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ABSTRACT

The problem of variability in sampling from fish populations by
trawl net is examined. The data used in this study were collected on
Georges Bank during the summers of 1948-51 by the research vessel
Albatross ITI. Tt is shown that the hypothesis of a random distribution
of individuals is not tenable, so that variability from sources other than
the sampling technique may be expected. It is shown that, if a type
of heterogeneity is assumed such that the mean fluctuates from sample
to sample as a Eulerian variable, a negative binomial distribution will
result. This distribution applies to the numbers per tow of several
species sufficiently well to retain it as a working hypothesis.

It is further shown that the distribution of species and the numbers
of individuals represented by each conforms, with good probability, to
the logarithmic series distribution. Samples drawn from a logarithmic
series distribution are expected to have their numbers distributed in
negative-binomial form, so that the latter distribution observed in the
data is consistent with theory. On the other hand, the number of
species observed in samples drawn from a logarithmic series distribution
is expected to be of the Poisson form. This is demonstrated for the
1949, 1950, and 1951 data, but does not apply to the 1948 data, in
which an excess of tows with less than 4 species is observed.

Several mathematical models postulating heterogeneity in distribu-
tion are discussed. The theoretical interrelation of the Poisson,
logarithmic series, and negative binomial distributions is pointed out.
The occurrence of all three in the trawl data affords a self-consistent
theory of distribution.

From the nature of the relation of the variance to the mean in a
negative binomial distribution, it is shown that the amount of informa-
tion concerning an observed mean can be substantially increased by
any procedure which tends to reduce the size of the observed mean.
It is recommended that in future sampling the observed mean be
decreased both by reducing the length of the tow and by using a trawl
net with a smaller opening.

In appendix A, a model for fish populations is postulated which would
give rise. to the observed distributions. In appendixes B and C, the
problem of estimating the parameters of the negative-binomial and
logarithmic series distributions are discussed. In appendix D, data on
plaice eggs collected by a plankton net are shown to be satisfactorily
fitted by a negative binomial distribution.
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NATURE OF VARIABILITY IN TRAWL CATCHES

By CLYDE C. TAYLOR, Fishery Research Biologist

A fundamental problem in deriving the char-
acteristics of a population from a series of samples
is the determination of the magnitude and sources
of variability in successive samples. Such vari-
ability may arise (1) from the manner in which
the population is- distributed in space and (2)
from wvariations inherent in the method selected
for sampling. This paper considers the variability
associated with catches of fish hy the otter trawl
with respect to such sources. Aspects of this
problem have been considered by Thompson
(1928), Hickling (1933), and Barmes and Bagenal
(1951). Parallel problems for plankton have
been treated by Winsor and Walford (1936),
Winsor and Clarke (1940), Silliman (1946), and
Barnes (1949a, 1949b, 1951).

Winsor and Walford considered that “the
variation actually observed in plankton sampling
is the result of (a) wvariations in the distvi-
bution of the organisms and (b) variations in
the mode of sampling. Under (b) are included
such factors as variations in the speed of hauling,
deviations of the haul from the vertical, com-
pleteness of washing the net, etc.”” It is obvious
that similar factors under (a) and (b) would affect
the variability of trawl hauls.

Since the chi-square distribution of paired
plankton hauls did not satisfy that expected for a
Poisson distribution of the organisms, Winsor and
Walford examined the variability avising from
factors under (b) and concluded that ‘“a limit to
the precision of estimate is set by the relative
variability of the volume sampled.”

Silliman (1946) studied the variability in
plankton-tow-net catches of Pacific pilchard eggs.
He concluded that “most of the variahility of egg
counts is due to real differences in egg concen-
tration.”

Barnes (1949a) studied the variability in paired
plankton hauls. Following a treatment of the
data parallel to that of Winsor and Clarke, he

concluded that his results “are not at variance
with the suggestion that the animals are randomly
distributed, and that the variations observed ave
largely dependent upon variation in the volume of

" water filtered by the net.”

Barnes (1949b) proceeded to examine the
variability arising from variations in the volume
of water sampled, by comparing the catches of
plankton organisms taken by pump samples in
which the volumes of water actually sampled
could be determined with considerable accuracy.
Barnes found that the variability associated with
pump samples was no less than that with net
samples and that the distribution of chi-square
was similar to that found by Winsor and Walford
(1936). Barnes’ contribution indicates clearly the
necessity for reexamining the assumptions con-
cerning the distribution of the organisms in
space.!

SAMPLING PROCEDURE

A census of fish populations on Georges Bank
(Area XXII, subareas G, H, J, M, N, and O,
fig. 1), using the research vessel Albatross 111,
was completed for the summers of 1948, 1949,
and 1950. A stratified random selection of sta-
tions was designed to sample uniformly the depth
zones of the bank from 10 to 200 fathoms. At
each station a standard half-hour tow was made
using a. modified No. 1% Iceland trawl with belly
and cod-end liners of 1}-inch-stretch cotton mesh
in order to catch fish as small as possible. At
cach trawl station, all fish were counted, repre-
sentative samples were measuved, and tempera-
ture data from surface to bottom were obtained
by the bathythermograph. A second tow was
made at randomly selected stations in 1948 and
at every third station in 1949 and 1950.

1 Assuming & heterogencous distribution of plankton organisms, Barnes
has shown in a recent study that the distribution of plankton-tow-net

catches conforms satisfuctorily to the **contagious’ distribution of Thomas
(1949). See Burnes (1951).

145



146 FISHERY BULLETIN OF THE FISH AND WILDLIFE SERVICE

g
X Yl ]

)
;}’}.

NOiS08

4 -
Gl
42|

Freure 1.—The statistical subareas of Georges Bank.



" VARIABILITY IN TRAWL CATCHES - : 147

TWO-TOW STATION DATA

Since two tows were made at approximately
one-third of the stations in 1948, 1949, and 1950,
the series of paired observations furnishes a
measure of comparative variability hetween tows.

As Winsor and Walford (1936) show, if the
basie distribution is Poisson the quantity

2=Z (n—ﬁ)z_('nl_nz).l

X 'ﬁ/2 o 'ﬂr1+n2

should, in a number of random samples, have a
mean value of 1 and should be distributed in a
known manner.

Table 1 shows the distribution of values of chi-
square for haddock, whiting, and the common
skate, and for total fish. The distribution is of
the same type as those found by Winsor and
Walford (1936) and Barnes (1949a) for plankton,
with an excess of large values of chi-square.

In table 2, the totals of chi-square are classified
by sample size. Although there is some tendency
for the larger hauls to be associated with high
chi-square values, the values are generally high
for all levels of catch. While variability in samp-
ling is expected to arise from imperfections asso-
ciated with the sampling technique, it is clear that
if the data are taken from a population distrib-
uted at random these imperfections would have
to be of the grossest kind to account for the
variability observed.

" As a working hypothesis, the assumption of a
random distribution of plankton organisms does
not appear unreasonable, even though such an
assumption seems to have been suspect for some
time. A similar assumption for the'distribution
of fish, however, appears quite unwarranted, since
trawl catches, fathometer records, and the obser-
vations and experience of fishermen indicate that
fish tend to congregate in schools. Trawl catches
show that these schools are heterogeneous and
that, while a particular species may predominate,
there is ordinarily a variety of species repre-
sented. These schools probably differ not only
in area but also in density within an area.

In table 3, the catches of haddock in tow 1,
tow 2, and tows 1 and 2 combined are tabulated
for the two-tow stations. It is at once apparent
that the observed curve of distribution cannot
possibly be Poisson unless the mean is less than 1,
which it obviously is not. o

The observed distribution of frequencies of
catch per tow of haddock suggests the negative
binomial distribution (Greenwood and Yule 1920).
The combined data for the  two-tow stations
(table 3) were therefore fitted by the negative-
binomial distribution.? Details concerning the
goodness of fit are summarized in- table 4.

