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ABSTRACT

Each year pound nets fished in the ocean off the coasts of New York and New
Jersey catch large quantities of shad. The majority of these fish are believed to
be native to the Hudson and Connecticut Rivers and therefore, these catches should
be considered in any management plan for the two rivers. To establish a manage-
ment plan which would include the ocean fisheries, estimates of the racial composi-
tion of this cateh must be made.

In this paper an analysis of some meristic counts for shad is presented to support
the racial theory. Samples were examined and it was found that the meristic
counts used could be considered representative of the populations. An analysis
of variance of the characters gave evidence for the existence of races.

A discriminant funetion is presented whereby a mixed sample of Hudson and
Connecticut River shad can be separatéd. Meristic data collected from Hudson
River shad in 1939 and Connecticut River shad in 1945 are used to construct the
discriminant function. The mean value of this function for the Hudson River,
1939, is 74.103 and for the Connecticut River, 1945, is 70.940.

The discriminant function obtained will correctly classify approximately S1
percent of a mixed sample of Hudson and Connecticut River shad. Meristic data
collected from the Hudson River in 1940 were substituted into this diseriminant
function and out of 105 fish, 16 were incorrectly classified; this is in good agreement
with the theoretical 19 percent miseclassification. The number of misclassifications
can be considerably reduced if the individuals falling close to the mid-point hetween
the two populations are not classified. By refusing to classify about one-half of
the sample, the number of wrong classifications is reduced to 3.7 percent. Several
methods of estimating the population composition of a mixed sample of shad are
presented.

v




SOME USES OF STATISTICAL ANALYSIS IN CLASSIFYING RACES OF
AMERICAN SHAD (Alosa sapidissima)

By Donald R. Hill, Fishery Research Biologist, Bureau of Commercial Fisheries

The commercial catch of American shad (Alose
sapidissima) has declined since the beginning
of the twentieth century. In 1950 a study of
this species was undertaken by the Fish and
Wildlife Service acting as the primary research
agency of the Atlantic States Marine Fisheries
Commission. The objectives of the investiga-
tion were to determine the causes for the decline
in shad abundance, determine conditions favoring
recovery, and provide basic information so that
the fishery can be managed to obtain optimum
yields.

Most American shad landed on the Atlantic
coast are captured in rvivers; however, pound

nets fished off the coasts of New York and New

Jersey take large numbers of them each spring.
The racial origin of these fish must be known
- for the intelligent management of the species.
In this study, use is made of meristic counts
for shad to scparate two races or populations.
Meristic data were collected under the super-
‘vision of Louella E. Cable of the U. S. Fish and
Wildlife Service. Grateful acknowledgement is
made to G. B. Talbot, Chief, Middle Atlantic
Fishery Investigations, for supplying these data
and reviewing the manuscript, to C. H. Walburg
in preparing the manuscript for publication, to
T. M. Widrig and D. D. Worlund for suggestions
concerning the estimation of relative abundance;
and to T. A. Bancroft of the Statistical Laboratory,
and K. D. Carlander of the Zoology Department,
Iowa State College, for numerous suggestions.

STATEMENT OF THE PROBLEM

Studies of the shad populations of the Hudson

(Talbot 1954) and Connecticut (Fredin 1954)
Rivers have shown the effect of fishing effort
on catches made in subsequent years. As a
result of analysis of catch-and-effort statistics
NoTE.—Approved for publication December 4, 1957, Fishery Bulletin 147,

and tagging experiments, the size of the runs‘in
previous years was determined for each river.
Table 1 shows the size of the catches for the two
rivers for 1938-51 and the calculated fishing
rates for each. of these years. These catches
include only the fish taken inthe rivers and not
fish caught in the ocean.

TaBLE 1.—Tolal shad caiches and estimated fishing rales
Jor the Hudson and Connecticut Rivers from 1938 to 1951 -~

Hudson River Connecticut River
Year
Catch | Fishing || Cateh! | Fishing
(1.000 rate 1,000 rate
pounds) | (percent) || pounds) | (percent)
2,417 74.3 376 46.1
3,108 69.9 332 43.4
3,036 67.2 278 33.5
3,112 68. 4 364 32.8
3,164 6R. 3 344 34.2
3, 185 7l.0 478 44. 8
4,175 6.3 636 56,1
3. 545 64.7 651 70.3
3,274 8.6 899 81.9
2,046 7%.0 657 81.0
2, 461 76.3 532 73.5
2,038 74.3 392 69. 8
2 70.9 231 58.8
755 46. 0 303 56.7

t Cateh for Connecticut River estimated by a factor of 3 pounds per fish.

Through an analysis of data on scales of 6-year-
old shad from the Connecticut River, Fredin
(1954) found for shad an extraneous mortality of
about 40 percent occurring outside the river fish-

- ery. This was nearly as great as the fishing mor-

tality in the river. He suggested that the pound
nets in the New York Bay area and along the
New Jersey coast could he the cause of some of
this mortality. The number of pound nets in
operation increased from 144 in 1946 to 180 in
1950. For these same years, the estimated popu-
lations (estimated by a regression analysis of

_escapements in previous years) were higher than

the populations calculated from the catch-and-

effort data. Fredin stated that the increase in

pound-net effort may account for these deviations.
' 269
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He made the following statement about these
pound-net catches: (p. 258)

" The relation between pound-net catches and deviations
from the expected populations in the Connecticut River
cannot be fully evaluated at this time because the extent
to which the Connecticut River shad contribute to these
pound-net catches is not known. Additional tagging

studies conducted in the areas where pound nets are fished

would enable us to determine the effect of this fishing on
the Connecticut River shad runs. The causes of the
extraneous-mortality rate must be taken into considera-
tion in a management program to restore the Connecticut
River shad population to the levél of abundance which
it held in the early 1940’s.

The extent of the shad fisheries in New York
Bay and along the Long Island and New Jersey
coasts can be seen from the 1945 catches of shad
reported by the U. S. Fish and Wildlife Service
(1949). Total catches in pounds, by county, are
given south to north from southern New Jersey
to Long Island.

Atlantic Co., N. J_ .. .._.__ 60. 700
Ocean Co., N. J_______ - ____________ 690, 900
Monmouth Co., N. J_____________. 1, 173, 600
Suffolk Co., L. I, N. Y_ .. ._____ N 217, 000

This total New Jersey coast, Long Island, and
New York Bay catch is about two million pounds
while the combined total catch for the Hudson
and Connecticut Riversis about 4.2 million pounds
for the same year. Of course the composition of
this New Jersey catch is the basic problem. If
it is primarily shad from southern rivers, this
catch can be disregarded in the management of
the Hudson and Connecticut Rivers. Conversely,
‘if this catch is predominantly Hudson and Con-
necticut River shad, it must be considered in any
management program because it represents one-
third of the total fishery. _

The Fish and Wildlife Service has ‘carried out
some tagging experiments'! in the areas under
consideration. An examination of these tag re-
_turns can supply a partial solution to the compo-
sition of these three catches. In 1945, 125 shad
were tagged at Seaside Park, N. J. The following
"areas and numbers of recaptures were reported:

Hudson River__ . _______ .. .____ 20
Connecticut River___._____________.__ o= 3
Delaware River__._____________.___.__. .2
Chesapeake Bay. - oo oo 4
New York Ocean__ . _____________________ 2
New Jersey Coast_ . _____________.._._._. 5
Maine Coast_______ ... 1

1 Unpublished data, U. 8. Fishery Laboratory, Beaulort, N. C.
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In the same year 97 shad were tagged off Fire
Island Inlet, Long Island, N. Y., and were recov-
ered in the following areas:

Hudson River..____ . ___________.___._____. 9
Connectient River__ ________________.____ 24
Bavof Fundy._ .. ____ . ___ . _______ 1

Shad have been tagged off Staten Island, New
York Bay, in several different years, and the
following table gives the recoveries from these
experiments in which a total of 1,380 shad were
tagged. '

Hudson River___________________________ 448
Connecticut River_ . ______________.___._. 24
Delaware River. __ . _____________. . _____ 5
Chesapeake Bay_ .- _________ ... ___.. 1
Long Island__ . ____ . _____________. oo 5
New Jersey Coast. - .. . _____________ 13
BayofFundy._ . ______ . ... ___. 3

These tagging experiments furnish us with some
information about the composition of the popula-
tions in these three areas. Most of the shad
tagged on the New Jersey coast migrated into the
Hudson River. Similarly, a major part of those
tagged off Staten Island were recaptured in the
Hudson River. On the coast of Long Island, most
of the fish tagged were recaptured in the Connect-
icut River. Very few of the fish tagged in these
areas were recaptured in other major shad rivers.

