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A STUDY OF VARIABILITY IN PLANKTON TOW-
NET CATCHES OF PACIFIC PILCHARD 

(SARDINOPS CAERULEA) EGGS1 

RALPH P. SILLIMAN 

INTRODUCTION 

During the pilchard spawning season of 1940 the United States Fish 
and Wildlife Service, in collaboration with the Scripps Institution of 
Oceanography, made periodic surveys of part of the pilchard spawning 
area in an attempt to make quantitative evaluations of egg deposition. 
In addition to estimating the number of eggs deposited in the entire 
survey area during the season, it was desired to make estimates of the 
number of eggs for parts of the area or season in connection with 
studies of survival, drift of larvae, etc . The analysis described below 
was undertaken for the purpose of gauging the significance and relia-
bility of the estimates of egg concentrations at individual stations, and 
subsequently for groups of stations. In regard to the variability of the 
estimates made, there were two questions: (1) the variability in num-
bers of eggs from 1,000 cubic meter water samples taken at sea as 
representative of the millions of cubic meters which each station 
represented in the area of the survey, and (2) the variability of the 
fractional laboratory samples which were taken to represent the sea 
samples. To measure variabili ty, both sea and laboratory samples 
were repeated. Thus, for each station there were four laboratory 
samples from which the egg concentration could be estimated, i.e., there 
were two laboratory samples from each of the two sea samples. The 
statistical study described below was made for the purpose of analyz-
ing the variability or (to use the statistical term) variance of the 
individual samples into its component parts. 

Although the pilchard is known from previous surveys to spawn 
over an area at least from Oregon to Lower California and out to 300 
miles offshore, the major spawning area is confined to a region off 
southern California which extends from Santa Cruz Island to the Coro-
nados Islands, and 150 miles offshore. It was this small er area that was 
covered by the 1940 survey, approximately 40 stations being occupied 

1 Published by permission of the Director, United States Fish and Wildlife Service 
Department of the Interior. ' 
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on each of_ six cr_uises. Stations were arranged on a grid at approxi-
mately umform mtervals over the survey area, and the cruises were 
spaced at uniform intervals during the spawning season (February 
through June). 

Pilchard eggs were collected from the research vessel "E.W. Scripps" 
by means of pairs of hauls with plankton nets having two square meter 
mouth areas. The hauls were run successively; the second haul was 
started as soon as the " cod end" which contained the plankton from 
the first haul had been removed and replaced with a clean one. Hauls 
were from 12 to 20 minutes in duration, averaging about 15 minutes. 
The stray of the towing wire from the vertical was recorded at one 
minute intervals during each haul to provide a measure of the towing 
speed; the angle varied from 37° to 55°, with an average of 46°. Cur-
rent meters were hung in the mouths of the nets during all of the 
hauls included in the study; the meter readings indicated the length of 
the water mass which passed through the net. Multiplying these 
lengths by the area of the mouth gave values of water volumes strained. 

Samples of plankton were placed in quart glass fruit jars, with 
enough 4% formaldehyde solution added to cover the samples. In the 
laboratory each sample was separated from the preserving liquid, 
placed in a graduated pitcher, diluted with salt water to a volume of 
2,000 cc. and then stirred manually with a spoon, after which 50 cc., 
or 1/40, of the total stirred plankton suspension was dipped out by 
means of three dips of a 16 2/3 cc. cream dipper. Pilchard eggs were 
sorted from the balance of the plankton in the 50 cc. samples and 
counted, which counts were used in making estimates of egg concen-
tration. At a later date, in order that a study of laboratory sampling 
variability could be made, the entire procedure was repeated, thus 
obtaining a second count of pilchard eggs from each sea sample. The 
"second samples," in all instances covered in this study, were taken by 
a person other than the one who took the "first samples."2 