This development suggested that the basic dis-
tribution of the catch-per-tow data might be the
negative binomial. It became necessary to ex-
amine not only the validity of this hypothesis in
the light of the data at hand but also any theo-
retical reasons why these data should be so
distributed.

Negative binomial series were fitted to catches
of haddock per standard tow for each of three
depth zones: Depth zone 1, 0-30 fathoms; depth
zone II, 30-60 fathoms; and depth zone III, more
than 60 fathoms. While no particular signifi-
cance is thought to attach to these groupings, the
data were available in these classifications, and
these depth zones are presumed to represent a
certain homogeneity of conditions. The results
of these fittings are presented in table 5. The
catches for depth zone III are presented in figure 2.

Similar treatment was accorded the data for
the common skate (Raja erinacea), the whiting
(Merluccius bilinearis), and the ocean perch
(Sebastes marinus). These data are presented in
tables 6, 7, and 8. The catches for common skate
and ocean perch are presented in figures 3 and 4.

The probabilities associated with the Zx? for
these data are summarized in table 9. They are
sufficiently high to retain the hypothesis that the
basic distribution is the negative binomial. This
hypothesis is strengthened, however, if theoretical
grounds, conforming to conditions known to
apply to the data, may be found.

Let us first consider a Poisson distribution with
mean m.*! Two essential conditions for a Poisson
distribution of items are that they be distributed
at random and independently of one another. If
the items are not distributed independently but
tend to cluster in groups,* the estimate of m will
tend to vary with sampling, and a Poisson dis-
tribution will no longer be obtained.

? Sce appendix B.

3 The development follows in its essentials that demonstrated by Fisher
(1941).

¢ Compare the "contaglous" distributions of Polya, 1931 Neyman, 1939
Cole, 1946; and Thomas, 1949. :
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Figure 2.—Number of tows, number of haddock, and the fitted binomial distribution.

Fisher (1941) considered the simplest frequency
distribution which allows for some variation of m
to be the Eulerian distribution with frequency
element:

df= =1 1) L pmEle ™ dm

When m varies in thls way, the frequency of
occurrence: of x units in the sa,mple is:

. ° 1 z .
j; (L__l)m"m*‘ e~mPgmm 7:! dm - ... .(2?

leading to the in't'e_gra.l' of the Eulerian type:

(k—.l—.c——.l)! p*
DT (1+p)H

which is identical with the standard form of the
negative binomial.

In the derivation of the megative binomial
distribution, it is important to consider that while
the Poisson distribution is that expected for
homogeneous material, the Poisson no longer
holds if (1) there is variation in the size of the
samples or (2) if the material is heterogeneous.

The variation (in excess of that expected for a
Poisson distribution) obhserved in plankton and
trawl sampling has been attributed in the past
to factors falling under (1), e. g., variations in the
volume of water sampled. It is clear that vari-
'a.bility may be ascribed equally to heterogeneity
in the popula,tmn sampled, i. e., “true” sampling
variation. This heterogeneity, furthermore, does
not exclude the possibility of a stable > mathemati-
cal distribution amenable to statistical treatment.

DISTRIBUTION OF SPECIES AND NUMBERS OF
FISH

The number of fish of each species was recorded
for each tow made over the period 1948-50. The
logarithmic series having been developed by R. A.
Fisher (1943) to account for peculiarities in the
distribution of species and numbers of individuals
of each, it appeared desirable to determine
whether the species occurring in the trawl samples
were so distributed.

8 By “stable’” we mean a distribution whose general characteristies do not
change between successive sets of samples, Heterogeneity, while a condition
for a negative binomial distribution, does not necessarily imply the negative
binomial distribution as the only possibility.
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The trawl-catch data were classified by the
same depth zones as were used ‘above. The
number of species, S, and the number of in-
dividuals, N, were determined for each depth
zone in each year, and also for each depth zone
for the 3 years combined, 1948-50. Logarithmic
series were fitted to each grouping. Goodness of
fit was determined in the usual way. The data
were grouped so that the number of expected
observations was close to five. After the first
few terms, the interval of grouping necessary to
obtain five expected observations increases rapidly
so that in general it is not feasible, or necessary,

149

to compute the series beyond the first four or five
groupings, these groupings usua.]lv mcludmg the
first 150 to 200 terms.

The results of ﬁttmg logarithmic series to the
distribution of species and numbers of fish
represented by each are presented in tables 12
(a, b, and ¢) and 13 (a, b, and ¢), together with the
chi-square for each grouping and the probability
of obtaining a worse fit by chance for the total
chi-square. It is apparent that the hypothesis of
logarithmic distribution cannot be rejected.®

8 The relationship of the logarithmic series to the negative binomial is

discussed (p. 155 and appendix A). Derivation of the logarithmic serfes
and some of its mathematical properties are presented in appendix C.
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Ficure 3.—Number of tows, number of common skate, and the fitted binomial distribution.
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Williams (Fisher, Corbett, and Williams, 1943)
has suggested that the index « of the logarithmic
series be called the “index of diversity,” since it
is a measure of the richness in species from sample
to sample. Williams (1944) has given a summary
of the properties of the index of diversity, which
(slightly condensed) is as follows:

(1) If several samples are taken from the same popula-
tion, not only will they have the same index of diversity,
but when two or more of them are added together the
combined sample will still have the same index.

(2) Different populations may have, by chance, the
same index of diversity, and samples from them will have
the same index.. When these samples are added together,
however, the alpha of the combined sample will be larger
than that of either of the two or more original samples.

(3) If two populations are entirely apart, then the
index of one sample from each combined will be the sum
of the two indices for each sample separately. If there
is some overlap, alpha will be larger than either but smaller
than the combined total.

(4) If two samples, not of very small size, are taken
from the same population, the larger sample being p times
the smaller, then the number of species in the larger
sample will be a log,p more than in the smaller; it follows
that the index a is the number of species added to a
sample by multiplying its size by e.

(5) In the same population, z approaches 1.0 as the size
of the sample increases, and n; approaches a (where n, is
the number of singleton species).

From these properties of the index of diversity,
it is apparent that a useful analytical device is
provided for examining the characteristics of pop-
ulations, provided the logarithmic distribution is
applicable.

SOME APPLICATIONS OF THE LOGARITHMIC
SERIES TO THE TRAWL DATA

The trawl data collected from 1948 to 1950 on
Georges Bank were classified by depth zone and
bottom type, and the index of diversity and its
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variance 7 ‘were calculated for each classification.
The data for depth zones are presented in tables
15a and 15b. Direct comparisons of pairs of
values of the indices were made considering dif-
ferences greater than twice the standard error of
their difference to be significant. Since many
comparisons are possible, one must remember that
about 1 in 20 of such comparisous may be signifi-
cant at the 5-percent level.

None of within-year and between-year compar-
isons of indices of diversity by depth zones were
significant, so that one may conclude that in
“richness of species” the depth zones do not differ
significantly either within or between years. This
does not mean that the species composition does
not vary with depth zone but rather that the
relation of the variety of species to the total
number of fish in each depth zone and in each
year is about the same.

A measure of the differences in species composi-
tion which exist .among depth zones may be ob-
tained by combining data for the various depth
zones under consideration. If no differences exist,

the resulting index will be about the same as those-

for the depth zones from which the combined
sample was taken. If the depth zones differ com-
pletely in species composition, the resulting index
will be the sum of the individual indices. The
depth-zone data combined in this way show in-
creases in the indices -of diversity, but they are
rather small (table 14). It is evident that there
must be many species common to all depth zones
with fewer species restricted to one alone. This
is borne out by the observed depth distribution of
the various species.?