The tag returns could be used in conjunction
with the catch statistics of the various areas to
estimate the composition of the catches. Thev

have been of considerable value in showing the

geneval composition of the catches in the areas
under ‘question, "and it is apparent that these
catches should be included in any analysis of the
catch and effort statistics' for either river. Any
increase or decrease in effort in these areas will
be reflected in the number of shad entering the
rivers. _

Unfortunsdtely, complete cateh and effort sta-
tistics are not available for the New Jersey pound-
net fishery, so it is impossible to compare directly
past pound-net catches and mortality rates of
Hudson or Connecticut River shad. However, a
research project could be designed to show what
effect pound-net catches have on these mortality
rates. This could be done by dividing the pound-
net fishing areas into a number of geographical
strata. For each stratum the total catch and
effort would be needed. It would also be neces-
sary to estimate the composition of this catch (for
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example, 70 percent Hudson shad, 30 percent
Connecticut shad) for each stratum. From these
quantities, the entire pound-net catch could be
divided into two parts, Hudson River shad and
Connecticut River shad.

Obtaining the total catch and effort statistics
is rather straightforward and not expensive, but
estimating the compositions of the catches is
much more complex. At the present time, this
would have to be done by tagging experiments.
In each stratum, a number of shad would be
tagged, preferably at various times throughout the
season. If the fishermen are personally inter-
viewed to obtain tag returns, the coverage on the
two rivers should be equal.
rates for the two rivers should be the same or
some adjustment would be needed to place them
on the same level. As a result, the problem of
estimating the composition of a pound-net catch
becomes complex and expensive when two river
systems are canvassed for tag returns, and the
tagging is done several hundred miles from the
rivers.

This is one of many fishery problems where it
would be advantageous to obtain a sample of fish
and classify them according to the river system
to which they belong. If this were done accu-
rately, samples of fish from various strata could
be obtained, and each fish could be assigned to
the proper river. The composition of this sample
would be used to estimate the composition of the
stratum. The remainder of this paper will in-
vestigate the statistical techniques applicable to
this problem.

SOURCE OF MERISTIC DATA

Races (populations) of fish can often be sepa-
rated through the use of body measurements or
meristic counts. If some of these counts or
measurements are sufficiently different for two
populations, it is possible to classify the indi-
viduals in a sample and estimate the relative
abundance of each population in an area by the
composition of the sample.

A large number of morphological data were
collected on the American shad, both juvenile and
adults, by the Fish and Wildlife Service between
1939 and 1945. Data on twenty-five different
characters were collected from each fish. They
were defined as follows:

Even the fishing.

MID-CAUDAL LENGTH.—Tip of snout to end of
shortest rays hetween lobes of gaudal fin,

TOTAL LENGTH.—Tip of snout to end of longest ray of
caudal fin,

STANDARD LENGTH.—Tip of snout to branchmg of
urostyle (modified vertebra).

DEPTH.—Longest measurement from dorsal to ventral
profiles (in front of dorsal fin).

THICKNESS OF FISH.—Measurement from left to right
through thickest part of fish.

CAUDAL PEDUNCLE.—Shortest dorsoventml
urement of tail anterior to caudal fin. )

HEAD LENGTH.—Tip of snout to posterior margin of
operciilar bone.

SNOUT.—Tip of snout to anterior margin of eye socket.

EYE.—From anterior to posterior margin of eye socket.

INTERORBITAL.—Across top of head from dorsal
margin of one eye socket to dorsal margin of the other
eye socket above pupil of the eye.

MAXILLARY.—From posterior margin of maxillary to a
vertical from tip of snout. '

LENGTH OF DORSAL AND ANAL BASES.—From
anterior margin of base of first ray to posterior margin of
last ray.

LENGTH OF PECTORAL.—From articulation of first

- ray to tip of longest ray. ’

SNOUT TO DORSAL.—Tip of snout to articulation-of
first ray of dorsal fin.

SNOUT TO ANAL.—Tip of snout to articulation of first
ray of anal fin.

PECTORAL TO VENTRAL.—From articulation of first
ray of pectoral fin to articulation of first ray of ventral
fin.

VENTRAL TO ANAL.—From articulation of first ray of
ventral fin to articulation of first ray of anal fin.

ANTERIOR SCUTES.—AIll scutes having processes in
front of ventral fins, including the scute between the
fins which does not appear to have a process. It is
beneath the process of the preceding scute.

POSTERIOR SCUTES.—AIl scutes posterlor to ventral
fins.

VERTEBRAE.—Urostyle included in count. -

DORSAL RAYS.—Last undivided ray counted with
divided rays, other undivided rays separate.

ANAL RAYS.—As for dorsal rays.

PECTORAL RAYS —AIll rays on left and right sxdes of
fish, :

GILL RAKERS. —Onlv those on the .lower limb of the
first gill arch counted (at the bend of the arch, the bases
of the rakers of the upper arm point in the opposite
direction from those of the lower arm).

SCALES.—Oblique rows from the upper end of opercular
slit to base of caudal fin. Horizontal. rows from the
median dorsal line to ventral scutes but nof, including
either.

meas-

Since there were numerous rivers involved and
samples were taken for several years from some
rivers, analysis using all the data would become
e\ceedmgly complex. Table 2 gives the location,
year, and number of adult specimens examined.



TaBLE 2.—Swmmuary of areas from which meristic duta were
collecled on adult American shad

{The figures represent the number of shad in each sample. Diata were not
complete for all meristie churacters in all samples]

Ared’ 1038 | 1939 | 1940 [ 1941 § 1942 | 1943 | 1944 [ 1945

C ticut River....

Hudson River (N, Y.).
Maurice River (N. J.)..
Delaware River__..____

Chesapeake Bay.......

Alhemarle Sound L

B0 o P 127 | 124 85 (oo fo | o R I
Edisto River (8. C.)._.[ 50 99 |aooo o9 LT PR R R
Ogeechee River (Ga.)_.{--___. [ 8 JSSRRR FESRRIU RSSO DRSSP FURRN PR

St. Johns River (Fla.)_..] 45| 100 | 1068 |.__.__

This paper will not include a complete analysis of
the data available. It is hoped that this prelim-
inary analysis will show that a complete analysis
would be warranted, and that further research
along these lines would be fruitful. No analysis
of the information on the juveniles has been
attempted, hence there is still much to be learned
by, combining this with the data on the adults.

REPRESENTATIVENESS OF THE SAMPLES

The need for separation of races of fish is-

apparent. However, before races can be sepa-
rated, it should be established that they are
present. Tagging experiments have been offered
as the best evidence supporting the theory of a
separate race of shad in each Atlantic coast river.
In numerous tagging programs carried out by the
Fish and Wildlife Service, few tagged shad have
been recaptured in rivers other than the one in
which- they were tagged. No shad tagged on the
spawning ground of one river svstem has cver
been recaptured on the spawning ground of
another river system. The operation of the
homing instinct may not be 100 percent for shad,
"but examination of tag returns indicates that the
percentage is very high. '

If there is.a race of shad in each river, that is,
a group of fish and their offspring which return to
the same spawning area year after year, the fish
within a river should be more like one another
than to the shad from other rivers. This could
be expected because of environmental differences
or.genetic isolation. Conversely, if the spawning
ground of each fish is determined by a completely
random process, a single homogeneous shad popu-
lation would be expected. Therefore, if consist-
ent differences between shad in the several rivers
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can be found for some measurable characters, this
can be used as further evidence.to support the
race theory.

Before proceeding with an attempt to verify
this theory, one assumption should be investi-
gated. If the available data are to be used to
establish differences between rivers, it is essential
that the samples be representative of the various
populations. It is impossible to assume that
these are random samples, because the shad fisher-
men know that they can control the size of fish in
their catches by changing the mesh size of their
nets. They know that if they fish a 5%-inch
stretched-mesh gill net, they will catch large-roe
shad, and if they use a 4%- to 5-inch stretched-mesh
net, they will catch proportionately more small
shad of hoth sexes. This selectivity occurs with
drift, anchor, and stake gill nets. Pound nets
and haul seines may be much less selective, but
if the gill nets are catching large fish and per-
mitting smaller ones to escape, the population
being sampled by the haul seines is not the total
population of the river, but the total population
minus the fish removed by gill nets. The result,
of course, would be an excess of smaller fish in the
haul seine samples.