To insure comparability of the data, all material from stations at 
which the hauling gear did not function properly was discarded. In 
addition, all stations with a total of less than 15 eggs in either of the 
pairs of laboratory samples were eliminated, this being done to reduce 
the variability associated purely with small numbers. After the above 
eliminations were made the samples from 24 stations, a total of 96 
laboratory samples, were at hand for analysis. The numbers of eggs 
in the samples are given in Table I. Note the great variability, even 
among those samples which were supposed to represent identical egg 

2 A more detailed description of the gear, method of hauling and laboratory sam-
pling is in preparation by Elbert H . Ahlstrom and will appear in a later publication. 
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TABLE I-TOTAL NUMBER OF PILCHARD EGGS CONTAINED IN EACH LABORATORY 

SAMPLE USED IN THE STUDY OF VARIABILITY 

Station A Hauls B Hauls 
Number 1st Sample 2nd Sample 1st Sample 2nd Sample 

1102... . . 20 . . ... .31... ..... . . . .32.. . . . ..... 49 
04.. . .. 13 .. .16.. .. . .. 13 .. .... . ....... 21 
11. ... . . . .. . 7 .. . . ........ 17. . .... . .15 . ... .. . .. ·• ... 17 
30.. . . ..... 34 .. . .44.. . . .110.... . ..... . 125 
35.. .. ... ... .. 9 .. . 6. . . .. .. 18.. ... . ... 14 
37. . .. . 93 .. . . .. 63. . .... 74.. .. . . .91 
38. . .. 83 . . . .. M .. .ro ..... . 100 
39. . . ........ 37 .. . . . . . . . . . . . . 50... . .. 65... .. . .. 66 
40 .... .. .. ..... 34 . . . . .. 37... .60. . .. ... . .55 

1236. . . . . . . 44 .. . . . . . . . . . . . 47 ........ ... ... 59 . ............. 65 
1315. .. .. . . . 216 . . . . ..... 167. . . 177 ............. 184 

31... . ... 44 . . . .56. .47 .. ........ ... 50 
1404. . ... . ..... 39 .. . .56 .. ... .. . .. ... 48 . . ........ .... 81 

05. . .. 57 .. . .86.. . . ... 45 . . ........ .... 70 
06. . .. 259. . .299 . .. . .. . ..... . 494 . . .... .. . . .. . 510 
09.. . .. 149 . . . .. 166. . . . .. 124 . . . . ..... . .. . 206 
11.. . .. 30 ... . . .45. . . .. . . . 7 .. ..... ... ... 10 
14... . .240 ... . . ... 250. . . . . . ... 24 7 . .... ... . ... . 342 
18.. .. .... . .33 . . . .. . . . . . .46. . .. 22 . . .......... .40 
23. . .. 20 .. . .17. . ... 13. . . . ... . . . ... 12 
30... . .43 .. . . ..... 45. . ...... 34. . .33 
34. . .... 120 .. . . .. 134 .. .... .. . .... 96 .. ........... 156 
37. . ..... 16 .. . . ..... 24. . ... 17.... . .... .. 31 
39. . . .. 52 .. . ....... 63.. ..168 ... ..... . 202 

Totals . . . . ... ..... . 1692 .. . . . . . . . . . . 1819. . . . . 2055 ... ......... 2530 
Means . .... ... . .. . 70. 50 . . . . 75. 79. . . . 85. 63. . . . . . ... 105. 42 

concentrations. For instance, the counts supposedly representing the 
concentration at station 1406 varied from 259 to 510 per laboratory 
sample. The statistical procedure known as the analysis of variance 
is well adapted to analyzing such variability into its component parts. 

ANALYSIS OF VARIANCE3 

The analysis of variance is designed for use on variates which are 
normally distributed, or nearly so. Since a frequency distribution of 
the egg counts given in Table I is J-shaped (Fig. 22) rather than nor-
mal, this was remedied by taking logarithms of the individual counts, 
thus giving a frequency distribution only moderately skewed to the 

3 The aid of C. P. Winsor of Princeton University in the development of the statis-
tical analysis is gratefully acknowledged. 
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Figure 22. Frequency clistribution or pilchard egg counts, in arithmetic and logarithmic forms. 

right. Snedecor (1934) considers that the analysis of variance is 
valid when used with moderately skewed distributions. 