"-Bottom samples were attempted at each station
where trawls were made. These data were com-
pared with and supplemented by data from Coast
and Geodetic charts and classified into four general
types: sand, mud, mud and sand, and stony.
Indices of diversity were calculated for each bot-
tom type in each depth zone for each year and
also for the three years combined. The indices
were compared in the usual way, the difference
being divided by the standard error of the
difference. h :

Only one difference significant at the 5-percent

7 8ee appendix C for the formula used in calculating the variance.

¢ The statistical significance of the increase in the index through combining

cannot be determined by comparing the difference with the standard error
of the difference, since the variates compared are no longer independent.

254646—53—=2

level was found. Since 30 comparisons were
made, we may expect at least one significant
d'fference to appear by chiance. These tests do
not, then, reveal any evidence of significant dif-
ferences in the diversity of species either between
bottom types within depth zones,  or between
depth zones within bottom types.?

DISTRIBUTION OF SPECIES PER TOW

In the logarithmic series, the distribution of the

number of species, S, is Poisson (Anscombe 1950).
We may, therefore, further examine the trawl
data to find whether the observed distribution of
species per tow conforms with theory.
. In table 15 the number of species per tow and
the number of tows are presented for the years
1948-51. The data for all tows in the Georges
Bank area are tabulated in column A. In col-
umn B, the first three tows of each cruise and the
first three tows following a change from the port
to starboard trawl net, or vice versa, have been
eliminated.

Data for 1949a and 1950a may be fitted with
Poisson distributions with probabilities somewhat
greater than 0.10 and 0.80, respectively. The
data 1948a and 1951a are fitted with probabilities
so low that the hypothesis of a Poisson distribution
must be rejected.

Data for 1949b, 1950b, and 1951b are fitted
with Poisson distributions with probabilities
greater than 0.30, 0.80, and 0.30, respectively.
Data for 1948b does not give a satisfactory fit.
The observed and expected values are presented
in-table 16, together with Zx? (n—2 degrees of
freedom).

There is no reason to reject the hypothesis that
the distribution of number of species per tow is
Poisson. It is apparent from table 16 that fac-
tors are operating in the sampling procedure which
tend to result in tows with a small observed num-
ber of species. The greatest number of these
tows occur in 1948 and 1951; 1948 was the first
year of the census sampling. In 1951 a different
vessel, the Delaware, was used. One is inclined,
then, to suspect that factors affecting the efficiency
of operation of the trawl net are the cause of a

¢ Preliminary analyses of variance of the transformed catch-per-tow data
indicate consistent significant differences in the distribution of particular
species by bottom type. The distribution of species by bottom type may

be studied by analysis of variance or by x *-contingency tables, afler a
square-root transformation of the number of species per tow.
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large number of tows containing a small number
of species in these years.

The improvement in agreement of the observa-
tions with hypothesis which occurs when the first
three tows are eliminated suggests that a dry net
does not fish efficiently. This may be true but,
on the other hand, the elimination of these tows
in the 1950 data makes practically no change at
all in the species-per-tow distribution. The trawl
data are being studied in an effort to find an ade-
quate explanation of the departure of species-per-
tow distribution from theory.

It is evident that if we uccept the hypothesus of
a Poisson distribution of species per tow, we have
a useful method of gauging the efﬁciency of the
sampling procedure. The data presented in tables
15 and 16 suggest that tows are present in the
data which ought to be rejected for purposes of
further analysis, provided an objective basis for
their rejection can be discovered. A Poisson dis-
tribution of the occurrence of species in tows also
provides means for further study of differences
between bottom types, depth zones, or other
environmental factors.

USE OF CATCH DATA IN THE ANALYSIS OF VARI-
ANCE

~ When the program for sampling fish popula-
tions on the fishing grounds was planned it was
anticipated that the technique of analysis of
variance could be applied to extract as much in-
formation as possible from the body of data to be
collected, and the sampling program was designed
with this technique in mind. A necessary condi-
tion, however, for a valid analysis of variance is
that there be a constant residual variance. -If the
variance changes with the mean level, a suitable
transformation is necessary to stabilize the
variance.

If the variance can be expressed as a function
of the mean m, it has been shown (Curtis 1943)
that the appropna.te transformation may be
" determined.

In the early stages of the present .analysis, it
was found that the standard deviation of the
catches per tow was approximately proportional
to the mean for many species. Typical examples
are presented in tables 10 and 11 and figures 5

and 6 for haddock and whiting catches. The
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relation between the sta.nda.rd deviation and the
mean may be expressed

o=km................ @

where o, is the standard deviation of catches z
with the mean of z equal to m.

It is shown by Bartlett (1947) that for any func-
tion g(x), we have approxima.tely

2= (dg/dm) ¥m). ..o .. - (5?
so that if o,% is s to be consta.nt, K? say, we must
have

_ [ Kdm _
g(m)—f 1/f_(— ............ (6)

From equations 4 and 6 we have:
flm)=o0r=Em’

[ Kdm
or gm)y=K/[k)logm+C.......... )

where C is a constant introduced by integration.
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Equation 7 indicates a logarithmic transforma-
tion of the catch data. This transformation
has been frequently employed in the past in the
treatment of both plankton and trawl data
(Winsor and Clarke 1940; Silliman 1946; Barnes,
1949a, 1949b, 1951).

It has been demonstrated above however, that
the hypothesis of a negative bmomm,l dlstnbutlon_
graduates the trawl data satisfa,ctoxily The
relation between the mean and variance for a
negitive binomial distribution is .

crmmAmYk. ..t (8)
Applying equation 6 we have

(m) = __Kdm
gim 1/ +m*k

leading to either & sinh~! or logarithmic integral.
Anscombe (1948) shows that for a negative bi-
nomial distiibution with variable z, exponent £,

- and y=log (z}}#k).

and mean m, the appropriate forms of the
transformation are

y—smh“\/ ( $+0 .......... 9

If m is large and % greater than 2, the optimum
value of C (equation 9) is roughly %. With
k less than 2 but greater than ¥, and m large,
the simpler transformation (10) may be used.

The negative binomial distributions which have
been fitted to the catch-per-tow data have,
generally, a fairly large m, but the value of % is,
in all instances, less than 3. TUnder these cir-
cumstances, it is apparent that the difference
between the transformations indicated by equa-
tions 7 and 10 is slight. In applying equation 7,
it is customary to use the empirical transforma-
tion log (1+z) to avoid difficulty with zero
observations. Equation 10 has the advantage of
assigning a numerical value to zero observations,
based on properties of the observations themselves
and may be preferable in some cases.

DISCUSSION

The distribution theory

It has been shown that the distribution of catch
per tow for various species of fish caught by the
research vessel Albatross I11 over a 3~year period
on Georges Bank conforms to the negative bi-
nomial distribution. On the other hand, the dis-
tribution of species and numbers of individuals
represented by each conforms satisfactorily to
Fisher’s logarithmic series distribution.

Anscombe (1950) lists seven 2-parameter dis-
tributions constructed on models postulating
various types of heterogeneous Poisson sampling.
Considering only the catch-per-tow data, there
appear to be three of these distributions, in addi-
tion -to the negative binomial, which might be
applied: the Neyman Type A, the Polya-Aeppli,
and the Thomas, all three being of the so-called
contagious type. These distributions are ex-
amined, since the trawl catches may represent
samples from populations so distributed. The
three distributions are similar in supposing a
Poisson distributionn of colonies or groups, but
they differ in the assumptions concerning the dis-
tribution of items within groups. In the Neyman
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Type A distribution, the number of colonies or
groups per sample has a Poisson distribution with
mean m;, while the number of individuals per group
has a Poisson distribution with mean m;.  The
Thomas distribution is similar, the number of indi-
viduals per group assumed to be one plus an obser-
vation from a Poisson distribution with mean m..
The Polya-Aeppli distribution, however, supposes
that the number of individuals per colony has a
geometric distribution; it has, therefore, some
interest in connection with sampling from growing
populations (Anscombe 1950).