Since it is known that some fishing gear tends
to select fish by length (and all correlated meas-
urements such as depth and thickness), it cannot
be assumed that the samples are random. How-
ever, this selectivity may take place only in the
size of the fish in the samples and not in some of
the other characteristics. If the number of rays
in the pectoral fin is being investigated, the
samples may be representative of this character
even if there is selectivity of size. This would be
true of any character which is not correlated with
length. Therefore, the characters were tested
for a correlation with length and if none was
found, the samples were considered Tepresentative.

In examining the catches of shad in the St.
Johns River of Florida and the Connecticut

* River, it is apparent that the shad in the Connec-

ticut are larger. Some of this can probably be
explained by the ditference in the age distributions
of the two populations. Can these age distribu-
tions be used in separating races of shad? The
author feels that they cannot be used, since they
will fluctuate from year to vear with changes in
fishing effort and catches. Age and length are
correlated, and this is another reason for excluding’
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length -and all correlated characters from any.
racial investigation.

The choice of characters to be used in investi-
gating races of shad was evident. To avoid the
difficulties presented by selectivity of the fishing
gear, those characters which are correlated with
length were not considered. Thus, depth, thick-
ness, weight and all of the other body measure-
ments were eliminated, because they increase as
the fisli grows. Ratios of two such measurements
will also be related to length, unléss these two
measurements increase at the same rate through-
out the growth of the fish. These ratios have
not been investigated because it is doubtful that
this condition exists, particularly when both
juveniles and adults are considered. Scatter-
grams of gill rakers and length exhibited a para-
bolic relation- and were therefore eliminated.
Scale counts have not been included bhecause
notations on the data sheets indicated that some
of the scale counts were questionable. Of the 25
counts and measurements, all were eliminated
for the above reasons except 6 meristic counts
(anterior scutes, posterior scutes,
anal rays, pectoral rays, and vertebrae) and these
were tested. for correlations with length before
they were used in any analysis.

Analysis of variance tables for the regression of
these characters on length have been calculated
for some of the samples. The assumptions neces-
sary for this analysis are: (1) For each length, the
character is normally distributed, (2) the variauvce
of the character is homogeneous for each length,
and (3) for each length interval, the samples are
random. The values of F needed to test for a
regression of the characters on length are given
in the last column of table 3. F with 1 and 100
degrees of freedom is equal to 3.94 at the 5 percent
level and 6.90 at the 1 percent level. There are
three significant regressions in this table. Two
of these regressions are for vertebrae in the Hud-
son River samples of 1939 and 1940. It is inter-
esting to note that the F-value for vertebrae in
the 1941 Hudson River'sample is also high (3.11)
but not significant.
occur in any of the other three samples which
were tested for a regression of vertebrae on length.
Of course, this is not enough evidence in itself to
say that it is a racial difference between the popu-
lations, but it raises the question as to why this
difference occurs for the Hudson River samples

476260—50—2

dorsal rays,

This significance does not,
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. TaBLE 3.—Regression analyses lo test merislic characters
for correlation with length

Source of vuriution dr Sum of Meun F
squares | square
ANTERIOR SCUTES
Hupsox RIVER, 1940 :
Regression___ ..o 1 1. 270 1.270 2. u1-
. Deviation from regression_.._______ 13 44. 958 [ ST I,
Total. Ll 104 44, 228
ST, JoHNs RiIVER. 1940
Regression ... 1 1.241 1.241
Deviation from regression...._____ 104 Ab, 207 1. 532
Total. e 105 | 56538
CONNECTICUT RIVER, 1M5
Regression - 1 0. 150 0. 150 0. 45
Deviation from regression Py 30,820 042
Total oL 100 H). 000
POSTERIOR SCUTES
Hupsox RIVER, 1941 .
Regression. ..o —o—_- ——————— 3 0. 236 0. 236 0. 45
Deviation from regression.._.______ 103 52,210 0808 |___.____
Potal 104 52, 54R
ST, JOHNS RIVER, 1940
Regression. . oo cemocomeee L 1 0.024 0,024 1), 44
Deviation from regression . _______ 104 R7.176 0850 oo _
Total . o el 105 57,200
CONNECTICUT RIVER, 1945
Regression 1 3, 340 2,390 ENA
Deviation from lul.lc_ ssion. ... 94 3, 500 (O * S PR
Total o L 100 6. 190
ANalL Ravys
HupsoN RIVER, 1940
Regression oo oeee o . 1 1. 151 0, 1561 0,15
Deviation from roegression_.._______ 103 [ 102,382 0,994 (.
Total. e L 104 | « 102533
ST, J()m\s R1VER, 140
¢ 1 0402 0.002 02
Deviation front regression. ..______ 104 | Lw. 762 L0327
oAl oL 105 ih. 74
" PECTORAL Ravs
&l 1 1}, lid4 (), a4 1.4
Deviation from regression.. 103 40, 246 0362 (L
Total _____ e lu-l 40, 990
ST. TOHNS RIVER. 140
Regression oo L 1 0,002 (L (02 .5
Deviation from regression__________ 104 43, 847 0422 | ___
Total oo mmmmmameeoee 105 43. 849 -
CONNECTICUT RIVER. 1945
Regression . 1 1.425 1425 215
Deviation from regression us 65, 075 [ T
Total______ S L G4, 500
VERTEBRAE
_Hupsox RiIvER, 1930
Regression. .. coeeem 11 - 2606 2606 1 %597
Deviation lrom regrossion_. 102 K, G045 0656 | . ..
Total el 102 69, 551
Hupsox RIVER, 1940
Regression ooo..-- . 1 3. 431 A431 | 441
Deviation from regression. .. ___ 103 S0, U89 [y 2
Tatal oL 4 83, 520
HupsoN RIVER, 1941
Regressiom_._____- 1 2. 356 2. 386 311
Devintion from regression_____ - e i 3. 746, [ 1
B\ o7 | 7132

TFontnotle at énd of table,
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TaBLE 3.—Regression analyses to tesi meristic characters
Jor correlation with lenglh—Continued

Souree of variation ar Sumof | Mean F
squares | square
VERTEBRAE—Continued
ST, JOHNS RIVER, 143§ -
* Regression.coo—— .. .. 1] 0.002 0.002 | - 0.002
Deviation from regression. - 41 39. 440 0.962 |-~
Total e R - 42| 30,442
S7. JonNs RIVER, 140
Regrpﬁeum R 1 0. 115 0.115 017 .
Deviation from rogressnon __________ 104 62.942 ) 0672 .
i
Total. - 105 70.057
CONNECTICUT RIVER, 1945 .
Regression....___.. 1 0. 684 0.684 [ 0.50
Deviation from regression_..___.... 99 | 134.316 L3567 oo
Total. oo e e 00 | 135.000
DORSAL RAYS
HupsoX RIVER, 1940
Regression - 1 0. 001 0.001 | 0,002
Deviation from regression . 103 58. 532 0568 |-
Total. o oo 104 | 58.533
ST, JoHXS RIVER, 1940
Regression. . _____________ 1 3. 150 3.650 [**6.71
Deviation from regression. ... 104 54: &80 0.544 [oo____
T R SR Ui I B 1)

Note.—Asterisks denote significant.

and not for the St. Johns and Connecticut River
samples. The other significant F is for the regres-
sion of dorsal rays in the St. Johns River sample of
1940.

This. regression analysis of samples from the
‘Comnecticut River, Hudson River, and St. Johns
River-shows that none of the six characters has a
consistent correlation with length. ¢ Tt is difficult
to explain the regression of vertebrae on length
for the Hudson River sample. This is also true
for dorsal rays in the St. Johns River sample;
however, with 19 regressions tested, three signifi-
cant values is a small proportion. Since none of
the characters is consistently correlated with
length, the available samples were considered
representative even though thev are not l'a.lidgm.