The calculations in the foll owing section were carried out in the 
standard manner (Snedecor, 1934). There was a total of 95 degrees 
of freedom, which is one less than the total number of samples used in 
the analysis. The three cri teria of classification were station, haul 
and sample. The arrangement of the degrees of fr eedom was suggested 
by C. P. Winsor, and the results are summarized in Table II . 

TABLE II-SUMMARY SHOWING RESULTS OF ANALYSIS OF VA RIANCE 

Source of Degrees Sums Mean 

Variation of of Squares 
Freedom Squares 

Stations .... .... .. . .. .... ........ 23 15.807 .687 
Haul Order ... . .. . ... .. .. ... ...... 1 .126 .126 
Sample Order .... . ..... . .......... 1 . 157 . 157 
HOxSO ................ .... . ... . 1 .009 .009 
Between hauls, same stations .. .... .. 23 1.231 .054 
Between samples, 1st hauls . ........ 23 .210 .009 

Between samples, 2nd hauls . ........ 23 . 130 .006 

The first feature of the results is the large mean square for "stations," 
due to actual spatial and temporal differences in egg concentrations. 
Such differences are not of special interest in the present investigation, 
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since it is concerned primarily with other types of variability which 
would lead to error in measuring the spatial and temporal differences. 

Next is the relatively large mean square of .126 for "Haul Order," 
which reflects the fact (shown in Table I ) that the B hauls average 
more eggs than the A hauls. In seeking an explanation for this 
difference, the entire group of 24 A hauls were compared with the 24 B 
hauls with regard to both time of hauling and average stray angle, but 
the distributions of hauling time and average stray angle did not differ 
significantly from A to B, as indicated by the x2 test, nor did their 
means differ significantly. The only plausible explanation so far 
advanced is that some eggs from the A haul may have remained in the 
net and that these were subsequently washed into the cod end during 
the B haul. Note that the difference between A and B hauls is con-
fined largely to the first nine stations covered by Table I (those oc-
cupied during the second cruise of the season). When the hauls for 
the remaining cruises are compared on a logarithmic basis the differ-
ence is very small, indicating an improvement in technique subsequent 
to the second cruise, probably in respect to the washing of the nets. 

The third large mean square, "Sample Order," shows that the 
second samples average higher counts than the first. Apparently the 
explanation for this lies in the fact that the second 1/40 samples were 
taken at a later date and by a different person than the first 1/40 
samples; the person who took the first samples used a non-rotary 
stirring motion, while the person taking the second samples used a 
rotary stirring motion and dipped the sample from the center of the 
container, which technique tended to take too large a sample of plank-
ton, since suspended material in a rotating water mass tends to collect 
at the center of the containing vessel or revolving water mass. 

Having considered consistent differences between the counts, let us 
turn to random differences, which are more pertinent to the applica-
tion of this study. The randon variability of the laboratory sampling 
is measured by the two "Between samples" mean squares in Table II. 
Although there is a difference between these two it is not significant 
(F = 1.60 as against a value of 2.00 for P = .05 in Snedecor's table) 
and the two variances may be pooled, which gives a sum of squares of 
.340 for "Between samples," with 46 degrees of freedom. The new 
mean square is thus .007. In conjunction with the "Between hauls" 
mean square of .054 (Table II) this may be used to estimate the vari-
ance associated with hauls, following the system described by Winsor 
and Clarke (1940): 

Mean square "Between hauls at same station" = 2crH2 + cr8 2 = .054 

Mean square "Between samples" cr8 2 = .007 
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Solution of these equations gives rsH2 = .024 as the variance of hauls 
and rss2 = .007 as the variance of samples. Therefore rsH = '\l.024 = 
.155, and rss = "\l.o07 = .084. The 95% fiducial limits are of interest 
and may be calculated from these estimates of rs. For hauls 2 X .155 
= .310 (2cr limits include 95% of the distribution). Since these values 
are logarithmic, the antilogs are used to convert to ratios. The 
antilog of .310 is 2.04, giving fiducial limits of 49% (100 X 1/2.04) 
to 204% (100 X 2.04). Thus the egg number from one haul may not 
be considered significantly different from the egg number at another 
unless it is less than one-half, or more than double, that of the other. 
Similarly, the 95% fiducial limits for samples are 68% to 147%, and 
may be interpreted in a like manner. 