In the absence of a series of equally spaced
modes, Anscombe (1950) points out, one may
reasonably feel reluctant to use the Neyman or
Thomas distributions. Such modes are not
evident in the trawl data.

The choice between the negative binomial and
the Polya-Aeppli distributions lies less in consid-

eration of the goodness of fit obtained in applying

them than in the various theoretical considerations
which might justify their use. Kendall (1948)
shows that colonies established simultaneously

-from single ancestors and unaffected by imriiigra_—

tion will, after a fixed lapse of time, have a dis-
tribution of population sizes resulting from growth
at geometric rates equivalent to the difference
between constant reproduction and mortality
rates. This is the model for the Polya-Aeppli dis-
tribution provided that the distribution of the
ancestors establishing each colony was random.
If, on the other hand, the distribution of ancestors
does not .occur simultaneously throughout the
area of observation but is uniform in time, the
distribution of colony sizes resulting will be that
of the negative binomial, provided that reproduc-
tion and mortality rates are constant. Kendall’s
analysis indicates that the index of the resulting
negative binomial, %, is intrinsically associated
with the reproductive power of the species.

These models for the Polya-Aeppli and the
negative binomial distributions appear over-
simplified in considering the application of them
to fish populations. The origin of schools of fish
can hardly be supposed to occur simultaneously
throughout the area of observation or to arise from
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the progeny of a single ancestor. The condition
of uniform distribution in time possibly is approxi-
mated, so that one may be inclined to favor the
negative binomial as the more likely, although an
essential of Kendall’s model is the self-duplication
of random individuals at random times.

A stronger argument in favor of the negative
binomial distribution is a relation among: the
negative binomial, the logarithmic series, and the
Poisson distributions which has been pointed -out
by Quenouille (1949). It is demonstrated that in
sampling from a logarithmic series, the probability
distribution of the number of individuals in
random samples is the negative binomial. Que-
nouille further demonstrated that if any two of
the three distributions hold, the third distribution
is implied (see appendix A).

A logarithmic distribution of species and indi-
viduals is demonstrated to hold with reasonable
probability for the trawl data, and it is further
shown that the hypothesis of & negative binomial
distribution satisfactorily conforms to the dis-
tribution of numbers per tow, as theoretically
required, given a logarithmic series dlstrlbutmn
from which samples are drawn.

The implied Poisson distribution can occur in
several ways, some of which are suggested by the
models considered above. The Poisson distribu-

tion of the number of species per tow suggests the

hypothesis that the various species are distributed
at random and move independently of one another.
This hypothesis does not require that the distribu-
tion of a species be random, since a species occurs
only once, no matter what its abundance in num-
bers, in the sample. The assumption of -a Poisson
distribution of species appears sufficient to com-
plete the theory, especially when we have a certain
amount of evidence that this distribution actually
holds. -Alternatively, we might suppose that the
occurrence of schools or concentrations of fish is
random. This may, in fact, be true but it cannot
be demonstrated at present because of lack of the
necessary observations.

Application of the distribution theory to the census
problem

The problem of variance.—The primary purpose‘

of the census cruises made on Georges Bank was
to estimate and define the abundance and dis-
tribution. of the fish populations inhabiting it.
It is not the purpose of this paper to extend the

distribution theory to numerical estimates of

populations, - but it is pertinent to examine
certain aspects bearing on them.

In populations with individuals distributed at
random and independently of each other, it is
well known that the variance is equal to the mean.
In a-negative binomial distribution, the relation
between-mean and variance is :

a,==m+m=/k.........._....(i0)

One sees at once that the departure of the variance
of the negative binomial from that of the Poisson
depends on the value of k; the variance, as well
as the distributions themselves, becoming identi-
cal as k tends to infinity. On the other hand, if
Ik is less than one, the variance is never less than
the square of the mean and may be of considerably
greater magnitude. '

The high variance associated with the mean
of a2 negative binomial distribution introduces
a most serious problem in estimation. Since %
is an intrinsic property of the population being
sampled, it is independent of the sampling method
and its estimate is subject only to sampling
variation. The mean, however, depends on the
size of the sampling unit, e. g., in the census
sampling, the size of the trawl net and the
duration of the tow.

Taking as a measure of the precision of sampling
the reciprocal of variance, the amount of informa-
tion of a mean based on n observations is n/s.2
It is clear that the amount of information can be
increased by increasing the number of -ob-
servations, by decreasing the variance, or both.

Examining the relation between mean and vari--
ance (équation 10), we see that any change in
sampling method which increases the mean will
increase the variance even more rapidly. It has
been  suggested that the trawl data could be
“smoothed out” by using a smaller net and
increasing the length of the tow. Increasing the
length of the tow would tend to increase the
mean, while decreasing the size of the net would
tend to decrease the mean. If the two effects
were of such magnitude as to cancel each other,
the variance would, of course, remain unchanged.

On the other hand, it will be seen that changes
in samphng which reduce the mean will also reduce
the variance, and for a given number of observa-
tions, will increase the amount of information
given about the mean. The obvious ways to
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reduce the mean are to reduce the length of the
tow and to reduce the size of the net within
practical limits,

- 'We have, for example, in depth zone II, 171
tows in which the mean catch: of haddock was 130,
The value of k, calculated from the maximum-
liklihood equation, is 0.25 (0.2542). The expected
variance is

130%
130—}—0 55

or 67,730. Let us suppose that by decreasing the
length of the tow and the size of the net each by
one-half, we reduce the observed mean by
one-fourth so that it is now 130/4 or 32. The
expected variance is now ¢,°=32+432%0.25 or
4,128, The amount of information has been
increased by 67,730/4,128 or about 16 times.
Reduction in the size of the net and the length
of -the tow would doubtless be accompanied by
other practical advantages, such as a smaller
crew to handle the net, greater case-in handling,
more data on the smaller catches, and the exe-
cution of a greater number of tows within a
given time period.
It is to be pointed out that, in the final analysis,
we are interested in the precision of an estimate of
" the total population in the area sampled. - The
mean we observe in a series of samples with any
given sampling unit is, of course, the basis for this
estimate. This problem, with particular refer-
ence to a heterogeneous population, is examined in
appendix E.

Ecological relations.—Since the numbers of each
species occurring in the trawl catches were re-
corded, we have in these data, in a sense, a third
dimension of observation: the relation of the
species to each other and to various environmental
conditions, not only in qualitative but also in
quantitative terms. While some of the prop-
erties of the index « of the logarithmic series have
been pointed out above, the primary purpose in
the present paper has been to examine the reality
of the logarithmic-series distribution of species
and individuals.

Although the analysis of the indices of diversity
by bottom type and depth zone within and between
years does not reveal any significant differences in
richness of species, an entirely different result is
obtained if one uses Fisher’s formula for variance
(7, appendix C) rather than that given by ‘Ans-
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combe (8, appendix C). In our data Fisher's
formula gives a variance roughly one-tenth as
great as that given by the formula we have used.
As a result many significant differences appear
between bottom types, with an apparent tendency
for these differences to diminish with depth.
With Fisher’s formula there still appear no signif-
icant differences between depth zones. As
Anscombe points out, the conditions under which
Fisher’s formula is applicable are rather special-
ized. It is possible that closer examination of our
data may reveal that some of the specmhzed
conditions are met.