STATISTICAL EVIDENCE FOR THE
EXISTENCE OF RACES

It has been shown that none of the six char-
acters: anterior scutes, posterior scutes, dorsal
rays, anal rays, pectoral rays and vertebrae,
exhibits a consistent correlation with length;
therefore, we can place a cerfain degree of confi-
dence in treating the samples as representative.
In the previous section it was pointed out that
consistent differences between rivers for some
measurable characters would support the racial
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‘theory. This can be studied by setting up the
followmg mathema.tlcal model:

Yuk=ll+0ll+ﬂj+. (aB)lj+eljk

where Yx-is the character under study, u is
the general mean, o, represents the contribution
of the ‘ith river, g8; is the contribution of the jth
yvear (vear caught), and (a8) is an interaction
of vears and rivers. The ey is an error term.
The a,, B;, (@B)y;, and e are all assumed to be
normally and independontly distributed with
means zero and variance aR, o¥, chY and ¢?
respectively.

This model could be changed so that the jth
classification stood for year class, but this neces-
sitates - knowing the ages of all the fish in the
samples. A model of the latter type may have an
advantage, since differences between year classes
would not be averaged as they are with the above
model. Unfortunately, the present data do not
include ages, hence the model indicated will he
used. This will in no way invalidate the con-
clusions, but grouping by year class might be
a refinement that weuld prove valuable.

The racial theory can now be investigated
more fully. Using the above model and suitable
data, several hypotheses can be tested which
may give added support to this theory. First of
all, an interaction of years with rivers (Ho:ohy=0)
can be tested, next a test of differences between
vears (H;:0%=0), and third, a test for differences
between rivers (Hg:a§=0). If H, and H, can be
accepted while H. is rejected, the econditions -
necessary to support the race theory are present.

These hypotheses and their relations to the
present problem will be explained in some detail.
The first one, (Hy:oky=0), is a test for aninter-
action between rivers and vears. This inter-
action could best be described by assuming that
temperature is a factor in determining the number
of vertebrae of young shad. If there were a
warm spring on a mnorthern river and a cold
spring on a southern river in 1953, and just the
opposite in 1954, there might be produced the

, Tollowing average number of vertebrae for shad

from the two rivers:

Year Northern | Southern
river river
1953 .- 55.7 56.3
964 56. 2 55 8
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In this situation, one would conclude that verte-
brae offer no evidence for the presence of races,
and most of the variation is in the form of an
interaction between rivers and years.

The second hypothesis to be tested, (H,:0%=0),
concerns a difference between years. If the
average number” of vertebrae for two rivers
and two different vears were of the following
‘magnitude, they would offer no proof for the
presence of races.

Year River A | River B
1953 .- 56. 5 57.0
1954 ... 57.0 . 57.5

In this case, the difference from year to year is as
large as the difference between rivers.

The third hypothesis, (H,:c%=0), to be tested
is the one for a difference between rivers. If the
difference between rivers is not significant, there
would bhe no evidence for-the presence of races.
Thus if Hy, and H, can be accepted and H, re-
jected, the conditions necessary for the presence
of races would be satisfied.

Analysis of variance tables with years and rivers
as the two classifications were computed for five
of the six characters mentioned above. Dorsal
rays had to be omitted because the data were
incomplete. Table 2 shows that there are data
for 1938 and 1939 in four locations: the St. Johns
River in Florida, the Edisto River in South Caro-
lina, Albemarle Sound, N. C., and Chesapeake
Bay. Since the samples from Chesapeake Bay
came from several different rivers, those data were
not included in the analysis. The remaining
three areas were used as one classification, and the
years 1938 and 1939 were used as the other. A
table of the same size could have been constructed
using Hudson River, Albemarle Sound, and
St. Johns data for the years 1939 and 1940.

The various samples are of unequal size ranging
from 45 to 127 for the 2X3 table. Exact
methods are available for the analysis of a 2X3
table with unequal subclass numbers but they
require ‘considerable computing time. Several
approximations are available (Anderson and
‘Bancroft, 1952) utilizing the complete data. In
this study random samples of 40 fish each were
drawn from the various samples, avoiding the
difficulties of the unequal subclass numbers
(table 10, appendix). With samples of size 40,

a—d

TABLE 4.—Analyses of variance for the meristic characters
lo test for d11fe:ences between years, dszerence.s between
rivers, and inleraction bebween years and rivers

Source of variation df Sumel | Mean F

squares square

ANTERIOR SCUTES

Between v )y T, 1 1. 837 1.837 3.72
Between rivers... 2 7. 599 3.799 | **7.69
YXR 2 0. 101 0. 051 0.10
Error 234 | 115125 0.49¢ |..__.__.
239 | 124.662
POSTERIOR SCUTES
Between vears. .. . ooeooooo- 1 2 204 2. 204 . 40
Between rivers__. 2 19.733 9. 867 | **15.64
YXRoooooa. 2 2.234 1.117 177
D] 5 {1 234 | 147.125 0.629 |1c...-_-
Total e iaeee 230 17L296 |.ooooiifemieaaea
ANAL Rays
BetWeen Years. oo o cccccnmeceeenn. 1 0. 067 0.067 0.07
Between rivers..._.__.. 2 4.059 2,029 2.17
YXR 2 1. 408 0. 704 0.76
234 | 218.200 0.932 |-
MTotal. .o eees 29 28734 ||
PECTORAL RaYs
1 0. 416 0. 418 1.20
2 11. 808 5.904 | **17.01
XR 2 1. 850 0. 920 2,63
7 ) S 234 SL. 100 037 |aeeaam
Total.mee e 239 05.188 |ococomcea|ioaaaes
VERTEBRAE

Between ¥ears. . oooooooiaoano

230 | 195,400 |- oo [aeeeam

NoTE.—Asterisks denote slgniﬁcént.
this method should be a good approximation to
the more exact methods. '

Analysis of variance tables for these five
characters are shown in table 4. The F values
for testing the hypothesis of no interaction are
the lower numbers in column five of this table.
These range in value from 0.10 for anterior
scutes to 2.68 for pectoral rays. None of these
is significant (Fz 50=3.04 at the 5-percent level),
so the hypothesis of no interaction of years and
rivers is accepted.

The F values for testing chﬁelcnces between
years range in value from 0.07 to 3.72. . Again,
these are not significant (F;=3.89 at. the 5-

‘percent: level), so the hypothesis of no differences

between years can be accepted.

The F values for testing differences between
rivers range in vs_z.lue from 2.17 to 17.01. The
value for anal rays, 2.17, is not significant at ihe
5-percent level (. 0=38.04 at the 5-percent level,

F.20=4.71 at the 1-percent level); however, the
other four are all significant at the 1-percent level:
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While the differences between rivers are not signifi-
cant’ for anal rays, they are for the other four
characters, so it can be safely concluded that
there arc differences from river to river for four
characters. :

The I values for differences between vears are
rather large for anterior scutes and posterior
scutes, and both are significant at the 10-percent
level (F)120=2.75). AL the present time, it is
impossible to say definitely whether there are
differences from year to year for these two charac-
ters. It is apparent that this is one phase of the
problem that should be studied in more detail.

. The fact that there may be differences from
vear to vear for some characters does not disprove
the racial theory. The magnitude of the differ-
ences between years relative to the differences
between rivers is the essential quantity to be con-
sidered in this problem. If the differences between
vears are small in comparison to the differences
between rivers, races can still be distinguished.

In terms of the model presented on page 274, the

river-cffeets (@) should be considerably larger than
the vear-effects (8;). An estimate of the relative
magnitude of these two effects can be obtained
from the analvsis of variance tables. Since none
of the interactions was significant, the interaction
mean square has been pooled with the error mean
square to obtain an estimate of the crror (¢%).
It has been assumed that both the years and the
rivers are a sample from a large number of years
and rivers. Therefore, the ; and 8; obtained from
the data are samples from some larger population
of a, and B, which have variance o and of.
‘From the mean squares in the fourth column
of table 5, cstimates of of and ¢ can be ob-
tained. For anterior scutes: 6?=0.488, ¢$=0.0112,
and 63=0.0414; for posterior scutes: 52=0.633,
7+=0.0131, and 5§=0.1154. Thus, the variation
between years for anterior scutes is about one-
fourth as large as the variation between rivers.
Similarly, for posterior scutes, the variation be-
tween vears is about one-ninth the wvariation
between rivers.

