple random sample of the
population. We demonstrate that failure to consider the
stratified nature of data and use the correct formulae to
calculate means and standard errors will usually result
in biased estimates of mean length at age and will always
inflate standard error estimates. If the distribution of
lengths within a particular age is highly skewed, esti-
mates will be severely biased if the data are not treated
in a stratified manner. Subsampling in proportion to the
number of fish in each length category may be superior
from a statistical standpoint; however, the more com-
monplace sampling of a fixed number of fish per length
category is superior from the standpoints of logistics
and the frequent need to accurately estimate age pro-
portions in the largest length categories.

Fishery biologists often estimate mean length at
age to assess fish growth, a variable that is fun-
damental to understanding population dynamics
and managing fish populations (Ricker 1975). Es-
timates about the population are often made from
a sample selected at random, in which all the fish
collected are assessed for age. However, biologists
often resort to subsampling because a sample may
contain more fish than can be processed, or be-
cause the increased reliance on otoliths requires
minimizing the number of fish to be killed. Sub-
sampling to generate estimates of ages for the en-
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tire sample was first applied by Fridriksson (1934;
cited in Ketchen 1949). Fridriksson proposed es-
timating fish ages from a subsample selected ac-
cording to length-group and in proportion to the
frequency distribution in the sample; the propor-
tions of different ages in each length-group in the
subsample are then used to assign ages to all fish
in each length-group in the sample. Ketchen
(1949) modified Fridriksson’s approach by sub-
sampling a fixed number of fish in each length-
group and suggested that this method would be a
more efficient means of assigning ages to the sam-
ple, because weighting all length groups equally
increases representation of older age-groups,
which are often a small fraction of a sample. This
method of creating an age-length key has been
widely used for years (e.g., Allen 1966), although
several authors have commented on potential bi-
ases (e.g., Kimura 1977; Westrheim and Ricker
1977).

In the second edition of Fisheries Techniques,
DeVries and Frie (1996) discussed the use of age-
length keys to estimate age-frequency distribu-
tions and provided an example of how to estimate
age-frequency distribution from a subsample. Cur-
rently, the most common method of subsampling
is to create length-groups of 10-mm, 25-mm, or
1-in lengths and collect age data structures from
a fixed number of fish per length-group. The ages
of fish in the subsample are then estimated by var-
ious methodologies, and statistics such as mean
length and variance are computed for each age
group represented in the subsample. The practice
of sampling a population of units (i.e., individual
fish), classifying the units into strata (i.e., length-
groups), and then selecting a sample from each
stratum is formally termed double-sampling for
stratification (Thompson 1992).
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The Problem

Despite the fact that age—length keys have been
in use for decades and are discussed in recent fish-
eries textbooks, we have noted that statistics about
age-groups are often computed incorrectly when
subsampling is used. The subsampling approach
described by Ketchen (1949) creates a uniform
length distribution if a fixed number of fish are
subsampled per length-group, yet many biologists
treat the subsample asif it was arandomly selected
nonuniform distribution mirroring the distribution
of lengths and ages in the complete sample. For
instance, in the 1998 and 1999 volumes of the
North American Journal of Fisheries Management,
about half (14 of 27) of the manuscripts presenting
age and growth data reported that the fish esti-
mated for age were subsampled uniformly by
length-group, yet most (9 of 14) of those studies
treated the data as if they were randomly selected
from the sample. Through our work with fisheries
biologists in several states, we became aware that
subsampling by length-group is commonplace, but
the data are often treated incorrectly. Below we
show that using an inappropriate design to estimate
sample statistics can, under most circumstances,
produce biased estimates of mean length at age
and the corresponding variance. We also offer ad-
vice on how to avoid these statistical concerns.
Readers, particularly marine biologists, interested
in estimating maturity-at-age from length-stratified
data are directed to Morgan and Hoenig (1997).

Estimation Procedures

Incorrect estimates are made when the mean
length of the ith age-group (L;) and variance (S?)
are estimated directly from the subsample as:

L = (S nyf)/n, @D

F = [ (e — L)An, — 1) ()

where n; = number of fish of the ith age-group
subsampled in the jth length-group, I, = the
length of the kth fish in the jth length-group and
the ith age-group, [;; = (2l;;)/n;, and n; = number
of age-l fish in the subsample. Equations 1 and 2
are often used but are incorrect because they pro-
duce statistics that do not represent the sample if
subsampling is not in proportion to the frequency
distribution of the sample. The right way to treat
these data is to extrapolate the subsample to the
sample and estimate the statistics based on all the

fish in the sample, as follows:

L = (& Ny[p/N, ®3)

ij
F = {3 N2 (e — LYII}H(N, — 1) (48)

F=ENG-LAN-D  (4b)

where N; = N;(n;/n;), N; is the number of fish in
the jth length-group, n; is the number of fish sub-
sampled in the jth length-group, and N; = X N;
over al j length-groups. Equations 3 and 4b are
equivalent to equations 16.1 and 16.2 in DeVries
and Frie (1996) when the midpoints of each length-
group are substituted for [;;. Equations 4a and 4b
provide slightly different estimates (the magnitude
of the difference depending on the distribution of
lengths), but both are acceptable estimators of the
variance.