An interesting relation which may be of prac-
tical use after further study of the data is given
by the formula

S=alog, 1+N/a) ...oo..... 1)
When N is large compared to e, we may write
S=alog, Nfa) ............ (12)

Making the necessary assumption that the
density of population within the total area is the
same as that within the area actually sampled,
we should expect to observe a total of S, species
if we sampled the entire area. Designating S,
as the number of species observed in the sample
area, A, say, the expected increase in species if we
sampled the entire area, A4, is

S—8,=alog, (AfAs) «....... (13)

from which we can readily estimate S, Sub-
stituting S, and the sample estimate of o« in
equation 12 we can then estimate N,, the total
number of individuals within the total area of all
species. Limits of reliability of estimate may be
set from the standard error of a. It is pointed
out here merely that the method may be of some
use when the area under consideration is not too
large as compared with the area sampled, when the
sampling is done within a fairly short period, and
when the assumption of uniform population
density can reasonably be made. Under these
conditions Fisher’s formula for the variance of «
would be applicable.

SUMMARY

Analysis of the census-trawl data collected
during three summers on Georges Bank shows
that the hypothesis of random distribution of
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the fish of a given species is not tenable. Two
theoretical "distributions, developed from models
postulatmg heterogeneity or aggregation, are
shown to apply to the observed data with suf-
ficiently high probability to retain them as work-
ing hypotheses. One of these, the negative
binomial distribution, describes satisfactorily the
distribution per tow of individuals of a species.
The other, the logarithmic series distribution, is
shown to describe the distribution of individuals
and species.

- The occurrence of species in successive samples
is shown to have a Poisson distribution, and this,
in theory, is sufficient to account for the loga-
rithmic distribution of species and individuals ob-
served. It is pointed out that various authors
have shown that the occurrence of numbers of a
particular species drawn in samples from a loga-
rithmie distribution will be of the negative-binomial
form. The observed distributions are therefore
self-consistent.

A high variance associated with the mean
catch per tow is shown to be a necessary con-
sequence of the basic heterogeneous distribution
of the numbers of fish. The agreement of ob-
served variances with theoretical variances is
sufficiently good to indicate that the variance due
to -variations in the sampling technique is -of
relatively minor importance.

It is shown that the variance may be reduced
and the amount of information increased by
decreasing the size of the observed mean, and it is
suggested that this may be accomplished by
reducing the length of tow and by reducing the
size of the trawl net.

Appropriate transformations for use of the
census-trawl data in analysis of variance and in
other statistical procedures are indicated.

APPENDIX A

A model for fish population distribution

The following model is an attempt to postulate
simple conditions which would lead to the mathe-
matical distributions observed in the trawl-sam-
pling studies. It is a restatement, in terms of
species and numbers of fish, of mathematical rela-
tions which have been noted in somewhat more
general terms by Fisher (1941, 1943), Kendall
(1948), Quenouille (1949), and Anscombe (1950).
We have borrowed freely from these authors.

Let us postulate that S species are distributed
at random within the area of observation, each
species moving 1ndependent,ly of others, so that
the distribution is Poisson with the probability of
observing exactly n species in any one sample

P(n species) =€'nTm .......... (1)-

Let us postulate further that the number -of
individuals represented by each species is not
random but rather that the individuals of each
species tend to aggregate so that the mean m
varies from sample to sample in a Eulerian dis-
tribution. The probability of observing a sample
of size r is, then,

P(r individuals) = (,(ck_i_rl—)_ ;_)" a +p2;) B ) §

which is the standard form of the negative bi-
nominal with index k& and parameter p/I-+p=2
(Fisher 1941; Quenouille 1949). Letting & tend
to infinity and excluding the first term as unobserv-
able, a logarithmic series distribution is obtained
(Fisher 1943) where the probability of observing r
individuals of one species is

P(r individuals of one species)=a z'/r...(3)
or the coefficient of #'in

—alog, (1—zxf)
1

and a= m.....

where z=7 +p
The following relations result (Quenouille 1949):
P (r individuals)=P (n ‘species)- X P(r indi-
viduals in n species).......... ... 0.l )
From equation 4 the probability of_observm_nF T
individuals in n species is the coefficient of ¢ in

[—alog, (1—zO)I"

..(4)

Rewriting equation 5 we have
P(r individuals)

—coefﬁcmnb of i (1 —xt)]"

=coeﬂi_clent of & in exp [—m—am log, (1 —zt)_]'
=coefficient of ¢ in (1 —zf)~ame~™

(em-+r—1)1

== =T !

¥, s;ince (1—z)~2=e. (6)
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Equation 6 is the same as the (r-1)th term in
8 negative binomial series with parameter z and
index a m.

It is thus seen that the two basic a.ssumptxons
necessary to obtain the observed distributions are
(1) the species are distributed at random and move
‘independently of one another, and (2) the indi-
viduals within each species tend to aggregate so
that the mean m is a Eulerian variable from
sample to sample.

APPENDIX B

Characteristics and fitting of the negative binomial
distribution

The negative binomial distribution is deseribed
by two parameters, the mean m and the index %.
The variance of the distribution is

The expected frequency of z'eros is
Py=Q4+mfk)™*. ............. 2)

and the chance of observing any positive count r is

kk—1) . . . (k—r4+1)p" _
P =t o gy )
or, more conveniently, letting p’=—p, k'=—#k,
EE 1) .. fFr—1) o s
p=EERD . Whr=1) g prywer (g)

Haldane (1941) shows that the 100'-111\6111100(1
equation for (4) is

Nllog, (k'+m)—log, k]

et L.
o 41

+ng
+. +k,+R 5

where n, is the observed frequency of r, and R is
the maximum value of 7.

- Equation " 5 gives fully efficient es’olma,tes of
kand p. The equation may be solved by elemen-
ta.ry methods (Haldane 1941) but the procedure
is tedious and not ordinarily necessary. The
procedure is to guess & value for k', evaluate
both sides, and, by successive approximation
and interpolation, carry the value of &’ to the

required number of decimal places, usually not
more than four. It is convenient to make an
initial approximation of X’ by use of equation 2,
where P, is estimated as the ratio of ohserved
zero observations to total observations. For
further details, as well as a simple numerical
example, the reader is referred to Haldane (1941).

A less tedious but not fully efficient procedure
is to estimate k by successive approximation to
satisfy equation 2. The method and its effi-
ciency as compared to the maximum-likelihood
method are discussed by Anscombe (1949, 1950).

The negative-binomial distributions in this
paper were first fitted using the log-likelihood
equation 5 to estimate k. Some tabulation errors
were later discovered in the data and all of the
distributions were recalculated by estimating %
from equation 2, with the exception of the distri-
butions for haddock in depth zones II and III
(table 5) and for ocean perch (table 9). The
values of & were not materially changed by using
the latter method which is, for these data, about
90-percent efficient. Since the first term of the
expected series, using equation 2, is determined,
there 1s one less degree of freedom than in using
equation 5.

As pointed out in the text, the negatlve bi-
nomial approaches the Poisson as. k& increases.
Some examples of the shape which the negative
binomial may take as k increases with the mean m
fixed are shown in figure 7. A value of & of
about 0.1 would produce a curve similar in shape
to the types found in this paper.

APPENDIX_ .C

The logarithmic series

- Fisher (1943) shows that the logant.hmm series
arises from the negative binomial distribution
when, in equation 2, appendix A, we let k=0,
write = for p/(p+1), and replace the constant
factor (k—1)! in the denominator by a new
constant factor, «, in the numerator. The. ex-
pression for the expected number of species with
r mdnndua.ls is then

where r cannot now be zero. The successive
terms of equation 2 are, of course, the required
series

oz, ar?f2, 03, . .. ... ()



VARIABILITY: IN ‘TRAWL CATCHES o 159

The total numbér‘ of species expected is
=—alog,(1—2) ........ (3)

from which it is seen that the distribution is
related to the algebraic e\pansmn of the log&-
rithm, hence its name. °

'.lhe total number of individuals expected is

Letting S represent the total number of species
observed and N the total number of individuals,
we have from equations 3 and 4

S=—alog, 1—2).......... (5)

so that both « and x may be determined if S and
N are known. Fisher (1943) and Williams (1947)
give tables of log,y N/a in terms of log,, N/S for
solving equations 5 and 6, given S and N. The
computations are straightforward and the param-
eters z and «, as well as the terms of the expected
series (equation 2), may be readily determined
for a given set of data.