These analyses present evidence that there are
no differences hetween years for anal rays, pectoral
rays, and vertebrac. There may be differences
between years for anterior and posterior scutes,
but if they do exist, they are small compared to
the variation between rivers. These analyses of
variance have approached the racial problem in a
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TABLE 5.— Analysis of variance with interaction lerm pooled
with error term

Source of variation of Sum of Mean Expected
squares square medn square
ANTERIOR SCUTES
L T 1 1837 1.837 o+ 1203
Between riv 2 7. 509 3. 790 ol 8oy
Brror . - 26 | 115,220 0. 488 o?
Total. oo 239 124662 | |-
POSTERIOR SCUTEs
Between vears oo 1 29204 2204 i 12005
Betwoeen rivers_. . 2 19. 733 9, 867 o+ 8lof
BError . oo 236 149, 359 0. A33 o?
Total oo, 20 170296 | _____. | ______________

more direct manner than in previous studies and
have given further support to the racial theory.

DISCRIMINANT FUNCTION ANALYSIS

There are numerous ways of using the data from
meristic counts to construct discriminant func-
tions. Ranev and de Svlva (1953) constructed

such a function by adding the number of dorsal,

anal, and pectoral rays for each fish. They called
this a ‘“‘character index,” but actually it is a
simple form of a discriminant function. By plot-
ting a frequency histogram of this character index
for several areas and a series of vears, they were
able to differentiate to some extent between
striped bass from the Hudson River and from
Chesapeake Bay. There was considerable over-
lap in these distributions, and if one were presented
with a fish of unknown origin, it would be difficult.
to assign it to a particular population with any
certainty. - :

For illustration purposes, a discriminant fune-
tion of this type has been constructed using data
on shad from the Connecticut River and the
Hudson River. It is unfortunate that the data’
for the Hudson River were collected in 1939 and
1940 (tables 11 and 12, appendix) while the Con-
necticut data were collected in 1945 (table 13,
appendix), but since it has been shown that the
characters are consistent from vyear-to year, the
data can be used for diserimination. The dis-
criminant function,

=X+ Xo+ X3+ X+ X5+ X,

where X is the number of anterior scutes, X, the
number of posterior scutes, X; the number of dor-
sal rays, X, the number of anal rays, X; the num-
ber of pectoral rays, and X; is the number of
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TABLE 6H.—Frequency distributions of the discriminant

function

7=X1+X2+X3+X4+-‘;5+Xa B

Z Connecticnt
River 1945

Hudson
River 1940

Hudson
River 1939

a3

—
LSO to o

-

vertebrae, has been tabulated for the Hudson
River samples of 193940 and the Counnecticut
River sample of 1945 in table 6. It is interesting
to note that the means of these distributions are:
Hudson River (1939), 149.962 (h=104), Hudson
River (1940), 150.362 (n==105), and the Connecti-
cut River (1945), 146.363 (u=91); the variances
are 5.816, 6.465, and 6.400, respectively. The
pooled average for the Hudson River is 150.163.
(A t-test shows that there is a highly significant
difference hetween the two rivers.) If one were
to use such a function for discrimination, he would
classify everything above 148.2 as coming from
the. Hudson River and everything below as com-
ing from the Connecticut River. However, since
the counts ave disercte, it would be necessary to
use either 1438 or 149 as the dividing line. Table
7 gives the percentage of wrong classifications for
these two values.
type Z==X, provides a method of classifying
about 78 percent of the individuals correctly.
Without the use of this function, it would appear

impossible to distinguish Connecticut River shad

froin Hudson River shad. -

If such good results were obtained by totaling
the number of scutes, vertebrae and rays for each
‘specimen, perhaps some other combination might
be more efficient. Considering only linear forms
of the type Y'==3a,X,, that function which is best
for discriminating between the two populations
can be determined. It can be shown (Rao 1952)
that the best linear diseriminant funetion for two
multivariate normal populations is:

D=LX,+ X+ 15X+ LX + LXK 41X,

This simple function of the ~
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where the 1,s are obtained by solving the following:
set of equations:

11\V11 + lw\Vlo+13W13 + 1.1“71.1 +1 sWi5 lﬁwlﬁ— (-11

l)\Vo1+ann\ —ds

11\V51 + lf_v_“’ﬁg la“{'ga = d'c.

wyy is an estimate of the covariance (a;ssumed to
be equal in the two populations) between the ith
and jth characters and d, is the estimated differ-
ence in mean values of the ith character in the
two populations. . The wy, are estimated from the
following equations:

Ni

(N, +N.—2)ywy = Y1(Xnk—\u)(\;lk

i+

Na

I:Z‘](Xﬁk—xl'.') (Xjp— Xpa)-
N; and N. are the number of specimens in the
first and second sample, respectively, and-X,y is
the count on the ith character for the kth fish
from population 1. X,, is the mean valué of the
ith character for population 1.

Using data from the Hudson River sample of
1939 and the Connecticut River sample of . 1945,
the following set of equations is obtained: -

0.381971, 4 0.03742].40.062421;,—0.015151,+
0.024671,4-0.15184lg=0.41484
—0.020321,—0.011961,+
) 0.023011;4-0.180711,=0.46016
0.062421, —0.020321,+0.653541,+0.210841,+
0.033091,4-0.099181,=0.71291
—0.01515],—0.011961,4+0.210841;4-0.88481},+
0.0071715+0.1307315=0.38462
0.024671,+0.023011.40.033091;,4+0.007 171+
0.584991,—0.010201;=1.07555
0.151841;,4+0.180711;40.099181;+0.130731,—
0.010201;41.05154l;=0.55082

0.037421,4-0.71332],

TasLE 7.—Percentage of wrong clussifications” using the
function

X4 X4+t \'rl' X+ X5

River Yoar 147-148 | 148-149

Pereent | Percent
Conneetieut. ..o e 1945 33 2
Hudson. .o 1934 12 22
Hudson. . o oooo e 1940 11 19

2 Only fish with complete meristic data were used; first 91 fish in table 13
(appendix). .
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TaBLE 8.——Coefficients of the discr unzmlnt functum D; =31;X;
and successive values of D,

1 2 3 4 5 (i D! | Dy2 |P(DyD

1. 086 0.34 63.3
1028 | 0 0.42 66.3
0.856 | 0. 1 0. 59 72.2
0.878| 0. 0. 0.231 |. -- 0.60 ‘72.8
0.78 | 0.577| 0. 0: . . 0.89 81.3
0604 0.518| 0.850 | 0.200 | 1743 | 0.246°( 3.2105 | 0.90 81.6

The solution of thése six equations requires the
inversion of a 6 X 6 matrix. Rao (1952) presents
a method of solving these equations so that succes-
sive discriminant functions are obtained. At the
first stage of solution, the discriminant function
using anterior scutes only is computed while at the
second stage the function using anterior scutes
and posterior scutes is obtained. The discrimi-

nant function using all six characters is obhtained .

at the sixth stage. The solution of these equations
is given in table 8. Any particular discriminant
function can be obtained by substituting the 1,
from this table into the equation:

Yi?—'sll"\.p

The variance of Y, is D3 and can be obtained
at the same time as the coefficients 1, It can be
proved (Rao 1952) that D,/2 is a normal deviate
with mean zero and a standard deviation of one.
The 1)10ba,b111tv of obhtaining a normal deviate
equal to D,/2 is identical to the probability of
correctly classifying an individual from any one
population. Values of D3, D,/2 and the prob-
ability of correct classification are also given in
table 8. From this table it can be seen that the
increase in D% with the addition of vertebrae is
quite small; therefore, the number of vertebrae is
not very useful for purposes of discrimination when
used with the other five characters. From the
estimates of wy. it is apparent that the covariance
between vertebrae and other characters is gener-
ally large.
fulness of vertebrae for discrimination. Taking
an extreme e\ample where the correlation between
two characters is one, it would be useless to include
more than one of them in a discriminant funetion.
Immediately the question arises as to how the cor-
relation of the characters affects the relative effi-
ciency of the funetion. This can be answered by
a test of significance which tests the hypothesis of
no added increase in D} in going from a discrimi-
nant function using the first p characters to one

This correlation may reduce the use-

less than
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using p plus ¢. In this case p=5 and p plus q=6-
Rao presents this test on page 253 ‘
14 NN, D2
Re " (N +N,)(N;+N,—2)
+ ' NlNo ’ D-)
(N1 +N)(N(+N,—2)
1+M0_4)_ (3.22)
(195)(193) .
1.0078
1+Mﬂ (3.18)
(195)(193) 7.
pNitNa=p—a=1 p 4y ;46 ,

q

This F [with q and (N;+N;—p—q—1) d. f.]is not
significant; therefore, the hypothesis of no added
information being supplied by vertebral counts
can be accepted. It must be remembered that
this is true only when use is made of the data from
the remaining five characters. Since vertebrae
add nothing to the power of discrimination, they
will be omitted from further calculations. The
fact that vertebral counts can be eliminated from
the discriminant function has considerable prac-
tical value, because these counts have to be made
from x-rays or after careful dissection of' the fish.
This one count would probably be as costly in
terms of time and money as the other five.