To obtain an estimate of total random variability for a single count 
from a single haul, the haul variance is added to the sample variance, 
giving crc2 = ISH2 + rs 8

2 = .024 + .007 = .031. Then rsc = V.031 = 
.176, and the 95% fiducial limits calculated as above are 44% to 225%. 
Again the "half or double" rule approximately applies. 

For the 1940 survey the estimates of egg concentration were based 
on the mean of the four samples from the two hauls at each station. 
Here rsc2 = ½rsH2 + ¼ rss2 = .012 + .002 = .014. The 95% fiducial 
limits become 58% to 172%. 

RELATION OF SIGNIFICANCE TO NUMBERS COUNTED 

Winsor and Walford (1936) concluded, on the basis of an analysis 
of certain published data on paired hauls, that the accuracy of esti-
mates derived from plankton hauls increases with the number of 
organisms counted. The central part of their study is based on a re-
gression diagram (Winsor and Walford, fig. 1) showing the relation 
between sums of catches and estimates of x2

, the points plotted being 
averages of groups of values calculated for individual pairs of hauls. 
For purposes of comparison, the pilchard data were treated according 
to the Winsor-Walford procedure and the resulting graph is shown in 

h 1. th b · f - h - nA + nB Fig. 23. The slope oft e me on e as1s o n, w ere n = 2 , 

is .11. This may be compared with a value of .05 given by Winsor 
and Walford for their data. Using their formula for the "coefficient 
of varia;tion" ( rs as a % of the mean), 

100 + .11, where n = number of eggs counted. IS 

n 
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Figure 23. Graph for comparison with Winsor and Walford (1936, fig. 1). The regression 

line was fitted by inspection, subject to the requirement that the 11-intercept be one. Each 
point represents the average of the values for six stations 

Thus for counts of over 100 the value for the pil chard data approaches 
33%. This indicates a smaller range of variation than the "half or 
double" rule given above, and in connection with this comparison of 
the Winsor-Walford and Winsor-Clarke procedure it is of interest to 
note that the latter authors state that the estimates of variability 
given by Winsor and Walford may be too small, since they deal only 
with discrepancies between members of pairs of hauls. 

Returning to a comparison of the pilchard data with the data of 
Winsor and Walford, the "coefficient of variation" of 33% for the data 
is somewhat larger than the figure of 22% obtained by them. If this 
difference is significant, then it must indicate a greater variability 
between counts from members of pairs of hauls in the pil chard results 
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than in those of the investigators whose data Winsor and Walford 
employed. It is probable that this greater variability results largely 
from the fact that the pilchard egg tows were oblique while those of 
the other investigators were vertical. Thus the sp~tial differences 
between the members of pairs of pilchard hauls were greater than those 
between members in the other hauls, and the greater variability of the 
former may well result from this difference in hauling procedure 
rather than in any difference in quality of techniques employed. ' 

DISCUSSION 

Although the pilchard data have considerable variability, as shown 
in the analysis above, the results still appear to be highly significant. 
This is evidenced by the large "Stations" mean square (Table II) 
which, as mentioned above, reflects actual spatial and temporai 
differences between egg concentrations at different stations. Since 
this mean square is about nine times the sum of the items relating to 
sampling differences (last four items of Table II), it may be inferred 
that roughly 90 per cent of the variability in egg counts is due to real 
differences in the concentration of eggs at different stations and only 
10 per cent to sampling variability. 