Fisher (1943) gives the following formula for
the variance of

2N+ a
da{(N'i‘a)z IOgg m—aN}

OGN TSa—NaF (D

Va=

The formula enables one to calculate the standard
error of @ but Anscombe (1950) points out that
equation 7 is appropriate only under - certain
conditions of sampling, these conditions not
being complebely met in the census sampling.
Anscombe gives the formula

which appears to apply to the conditions met in
the census sampling, that is, comparisons of
observations on different sorts of biological
associations and comparisons of « from observa-
tions obtained in different years and with probable
relative differences in abundance between areas
and years. The variances of « use in this paper
are estimated from equation 8.

APPENDIX D

A negative binomxal distributlon fitted to humbers of

- -plaice eggs caught by a plankton net

The published data on sampling with plankton
nets do not often give the total catches in ‘suc-
cessive tows, or sufficient data on number of
tows with zero observations, to study the nature of
the distributions encountered. Table 17 is a
summary of the catches of plaice eggs in all stages
of development in the southern part of the North
Sea (Buchanan-Wollaston, 1923, table 3). The
data were collected in 1914. Table 3 (Buchanan-
Wollaston) indicates that 27 of the 50 stations
yielded no -plaice eggs in the plankton tows.
The mean catch is 15.1 eggs with a standard
deviation of 30.3.

Estimating & from formula 2, appendix B, we
have _

27/50=(1+15.1/k)*

from which k=0.1292.
~The expected variance from equation 1, ap-
pendix B, is
15.1=15.1%/0.1292

ot 1779.9, as compared to the observed variance,
915.5.

The observed frequency of plaice eggs per tow
and the frequency expected on the hypothesis of
a negative binomial distribution are presented in
table 18. The probability of obtaining a worse
fit by chance for £x* with three degrees of freedom
is-somewhat greatec than 0.60, so that the hypoth-
esis of a mnegative binomial distribution of the
data may not be rejected.

APPENDIX E

Proof, smaller sampling unit more efficient with hetero-

geneity present

When the variance is a function of the mean of
a distribution, the effect of the size of sampling
unit on the efficiency of sampling and on the
precision of estimates cannot be expected to be
obvious to the biologist. Experimental data con-
firming the validity of the efficiency of the smaller
sampling unit, under conditions of heterogeneity,
have been published by Fleming and Baker (1936),
Bezll (1939), and Finney (1946).

The precision of an estimate is defined as the
reciprocal of its variance. Efficiency is defined in
terms of the relative amounts of sampling required
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to give estimates of equal precision. If, for exam-
ple, we sample area A with sampling unit a,, and
then sample area A/2 with sampling unit a,
obtaining an estimate equally precise, we say that
sampling unit @, is one-half as efficient as sampling
unit Qdo.

Heterogeneity is defined as a nonrandom condi-
tion where the presence of an item at any given
point tends to increase the probability of another
item being in its immediate neighborhood. Het-
erogeneity is to be distinguished from another type
of nonrandomness in which items, through com-
petition or whatever cause, act to repel each other
so that they tend to fill the available space equi-
distant from one another. With heterogeneity, as
here defined, the variance is always greater than
the mean.

The problem of sampling with different sizes of
sampling units has been examined by Beall (1939)
whose statement of the problem is followed closely
in equations 1 through 7 below. It is hoped that
the proofs which follow in equations 8 through 10
will be helpful in clarifying some of the confusion
which appears to exist concerning the problem.

Consider N strata of equal size and a sampling
unit of area k. If the total arvea of the ith stratum
is A, the total number of sampling units it contains
is Alk=M. M will, of course, vary with the size
of the sampling unit.

Let X be the total number of fish in the N
strata. Let uy be the number of fish in the jth
sampling unit (j=1,2; .. .- M) in the ith stratum
(i=1,2,... N). Let« be the average number of
fish per sampling unit calculated over the entire
N strata. Then

X=MNu..........c..... )

Within the ith stratum, let the mean value of
44 be 44 and the variance

Let m; denote any number of samples taken in the
ith stratum. Let the number of fish observed per
sampling unit be zg, %4 . . . Tin, With mean =z,
and estimated variance

-
{ My—

M being equal for. all strata, Beall (1939) states:
“The best linear estimate of X, that is, the esti-
mate with the minimum S. D. will be

N
F= A’IEI x;.”

The standard deviation will be, when m, sampling
units have been drawn at random

o {35 (B

where M, is the total number of sampling units
contained in the ith stratum.

Since the strata are all equal in area, A,=AM and
m,;=m, so that equation 4 may be written

/i A — N
0F=J£%"E el (5)

MN is the total number of sampling units. Let
MN=M, .mN is the total number of samples

taken. Let' mN=m, Substituting in equation
5 we have
_ (M,—m)M, 1 X .
O'F_“J mo N— '2=1 [+ 2 S (6)

Since M, and m, are fixed, the accuracy of the
estimate of F is determined by the average vari-

.ance within strata:

ﬁ”;:,'z
1=1 N °

The sampling unit which gives the smallest value
to o,2 gives .the greatest accuracy to F, the esti-
mate of X. ' : - .

-With the number of strata and the fraction of
the area to be examined fixed, ¢, may he supposed
to be affected by an increase in the size of the
sampling unit.

Let o,=0¢, with sampling unit k=1. Let
o,=a," with sampling unit & > 1. When k=1,
M=M', and m=m’. When k > 1, M=m’/, and
m=M'". TFor each value of k, there will be a
value of ¢, and M'//M=m''/m=1/k. By ele-
mentary algebra, we obtain from equation 5
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Proof that, with @ Poisson distribution, all sizes

of sampling units are equally efficient. —-—Cons1der
the ith stratum. Let it contain A samplmg units.
Let the. number of sampling units.to be taken be
m. Let F be the estimate of the t.ot.al ﬁsh in the

ith stratum. By (5):
M(AL—
\/ M—m) a0 8)
Consider sampling unit k* > k=1. Sir'l-c'e the

area of the ith stratum is fixed, the total number
of sampling units of size k¥’ is M/k’. For equal
efficiency, it is required o,*=o07%* without increasing
the total area of the sample taken, so the number
of samples to be taken for &’ > k is m/L’ By
equation 5:

g,;.i Mk Mk — m (c’)
m[k’
where o2 is the variance observed with t,he new
sampling unit, k’.
The comparative efficiency of the new sampling
unit will be equation (8) divided by equation (9):

ortfor’’=af-=a/2k' ... ... ... .. (10)

The means observed may be considered pro-
portional to the size of the sampling units used,
provided sufficient samples are taken, since both
are sa,mplmg the same population” clen31ty So
r=z'/k’, where z’ is the mean observed with
sa.mplmg unit &>k By definition’ of the dis-

tribution, #=o¢,? and #’'=o¢/?*=Fk'2z. Substituting

in equation 10:
oitlerf=2+k'T/k'=1.0

Proof that the smaller sampling unit is more

efficient if heterogencity is present.—With hetero-
geneity as defined above, the variance is greater
than the mean. ~As with the Poisson distribu-
tion, the means observed will be proportional to
the size of the sampling units used, so that T=%'/k’.
Because of heterogeneity, however, the variances
are no longer proportional to the size of the sampl-
ing unit as in the Poisson distribution where
o’=c/%k’. For the negative binomial distribu-
tion and some other types of heterogeneous distri-
butions, the relation between the mean and
variance is of the type o*=aZ+b3. We have,
therefore, 0,°< o,/ ?/k’ and it is immediately obvious
from inspection of (10) that or*/oz"? will be less
than 1.0.
. It hardly nceds to be pointed out that the
application.of this result to problems of hetero-
geneous sampling does not mean one’s difficulties
will be solved merely by taking the smallest pos-
sible sampling unit. Many practical factors will
set a lower limit to the size of the sample it is
desirable to take. In sampling with an otter
trawl, for example, one would approach a point
where more time would be consumed in lowering
and raising the trawl than in fishing along the
bottom. It must also be remembered that with
the smaller sampling unit, minor sources of error
may remain of the same magnitude and so be-
come of proportionally greater importance with
the smaller sampling unit. '
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TABLES