The next step is to find the means of the discrim-
inant function for the two populations. This is
done by substituting the mean values of the charac-
ters for each population into the diseriminant
function. The discriminant function as taken
from table 8 (excluding vertebrae) is:.

Y =0.785X,40.577X,4

The medn value of this funetion for the Hudson
River, 1939, is 74.103 and for the Connecticut
River, 1945, is 70.940. If this function were to be
used to discriminate between the two populations,
those fish with a value of Y less than 72.52 would
be called Connecticut River fish and those above
72.52 would be classified as Hudson River fish.
The error in this classification would be the pro-
portion of Connecticut fish with a Y greater than
72.52 and the proportion of Hudson fish with a Y
72.52. The variance of Y is:

11(11 + lndg + 13(13 +14d4 + 15(15

D2 3.163 '
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The proportion of C'onnecticut River fish which lie
in the area under the normal curve from — o to
72.52 is equalto the probability of a normal deviate
of

72.52—70.94 1.58

V316 178 0-8Y

The probability of this normal deviate is 0.81
(table 8); therefore, the error of misclassification
for the Connecticut River population is 19 percent.
This is also the error of misclassification for the
Hudson River population. This function will
"correctly classify 81 percent or approximately 3
percent more than the simpler finction first
investigated.

Rao (1952) presents a test of s1gnlh(a,nce to
determine if the calculated discriminant function .

is better than some other assigned function. If
the assigned function is:

Z=X| +X2+X3+X4+X5+X§

(Z,—Z»)?
V(Z)

then D=

where

V(Z)—V(\1)-I-V(\ )V (Xs) +V(\4)-|-V(\s)+
Y VXD 42 cov (X X042 cov (X X+
. 2 cov (X;X,).

Using values of wy;,

12.9521

Di=
© 6.0771

=2.131

Nt

To test if this function is as reliable as the one
derived from the data, the following must be
calculated:

14N,N,D*/(N,;+N,) (N,4+N; —2)

V=1 Ny, NN+ N—2)
(104)(91)
14+ (g o
+(195)(193) (3.22) 1=0.169
ey ot
(195)(193)
F=U(N1+N2_1_p) _ (0.169) (188) —6.35

p—1 .5

F is a variance ratio with (p—1) and (N,+N,—
p—1) degrees of freedom. In the above instance,

F has 5 and 188 degrees of freedom. This is a
highly significant value indicating that the calcu-
lated function is significantly hetter than the
simpler function. : .

Since the above discriminant function was

. based on the 1939 Hudson River sample and the

1945 Connecticut River sample, the 1940 Hudson
River sample (table 12, appendix) can be used
to demonstrate how the function works. Values
for the Hudson River sample of 1940 were sub-
stituted in the formula:

Y =0.785X,+0.577X:+0. 871\-,-[—0 234X,+
1.731X.

The resulting distribution of I is tabulated in
table 9. It can be seen that only 16 out of the 105
values are below 72.52, which is very close to the
19 percent expected. The mean Y for this
sample is 74.25, which is in close agreement with
the value of 74.10 obtained for 1939.

TABLE 9.—Frequency distribution of the dzscnmmant func-
tion Y'=0.785X,+0.677X:+0.871X35+0.234X 4 1.731X;
for the 1940 Hudson River sample

¥ Frequency ¥ Frequency
78.52-79.51_ . _ . _.___ 1 || 73.52-74.51. n
g X:) S - 3 }| 72.52-73.51. 22

T - - 4 || 71.52-72.51. - 1
75.52~- 46 £ ] I 17 || 70.52~71.51 . ______ 4

T452-75.51. el 23 || 69.52-T0.51 .. oo 1

There are a number of assumptions upon which
the preceding techniques are based. The two
populations have to be multivariate normal .
populat.lons with equal variances and covariances.
It is assumed that the samples are large since
sample values are substituted for population
values when the discriminant function is calcu-
lated. There can bé only two populations
present, and any future individual that is to be
assigned to one of these populations must belong
to one of them. Of course if a third population
is present with characters considerably different
from the two -original populations, it may be
apparent that it rvepresents a third group when
the discriminant funection is used.

The calculated discriminant function can be
used for two different types of situations. In
some studies one is interested in individuals (for
example, to obtain scale samples) and would like
to be certain that the fish chosen are from an
assigned population. In other studies, the rela-
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tive abundance or composition' of a mixed popu-
lation 1s desired. In this case there is little
interest in the individuals.

If we are interested in-classifying individuals, it
is possible to adjust the classification region to
reduce the chance of making errors.
_individuals that fall close to the division line
(75.52) are the cause of the largest percentage of
misclassifications.” If some of these are not
classified, the errors can be reduced. This
amounts to dividing the sample into three groups:
Hudson River shad, Connecticut River shad,.and
those that could be either with about equal prob-
ability. This third group consists of fish which
remain unclassified because there is insufficient

information upon which to make a positive identi--

fication. If only those fish with a I less than
70.94 are called Connecticut shad and those with
a I greater than 74.10 are called Hudson River
shad, the probability of misclassifying a Con-
‘neticut shad would be equal to the area under the
normal curve from 74.10-70.94=3.16 to infinity.
The corresponding normal deviate is '1.78 and
the area above this valiie is 3.7 percent. Thus by
not classifving approximately one-half of the
sample, the number of wrong classifications is
reduced to 3.7 percent. -

The area of indecision could be extended even
wider to further reduce the chance of error; how-
ever, if this procedure is carried too far, fish from
other rivers might introduce a bias that would
bave to be considered. The assumption was
made earlier that only fish from the Hudson and
Connecticut - Rivers were present in the sample;
however, any fish that do not belong to one of
these populations will be classified as though they
did. Therefore, any appreciable number of fish
from other rivers would cause additional errors.
From the tagging experiments mentioned pre-
viously, it would appear that a very small per-
centage of shad present off the New Jersey coast
do not belong to one of these two populations. If
this is of the order of 5 percent, it might have
little effect if all of the fish were classified. If a
large portion of the sample remains unclassified,
the errors introduced by these fish may be more
harmful than those due to niisclassifving fish from
the two populations.

Estimates of the relative abundance of a mixed
population can also be obtained. Three methods
of accomplishing this will be presented. The

Those,
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most obvious is to use the discriminant function

‘to classifv each fish in the sample and then esti-

mate the composition of the population from the
composition of the sample. If there are only two
populations present, this method may be quite
satisfactory, but it does contain a bias. If a
fishery is sampled which contains individuals fromr
only one of these rivers, 19 percent of these fish:
would be classified as coming from the other race
and the estimated composition would be 19 and
81 percent. Thus there would be a bias of 19
percent. If the region- is modified so that the
relative abundance is estimated from ‘the indi-
viduals which are more likely to be classified .
correctly, then this bias will be reduced. By using
the region Hudson>74.10>Unclassified >70.94>>
Connecticut the estimated composition of a sample
which contains only Hudson River fish is '

.

E£§:93'5 percent
for a bias of 6.5 percent. If there are cequal
numbers of Hudson and Connecticut River fish
present in a sample, thei the errors of classification
would cancel and the bias would be zero.. The
maximum bias would occur when a s:unple. is
composed of fish from only one river.