For example, alength-frequency distribution for
a sample of 200 largemouth bass Micropterus sal-
moides collected by electrofishing on Kentucky
L ake, Tennessee, isdepicted in Figure 1A. Otoliths
were removed from as many as 10 individuals in
each 25-mm length-group to determine ages and
mean length at ages 2 through 4 (Figures 1B, C,
and D, respectively). Using the equations pre-
sented above, we estimated L; and S2 with both
the right and the wrong procedures to demonstrate
the magnitude of bias; we then calculated standard
errors associated with each mean. The mean
lengths generated using only the datafrom the sub-
samples do not agree with the means estimated
from the entire sample. The only time these means
should agree is when the length distribution for an
age-group is bell-shaped and symmetrical, which
is seldom the case in fish populations. For age-3
largemouth bass (Figure 1C), the two means were
similar because the length-frequency distribution
was nearly symmetrical. The standard error, used
to generate confidence intervals around means and
to conduct statistical comparisons between means
(e.g., t-tests), would be overestimated when de-
rived from equation (2), that is, SE = (S§%/n;)°%,
but unbiased when derived from an equation (4)
approach (SE = [S%/N;]°%). An overestimated stan-
dard error facilitates type Il errors, that is, ac-
cepting a null hypothesis when the alternative is
true. In nonstatistical jargon, this means that when
comparisons of growth estimates are made, deter-
mining significant differences is more difficult
when the incorrect equations are used.

To further illustrate the biases that result from
using the wrong equations with stratified data, we
““sampled”’ randomly three fish from each 10-mm
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Ficure 1.—(A) Length-frequency distribution for
largemouth bass from Kentucky Lake, Tennessee, April
1994; the dark bars represent fish for which age was
estimated from sagittal otoliths. The length distributions
for (B) age-2, (C) age-3, and (D) age-4 fish were gen-
erated by applying an age-length key to panel A. Mean
lengths and standard errors were calculated by using
equations (1) and (2)—incorrect approach (i)—and
equations (3) and (4a)—correct approach (c).

size-group of age-0 largemouth bass collected in
a midsummer cove sample. The stratified subsam-
ple contained 27 fish from a ‘*‘population” of 147
age-0 fish (all of which were measured for total
length). Compared with the true mean (56 mm),
the mean calculated from the subsample and using
equation (1) (the incorrect approach) was severely
biased because the frequency distribution was
sharply skewed (Figure 2). The mean calculated
from the subsample and using equation (3) (the
correct approach) was nearly identical (55 mm) to
the true mean. As expected, the variance cal cul ated
by using equation (2) (the wrong approach) was
inflated relative to the correct sample variance cal-
culated with equation (4a).

Computer software such as Fishcalc89 (devel-
oped by the Missouri Department of Conservation
and available through the AFS Computer Users
Section) can be used to estimate the mean length
at age of a sample of fish for which the lengths
are known, from a subsample of fish for which
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Ficure 2.—Length-frequency distribution for 147
age-0 largemouth bass collected in Normandy Lake,
Tennessee, 1994; mean length () and variance (a?) for
those fish are listed. Three fish were randomly selected
from each 10-mm size-group, and the sample mean and
variance were subsequently estimated by using equa-
tions (1) and (2)—incorrect approach (i)—and equations
(3) and (4a)—correct approach (c).

lengths and ages are known. Fishcalc89 is afairly
easy program to master and, in our example, pro-
vided the same estimates of mean lengths at age
and their variances as equations (3) and (4b) when
we shortened our length-groups to 10-mm and
used midpoints of each length-group in the cal-
culations. Alternatively, equations (3) and (4) giv-
en above may be programmed into commercially
available software to facilitate calculations.

The question of whether it is preferable to sub-
sample a fixed number of fish from each length-
group (i.e., fixed-age subsampling), or subsample
in proportion to the number of fish in each length-
group (i.e., random-age sampling), has been de-
bated for decades. Kimura (1977) assessed the sta-
tistical validity of data generated using both ap-
proaches and concluded that random-age subsam-
pling was superior to fixed-age subsampling. The
drawback of that approach, as noted by Ketchen
(1949), isthat age proportionsin the largest length
groups, which could contain many age-groups,
could be poorly estimated. When constructing
catch curves to assess variable recruitment (e.g.,
Maceina 1997; Maceina and Bettoli 1998), good
estimates of the abundance of older age-classes
are critical. Therefore, it isimportant to oversam-
ple the largest length groups, each of which might
contain several age-classes, through fixed-age sub-
sampling. Ensuring that older, rarer fish are ade-
quately represented in the subsample is also im-



Downloaded by [ Tennessee Tech University] at 11:43 09 April 2015

428 BETTOLI AND MIRANDA

portant when estimating maturity at length (Morgan
and Hoenig 1997). Another concern with random-
age subsampling is logistics; it is much easier for
field crews to collect a fixed number of fish per
length-group for age determination, especialy
when fish that are not killed can be released alive
after routine measurements are recorded. Given
that the examples of age subsampling found in the
last two issues of the North American Journal of
Fisheries Management all represented fixed-age
subsampling, we assume that most biologists (at
least, those who publish their findings) prefer that
method. For those wishing to avoid any uncer-
tainties involved with extrapolating ages from fish
in a subsample, the simplest method of guaran-
teeing unbiased results isto estimate the age of all
the fish collected in a large random sample.
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