TABLE '1.-=Distributien of values af x* for paired tow
catches of haddock, whiting, common skate, and total fish
[Only hauls with mi3-us>0 are Included]

o Rt ? Con Total

e tion o ommon ota]

z* .| casesex. | Haddoek | Whiting | ~op000 fish

: - pected

0.1 ‘1 i 1 3
- (159 N (U, 1 2 1
- 0.1 2 1 4 3
- 0.1 1 1 1 1
- 0.1 2 e N
- 0.1 | ... R PR, 1 4
- 0,1 1 ) I .3
- 0.1 2 R T 4
" L1 N P, 5 1 2
- 0.09 8. 4 4 (]
OVer 6.635.cueecceea-a 0.01 33 42 13 82
Total eases... .| —coeaees 50 60 30 108

TABLE 2.—Values of total and mean x? for haddock tows
of different sizes
[Only hauls with n1-+n:>>9 are included]

Number of
Number of fish paired Zx? Me:.m
tows x

1049 e 19 184.4 9. 70
50-99 [ S 8 120.3 15.04
100149 e eeemeeem 3 1817 60. 57
150-109. e eeeeae 4 187.4 46, 95
200-299__ - - 2 25.7 12.85
300-399____ 2 90.1 45. 05

-400-499____ 3 452.7 150.
500599 _ e J— [ S [
600-A00___ 2 142.6 71.30
700-799___ - 2 116.0 108,00
136, e 1 168.9 168. 90

1378 e 1 15 1,
0 C 1 490.1 49,10
084 e eeeee 1 176.8 176.80
673k ... 1 886. 2 885. 20

TasLe 3.— Distribution of caiches per tow of haddock at
: two-tow stations

Number of tows
Number per tow Total

Tow 1 Tow 2

25 26 51

8 5 13

4 3 7

3 ] 8

1 2 -3

4 1 5

- 1 2 3

1 3 4

1 1 2

1 1

1 2 3

1 1 2

1 .1 2

2 1 3

1 1

1 1

1 1 2

1 1

2 2 4

3 1 4

2 2 4

3 2 5

el 2 2

Over 45_.. - 23 22 45

Total 88 88 176

TasLE 4.—Observed calch of haddock at two-low stations
and catch expected on the hypothesis of a negative binomial
distribution

Number | Number .
Number of haddock/tow of tows of tows x
observed | expected
51 50.98 0.000
13 15. 14 302
15 10.39 2,045
15 11.21 1.281
13 11.15 307
9 10. 64 253
47 68,49 5.714
176 176.00 10, 592

TABLE 5.—Observed catch of haddock and caich expected
on the hypothesis of a negative binomial distribution,
depth zomes, I, II, and II]

Number | Number | Number
Depth zone of had- | of tows | of tows x*
dock/tow| observed | expeeted
I 0 35 34.99 0. 000
1-4 14 11,42 . 583
5-20 14 10.81 .942
21-70 7 10. 09 . 946
71-1,174 14 18. 69 434
Total. oo ecemm e[ mmmmae 84 84.00 2.905
I - 0 37 41_50 0.488
1-5 2% 28, 04 . 148
6-10 18 10. 46 2.934
11-18 11 10. 54 .021
19-30 15 10, 64 1.787
3147 9 10.25 . 152
48-71 13 10,03 879
§2-4, 586 43 52,54 1,732
B 1) 1 P R 172 172,00 8. 141
III - 0 33 33.01 0. 000
1 11 11,41 .015
2-3 15 13,40 .191
4-H 16 12.39 1.054
7-10 5 10. 90 3.194
11-16 9 10,91 .334
17-25 13 10.41 .644
2542 13 10. 41 644
43-81 9 10.01 .102
91-161 3 4.15 .319
Total. . - 127 127.00 6. 497

TaBLE 6.—Observed caich of common skale (Raja erinacea)
and calch expected on the hy?othesis of a negative binomial
disiribution, depth zones I, II, and 111 combined

Number of | Num ber of
Number of skates/tow tows tows x?
observed | expected

0. 195 195. 00 0. 000
1-2. 54 60. 71 .742
3-4. 26 27.93 .008
- 24 18. 06 L 987
7-8_ 14 13.09 .136
9-10 12 10. 06 374
11-13. 11. 45 L7209
14-17. 16 10.93 2.352
18-23. 12 10.90 11
D4-38 e 8 10.43 . 566
34-87. 16 1444 . 169
Total 383 383.00 8, 244
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TaABLE 7.—O0bserved catch of whiting (Merluccius bilinearis)
and cateh expected on the hupothcszs of a negatwe binomial
distribution, depth zones Il and I

Number of | Number.of
Number of whiting/tow tows tows x3
observed, expect.ed
35 35.00 0.000
5 12. 62 4.601
12 15.43 . 762
10.71 2.071
10 1220 . 397
8 12.53 1,638
12 10.12 349
9 10. 55 228
14 10.63 1,088
16 10. 49 2, 804
10.25
16 10. 95 2.328
148 138. 52 . 649
299 299.00 17.285

TasLe 8.—O0bserved catch of ocean perch (Sebastes marinus)
and calch expected on the hupothesis of a negative binomial
distribution, depth zone Il

[Includes 61 tows made in subarcas adjacent to Georges Bank proper.]

Number of | Number of

Number of ocean perch per tow tows tows x?
observed | expected
59 60, 24 0. 026
15 13. 84 .097
14 10.78 976
8 10.29 509
12 10. 48 27
14 10. 24 1.380
26 32.17 1. 183
148 148.00 4,308

TABLE 9.—Summary of tables 4-8, with degrees of freedom
and probability associaled with each Sx?

Depth it
ep g abuity
Specles zone = d.- 2 | oreater
than
Haddoek 23 oo I-1II 10. 502 5 0.05
Haddock.. I 2. 905 3 .20
Haddoeck._ IL 8.141 [] .20
Haddock.._ 11X 6.497 8 . 50
Commeon skate._ 1-II1 8. 244 8 .30
Whiting__._ - II-TIX 17.285 10 .05
Ocean perch 3 ... . . ____._. III 4,398 5 .40

1 See appendix B.
? Two-tow station data.
3 Includes some tows made in subareas adjacent to Georges Bank proper.

TaBLE 10.—Number of lows, mean, variance, and standard
deviation, for haddock catches by subarea and depth zone

dard

: Depth | Number Stan
Subarea zone | of tows Mean | Varisnce d:igsz;-

[ PP NN I 10 55.6 3, 094 55.8

. 11 8 19.3 16.0

III 42 27:6 1, 391 38.3

) - S, I 14 77.2 31, 216 178.7

14 §3.3 11,015 | . 105.0

IIT 29 14,3 415 20. 4

P 4 32.3 2,190 46,8

II 4 30,3 | 123,056 352, 1

I 17 18.2 131 13.5

M. e I 18 46.3 8, 720 93.4

II 42 258.0 | 633,397 795.9

IIL 11 4.1 39 8.2

N e -I 15 8.2 59, 701 244.4

II 30 63.5 13,717 117.1

IIx 18 0.1 0 0.0

[0 2, 1 23 5L1 3,532 50.4

I 45 16. 5 1,153 34.0

IIL 9 0.1 0 0.0

TABLE 11.—Number of tows, mean, variance, and standard
deviation, for whiting calches by subarea and depth zone