Another way of removing the bias is to assume
that the error of classification in the sample is the
same as the error in the discriminant function
{i. e., 19 percent). Then the number of fish
classified as Hudson River fish consists of 0.19 N¢
and (1-0.19) Ny or Np=0.19N¢+(1-0.19)Ng
where N¢ and Ny are the numbers present in the
population. Similarly for those classified as Con-
necticut ‘River fish the following relation cxists:

— (1-0.19)N¢+0.10Ny

Substituting sample values (Ng and Ny), these
two equations can be solved for N¢ and Ny which
can be used to determine the relative abundance.

A third estimate is obtained by using the follow- .
ing formula (Rao 1952, p. 300)

where Xy, Xo and X are the averages of the
diseriminant function for the Hudson River, the
Connecticut River and the sample of the mixed
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population; P is an estimate of the proportion of
the sample native to the Connecticut River.

It is not known which of these estimates would
be best for the present problem. A few stray fish
will have a greater effect on the first estimate than
on the third, particularly if the strays are near one
and of the distribution of the diseriminant funec-
tion. In the first tvpe of estimate, they would be

weighted more heavily because some of the indi-

viduals near the midpoints of the two populations
would not be classified. In the third estimate,
they would all receive the same weight.
particular problem, perhaps all three of these
estimates should be tried and the various esti-
mates compared. If they are not in agreement,
tlie factors causing .the differences should be
investigated. Plotting the distributions on prob-
ubility paper may give some clue to the number
of strays present in the samples.

DISCUSSION

The basic condition necessary for the demon-
" stration of a distinet population of shad in each
river is that the differences between rivers must
be large compared to the differences between vears.
This condition has been met by the data examined
in this study: however, some large differences
between years have been reported and thev are
impossible to evaluate completely at this time.
Warfel and Olsen (1947) reported average verte-
bral counts of 57.042 and 56.837 for 1945 and 1946
in the Connecticut River. This difference of 0.2
is significant. Raney and de Sylva (1953) also
reported some differences between vears for
striped bass. They made the following statement
about these differences: (p. 506)

In any one river system such as the Hudson River there
may be significant variations from year to yvear in any of
the characters investigated. These fluctuations may be
caused by differences in water temperature and perhaps
other factors during larval life at the time when fin ray
number is determined. The assumption is made that
fin ray numbers are genetically fixed within narrow limits
and the minor fluctuations which éceur from year to year
are due fo different physical and perhaps chemical con-
ditions at any one locality or differences in time of spawn-
ing, will tend to balance out when samples are taken over
a period of several years.

From the statistical point of view, it does not
matter what causes these differences when a mixed
population is to be divided into its components.
For example, the characters for the Hudson and

. or even sub-species.
In any .

\

Connecticut Rivers can change considerably from
yvear to year, and the New Jersey catch can still
be segregated providing.samples are obtained
from both rivers and a new discriminant function
is calculated each vear. Of course, it is essential
that the populations be different.

From the biological point of view, the cause of
these differences is important. If these differ-
ences are primarily genetic, the différert popula-
tions should be considered taxonomically as races
Raney and de Sylva (1953)
considered striped bass from the Hudson River
and Chesapeake-Delaware area to be different
taxonomic races and suggested calling them the
Hudson race and Chesapeake-Delaware race,
Similarly, future research may prove that there
are actually taxonomic races (or sub-species) of
shad. .

From Rounsefell and Dahlgren’s (1932) work
on the herring, it appears that temperature may
be-one of the most iimportant environmental
variables to be studied. A rather simple experi-
ment could be set up whereby it would be possible
to hatch shad eggs in controlled water tempera-
tures. This should produce a response curve
between meristic counts and temperature, if such
a relation exists. Such an experiment would be
useful in evaluating the differences between years
and rivers.

The human errors in making meristic counts
should also be investigated. These certainly con-
tribute to the total variation; therefore, the mag-
nitude of such errors should he known. There
are no doubt times when a certain amount of
judgment must be used in deciding if a given ray
actually should be included in a count. Similarly,
gross errors of definition can bhe made in the
counts. These various errors cannot be evalu-
ated at this time, but any future work should
certainly include a study of this part of the
problem,

Future work with meristic counts will naturally
require a great amount of statistical analysis.
It is essential, therefore, that ‘the surveys be
planned in such a manner that a maximum amount
of information can be obtained from them. Of
the 1,800 fish collected from 1938 to 1945, only
one-third of them could be utilized in a two-way
analysis of variance. The surveys should include
vear classes, sampling dates within a year, differ-
ent types of gear and different locations within
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a river. 1t would also be worthwhile to study
the relation between juveniles and the corre-
sponding year class when it enters the fishery
as adults. Probably many of the answers which
.can be obtained from meristic counts will lead
to a better understanding of the biology of the
various shad populations.

SUMMARY

It is a commonly accepted theory that shad
from the different rivers on the Atlantic coast
return to the same river to spawn when they
reach sexual maturity. ‘Tagging experiments have
offered considerahle evidence to support this
theory. No shad tagged on the spawning ground
of one river system has ever been recaptured on
the spawning ground of another river system.

If a group of fish return to the same spawning
ground year after vear with little mixing from
other populations, it would be expected that the
" fish within a river would be more like one another
than like the fish from other. rivers. Thus, if
differences in some characteristics could be found
between rivers, and, if these differences were large
compared to the differences between years, the
conditions necessary to support a ‘racial” theory
would be present.

Because of the selectivity of the fishing gear
used to obtain the samples of shad, it could not
be assumed that the samples were random. This
selectivity occurred in the size of the fish. The
various characters under consideration in this
paper were tested for a correlation with length;
when no consistent corrélations could be found,
the samples were considered ‘‘representative,”
even though they were not random.

Analyses of variance of the various characters
provided evidence that there were differences
between fish from other rivers and, if differences
were present between years, they were of a much
smaller magnitude than the differences between
fish from other rivers. This contributed addi-
tional evidence to support the theory of a separate
population of shad in each major river.

FISHERY BULLETIN OF THE FISH AND WILDLIFE SERVICE

A large commercial shad fishery exists along the
coast of New .Jersey, New York Bay, and Long
Island. The fishermen in these three areas catch
shad that are migrating to the Hudson or Con-
necticut Rivers. This ocean catch in some years-
is approximately one-third the size of the river
catches and, therefore, should be included in any
management plan for the two rivers. To estab-
lish a management plan which would include the
ocean fisheries would require estimates of the
composition of the catches made at these various
locations. In the past, this would have had to
be done by tagging experiments.

A discriminant function has been constructed
in this study which will classify correctly about
81 percent of a mixed population of Hudson and
Connecticut River shad. This function was con-
structed from. data obtained from the Hudson
River in 1939 and the Connecticut River in 1945.
Data from a sample of Hudson River shad ob-
tained in 1940 were substituted info this dis-
criminant funetion. Out of the 105 fish, 16 were
classified incorrectly; this is in good agreement
with the theoretical 19 percent misclassifications.

Most of the individuals that are misclassified
fall close to the midpoint between the two popula-
tions. It is possible to reduce the number of these
mistakes by refusing to make a decision on the
individuals that lie close to the dividing line
between the two populations. This is equivalent
to classifying the individuals into three parts:
Hudson River, Clonnecticut River, and a third
part for which no decision can be reached. With-
out using this procedure the chance of misclassi-
fying an individual is 19 percent. By refusing to
classify 50 percent of the sample, it is possible to
reduce this error to 3.7 percent. '

- Several methods of estimating the relative
abundance or composition of a mixed population
are presented. These techniques could be used if
one is interested in the population compeosition of
a mixed sample rather.than the identification of a

" particular individual.
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TaBLe 10.—Frequency distribulion of merislic counls used

APPENDIX

Tarre Hl.—Meristic counts on samples of shad from the

tn the analysis of variance Hudson River, 1939

Location Year Number of anterior seutes  (Num-| Mean Anterior scutes Posterior | Dorsal Anal Pectoral [Vertebrac
her scutes rays rays rays