One of the objectives of the pilchard egg surveys is the comparison 
of total egg numbers over certain areas within a season or from season 
to season, with various numbers of stations involved, depending on the 
period and area covered. The estimate of cr obtained above (.176) 
may be used to calculate the fiducial limits of means derived from 
various numbers of samples. To do so this estimate is divided by the 
square root of the number of samples to obtain the cr of the mean, and 
the result is then multiplied by whatever number of cr's it is desired to 
include within the fiducial limits. This was done for the 2cr limits, 
and the results were translated to terms of percentage limits for selected 
numbers of counts (for results, see Table III). As an example of the 
application of this table, consider the means based on 10 counts (10 
1/40 samples from 10 single hauls), with the fiducial limits 78 to 129% 
(Table III ). Thus, if a given group of 10 counts gives a mean count of 
500 eggs, any other group of 10 counts having a mean less than 390 
eggs (78% of 500) or greater than 645 eggs (129% of 500) could be 
considered representative of a significantly different egg concentration. 

The analysis of variance described above has dealt only with "raw" 
egg counts, but it is pertinent to mention here that "adjusted" data 
were also available. Adjustments were based on the calculated 
volumes of water strained (see Introduction), and were applied in order 
to remove from the data some of the variability resulting from differ-
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TABLE III-FmucIAL LIMITS OF PERCENTAGE DEVIATIONS OF MEAN COUNTS, 

BASED ON ± 2.,- OF LOGARITHMIC VALUES AS CALCULATED FROM ANALYSIS OF 

VARIANCE. "No. OF COUNTS" REFERS TO SEPARATE HAULS 

No. of Counts Lower Limit % Upper Limit % 
1. .... . .. 44....... . ... .. .... 225 
2.. . .. . . . . 56. . . . .... ...... 178 
3 .. . .. . . . .. .. . . ... . . 62.. .. . .. ······· · ·160 
4. .... . ... ... . ... 67 .. .. .. ............. 150 
5.. .. .69..... .. .. . 144 

10.. .. . .. .. . 78 ............... ... .. 129 
15. . .81 . . . . ... .. 123 
20. . . .. 83 ........... ... .. . .. 120 
30. .. ... . .. .86..... .. .. . 116 
40 .. . .. . .. . . ..88... .. .. .... ... 114 
50........ . .89..... .. 112 
75 . . .. . . . ... ... . . . . ... 91. .. ... ... .. . .... . ... 110 

100.. . .. 92. .. .. ......... 109 
150 ........... .. .... .. 93 ......... . . .. . . . .... 107 
200 ........ ............ 94 .. . ... . ............. 106 
250 ... ..... . ... ........ 95 . .... ... . .... . ...... 105 

ences in these volumes by reducing all egg counts to the basis of a 
standard volume of water strained. Had the adjustments achieved 
their purpose, the difference between A and B hauls should be less for 
adjusted data than for unadjusted data. This was tested by calcu-
lating the deviation of the logarithm of the sum of the two counts for 
each A haul from the corresponding logarithm for the B member of the 
pair, disregarding the sign of the deviation. The mean deviation for 
the unadjusted data was .170 and for the adjusted .175. If this minor 
difference is not due to real differences in horizontal or vertical dis-
tribution of the eggs, then this result might be taken to indicate that 
the current meter data are of questionable value. However, the 
readings have a utility for purposes other than the reduction of vari-
ance of the counts. They permit the calculation of the volume of 
water strained, and hence the estimation of total egg numbers for 
certain areas; the readings also make it possible to compare counts 
from hauls made with different types of gear. 

In recapitulation it may be said that a statistical analysis of dupli-
cate laboratory samples from 24 paired plankton hauls for the eggs of 
the pilchard indicates that most of the variability of egg counts is due 
to real differences in egg concentration. A study of the purely 
sampling variability leads to the conclusion that a single count may be 
considered significantly different from another if it is less than one-
half or more than double the other. If groups of counts are used to 
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calculate means, the signifi cance limits narrow with increasing num-
bers of counts until , with as many as 250 counts, a difference of five 
per cent may be considered significant. 
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