Standard
Depth | Number : .
Subarea Mean | Variance | deviu-
zone of tows tion

L& L 10 57.9 14,038 118.4
II 8 135.0 36,288 190. 4

III 42 75.6 5, 050 711

= S 14 235.5 | 108,481 328.4
II 14 206. 6 46, 361 215.3

I 29 153.9 35, 267 187.8

P 4 164.8 18, 44 136.6
I 24 120.8 | 115,563 339.9

111 17 154.6 3%, 841 197.1

Mo 15 60.8 3, 54.9
II 42 158.7 25, 35% 159. 2

IIY 11 3.3 | 256,151 306.2

N e 15 113.7 13,951 118.1
I 39 100. 0 27,781 166.7

I1I 18 187.8 | 395, 343 620.0

[0 2N 23 134.9 42,828 207.0
1T 48 8.8 7,761 88.1

11X I 9 13.4 204 17.1

TABLE 12.—Frequency of occurrence of species with different
numbers_ of individuals and expected frequency of. occur-
rence on the hypothesis of a logarithmic series distribution,
1948-50

a. Depry ZoNE 1

Prob-
; ’ i Species | Specles ability
Number of individuals observed | expected x? a.f. greater
. than—
) S T 12 10. 180 [ 11 P
512 el 2 4,931 1.784 |
13-34 . 4 4. 947 181 |
3596, . 4 4.989 196 |
97250 oo 6 4. 605 .423 |
251-10,433_ . ___ ... 15 14,208 034 | omn
Total._____....... 44 44. 000 2.943
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TaBLE 12.—~Frequency of occurrence of species with different TABLE 13.—Frequency of occurrence of species with differen
numbers of individunls and expected frequency of occur- numbers of individuals and expected frequency of occur-
rence on the hypothesis of a logarithmic series distribution, rence on the hypothesis of a logarithmic series distribution,
1948-50—Continued depth zones I-111—Continued

b. Depre Zone II _ c. YEAr 1950

' ' 5 : oty 8 5 e
I indivi ecies | Species ability . P pecies pecies ability
Number of individuals | obls)erved exgected x! dt | Eater Number of individusls [ ;850 [ SOREEY x* Al | freater
. . than— than—
10| 10.453 9 2,923
7 5.113 4 4,786
5 5.086 4 5.013
4 5.032 5 5.021
5 5.037 23 | 25.257
262-2 17 ] 17279
50 50. 000
48 | 48.000
c. DEpra Zowne III TaBLE 14.—Individuals (N), species (S), indices of diversity
g (a), and variance of a by depth zones and years
Speoles | Speci e :
. P pecies pecics abllity
Number of individuals | o},corved | expected x L | ereater Year Depth N ] « Va
than— zone

1948, e I 5,837 27 3.
181 10118 ; | 4| | 4

7 5: 139 IIL 15,315 34 4, 17
1 5 033 1949, e I| 11,246 33 4.

7 5 001 11| 31,353 40 4.5
121 15747 II| 15138 37 4.
- 1950, . e I} 2. gll; 28 3
: 17, 610 35 .
Total- e 49 49.000 HI| 750 M| 4
1948-50_ o neeeoee I| 3064 44 4.
IL|  65.450 48 .

TaBLE 13.—Frequency of occurrence of species with different Ly 33,02 w
numbers of individuals and expecled frequency of occur-
rence on the hypothesis of a logarithmic series distribution, o .
depth zones I-111 TaBLg 15.— Disiribution of number of species caught per

_ tow in each year (4) and the same with elimination of the

a. YEAR 1948 . first three lows following a change of net (B)

Species | Species algl;?iltg' Number of tows
Number of individuals | FeoTs | expected x? d.f greater Namber of
than— species per 1948 1949 1950 1951
tow
8] 10.658
6 5.118 A B A B
4 5,015
5 5,004
19| 16.205
3 1
Total .o __o..___ 42 42. 000 2 1 1 1
T
6
b. YEar 1949 10 8 7 5
11 10 5 5
15 14 10 10
—p sl 8 o)
P pecies pecies 8
Number of individuals | opgerved | expected 17 13 12 11
10 8 5 5
9 9 6 6
1 1 3 3
[ S 151 10.319 1 1 Y —
4 4.977 4 4 2 3
4 4,948 1 1 i 1
4 5. 010 1 O R S
51-123.__ 3 4,997
124-17,755. 22| 21.699 19| 103 ] 85
Total oo ooeeeees 62| 52000 9.328 | 9.379 | 5,414 | 9.950
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TaABLE 16.— Distribution of species and fows and the expected
number of tows on a hypotheszs of a Poisson distribution,

1948-51.
a. YEAR 1948

TABLE 17 —Observed frequency of plaice eggs in 50 tows

with a plankton net

- [Data from Buchansn-Wollaston, 1993] -

N ol Number e N;miber
NUMBER OF SPECIES . Number of plaice eggs ocgsgg;vésd || Number of plaice eggs o% 3 gtr);;sd
_ lal . :
o3| 4a|5{6|7|8]|9|10]anda|Total z !
more 2 1 1
- 3 1
Observed tows..| 27| 9 wl 1l o4 oul ol o : !
Expected tows__| 12, 51 2, 7218, 72 18. 3217, 20(14. 13110, 32| 6.78| 8.30| - 117 1 1
_________ 16.780{1. 083|8. 2150, 095(0. 231/0. 693(3. 870|2. 627]11. 340]44. 989 1 1
1 50
b. YEAR 1949 1

NUMEBER OF SPECIES

13
041 5 6 7 8 9 | 10 | 11 | 12 | and | Total
more
Observed
tows_____. 6 5| 11| 10 7 17 5 10 5 12 88
Expected
tows. ... 5. 60! 5.94| 8, 66|10, 84|11, 08(11, 56:10. 13| 8. 06| 5.89) 9,33 88
P IR, .029|0. 149’& 632|0. 065[2. 070 2.560|- 5980 467|0 1340 764 9. 468

NUMBER OF SPECIES

14
05| 6 7 8 9 10 | 11 | 12 | 13 }and | Total
more
o] b H] e rved
...... 11 S 10 14 13 9 13| 8 9 8 103
E X p e cted
OWS._ ... 9, 74 8.23(11, 02112, 92|13, 47|12.63(10. 77| 8. 41} 6.07 9.74] 103
b 0. 163|0. 006|0. 09410, 090{0. 018(1. 043(0. 462(0. 026|1. 414{0. 311| 3.627
d. YEar 1951
NUMBER OF SPECIES
13
0-5] 6 7 8 9 10 [ 11 | 12 jand ] Total
. more.
Qbserved tows.._- 14 5 5 10 15, sl 1 5| 12] 85
-| 9.60[ 7.63| 9.83{11. 15]11. 18'10. 01] 8.32( 6.27|11. 04 85
b 2. 016/0. 907,2. 3770 1131, 216|0. 203/0. 865)0. 257|0. 083| 8.037

TaABLE 18.—Observed and expected frequencies of plaice eggs
in 50 tows with a plankton net

Number | Number
Number of plalce eggs of tows of tows x?
observed | expected
0 e 27 7. 00 0. 000
) 3 3.46 0. 061
2B e e a—ae 8 5.23 0.101
616 - 3 4,94 0. 762
17-50_ 6 4,04 0.227
Over 50. 6 4,43 0. 556
B ] 50 50. 00 L 707