1912021 | 22723} 24)25 15 18 23 15 SR
15 18 21 16 58
15 7 22 14 i
1938 || 2% 8| 24 4| 1 40 21. 850 15 18 21 16 57
1939 | 1 41281 7 (o f-—. 40 ( 22.025 15 17 21 16 56
1938 |.__.| 1) 22|12} & |.__.|-__. 40 | 21.525 16 18 22 17 57
1639 o220 3 40 | 21.850 18 19 23 15 56
1938 || 1| 8126 & |- |-—-- 40 | 21.815 18 18 22 16 A8
1939 || 4| 28] 8 [--of---o 40 | 22,100 14 18 22 18 58
17 18 21 18 58
16 18 20 15 &8
Number of posterior scutes 15 18 21 17. 57
16 18 21 17 58
16 18 23 15 &8
121314115 16 ) 17 17 17 22 15 58
15 18 22 17 57
16 19 22 15 58
Florida -l 2112 ] 24 40 [ 14,650 15 18 22 15 56
Do | 131118 40 14. 925 15 18 21 15 58
Suuth 1] 8114 40| 15.225 15 17 20 16 55
Do el 916 40 15. 150 16 18 21 16 57
——— 3| 40 15,300 16 18 i 16 58
cem]eeeet 212 40 15.675 16 14 &) 15 57
. 14 18 22 15 58
B 18 19 25 15 58
Number of anal rays 15 19 22 16 57
15 18 22 15 57
13 18 20 15 54
181920 | 21 )22 2 17 18 21 16 58
15 19 23 16 A7
15 18 22 17 A9
l-lmid.| ............ 1938 1] 211018 71 2j_..| 40| 20.850 15 18 22 16 57
_____________ 1939 [--—-| 3 9117 10 ) () 40 20. 927 15 18 23 14 &7
South (‘arolma..- 1938 (| 4 ,1‘.‘. 13| 9| 2]....] “40| 20.825 16 17 20 16 57
_____________ 1939 ____| 1 |]., 18] 8 14.-.. 40 [ 20.900 15 17 21 16 57
Nnrth Garolm.z..-. 1038 (.t YN8 120171 2/ _.{ 40 2..275 15 18 20 16 &7
_____________ 193¢ |___| 3 ! 7118110 2|.-.- 40 | 21.025 14 18 21 15 57
I 16 19 22 17 57
X 16 18 €0 16 58
‘ Numl-er of pectoral ravs 14 17 21 16 56
i) 16 19 22 -16 58
) 15 19 22 15 57
141 15 14 10 21 16 8
16 18 21 16 58
- 14 13 22 16 A7
Florida. . | 2 e[ 40| 168,325 16 17 2 16 58
1 | 2 —-ea| 40 16. 005 14 17 2 15 &7
| 2 ceemi 40 16450 17 18 21 17 53
[ B ) R 40 16. 365 18 18 21 16 57
- 13 - 40 15.776 15 18 2 15 57
1 8 PR B 4 15. 025 15 18 22 16 B
15 18 19 18 N
15 17 21 17 5
Number of vertebrae 18 17 22 15 57
16 17 2 16 A7
15 17 21 16 AT
A3 | 54| 55 | 56 | 57 | 58 | 50 15 18 22 18 57
R 15 17 22 16 AR
~ 15 17 21 18 A7
Florida. . oo auae 1938 .| 1 210 |19 7] 401 56.725 15 17 22 15 58,
] Do T 1930 j.___|-.-] 2|16 19 3 |-___ 40 | 56.575 14 17 21 15 57
South Carnlma_.._ 1038 .| 3| K[| 18 1L [ae]omo- 40 [ 55925 14 18 21 15 AT
_____________ 1939 2 A 417 1] 40 56. 175 15 17 21 16 57
\'orth Carolina____| 1938 [.___[-—.-| L]18]19] 4 [ ___ 40 | 56. 650 15 18 22 16 A7
_____________ 1939 {_.__[-.—-| & 625 2 1 40 56. 650 15 18 P 15 59
16 19 23 18 57




STATISTICS IN CLASSIF.YING RACES OF SHAD

285

TaBLE 11.—DMeristic counts on samples of shad from the , TABLE 12.—Meristic counts on samples of shad j'-ro-n'z. the
Hudson River, 1939—Continued

Hudson River, 1940—Continued

Anterior scutes ‘Posterior | Dorsal Anal | Pectoral | Vertebrac Anterior scutés Posterior [ Dorsal .| "Anal | Pectoral |Vertehrae
scutes rays rays rays scutes TAYS rays rays
16 18 2 17 57 15 19 23 16 58
i 18 20 18 57 15 17 22 15 58
15 -18 21 f 16 o8 16 18 21 15 57
15 19 22 15 57 16 18 22 15 a3
15 17 21 16 . & 16 20 H 16 54
15 19 22 16 a7 17 19 20 17 58
16 18 22 17 a8 13 19 4 "15 54
15 17 2 15 88 16 18 2 16 ¢ &l
16 18 22 16 &7 16 17 21 15 57
16 17 2 15 57 16 18 21 16 AR
17 19 22 16 58 16 18 21 16 57
16 19 20 15 &7 16 17 21 158 a7
15 18 22 17 56 15 17 A, 18 56
4 19 22 16 56 17 18 22 15 57
15 19 2 18 57 16 19 2 16 )
14 19 21 18 57 15 17 23 16 a7
15 20 23 16 o8 16 18 23 15 58
15 18 22 18 5 15 17 18 16 ar
16 18 2 15 50 15 19 n 15 &7
16 18 2 16 57 17 19 21 16 58
16 18 2 16 57 16 19 21 17 &7
15 18 22 15 57 18 18 2 16 58
14 1% 23 15 &7 16 1R 2 16 58
15 13 22 15 57 14 19 2 15 55
15 18 21 16 57 18 18 21 16 58
15 8 2 15 57 17 18 21 18 57
15 18 ] 17 a8 16 17 20 18 &7
1A 18 22 14 58 17 17 0 15 &8
15 17 21 17 58 16 18 ot 15 &8
16 18 2 16 &7 15 17 2 16 58
15 17 2 16 57 16 2 23 17 58
15 18 20 16 57 16 18 21 16 57
15 18 2 16 58 15 18 21 15 57
18 ~18 22 16 67 15 19 21 16 |- 57
14 18 2 15 58 14 16 2 16 58
16 17 23 16 58 16 17 21 16 58
15 18 23 16 59 16 18 2 16 56
16 19 2 16 © a8 16 18 a1 15 58
16 17 20 15 50
16 18 2 16 58
15 17 21 16 58
TaBLE 12.—>Meristic counts on samples of shad from the }g ig % i(r: 58
Hudson River, 1940 15 18 55 1% u
15 1y 3 16 58
15 17 0 15 57
Anterior seutes Posterior | Dorsal Anal | Pectoral | Vertebrae 16 17 23 17
scutes rays rays rays 15 17 23 16 58
: 16 19 21 16 &9
15 17 23 16 56
15 19 21 16 ] 16 18 20 15 57
16 19 22 17 58 15 18 2 16 56
16 18 2 - 17 57 15 18 2 15 58
16 18 22 16 53 16| - 17 2 15 5
15 IR 21 16 57 16 18 2 16 87
- 16 17 2 15 58 15 18 21 15 &8
- 15 17 21 15 87 | 15 18 2 16 57
- 16 18 2 16 a7 16 17 2 17 57
. 16 18 23 ~ 16 a8 16 17 20 15 56
B 15 17 22 15 57 16 19 2 16 58
- 15 18 21 16 58 17 19 .22 15 53
- 16 18 21 17 57 15 18 22 14 57
- 16 17 2 16 57 15 17 20 16 56
- 14 1R 2 15 a6 15 18 2 16 &7
- 15 18 21 16 a7 15 17 23 15 &7
- 15 18 2 15 &7 16 18 21 15 I
- 15 17 22 15 ) 14 19 2 16 &7
16 17 21 16 a8 16 19 23 16 58
- 14 18 22 15 58 15 18 % 16 &7
- 15 18 2 16 o7 16 18 22 17 &8
- 16 13 21 16 58 1G 18 - 22 15 &0
- 16 14 22 18 57 16 1y 4 18 L)
- 17 17 22 15 8 17 13 22 15 &7
- 15 18 21 15 58 15 18 21 15 A
- 17 18 21 16 56 17 13 2 16 60
- 15 1% 22 15 A7 17 18 2 16 ]
- 16 18 22 16 57 17 18 = 16 &8
- 15 18 3 16 &7
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TasLE 13.—Meristic counts on samples of shad from the

Connecticut River, 1945

[The last 10 samples in table are incomplete and t.heni, fore were not used

in the discriminant function analysis

Dorsal

Anterior scutes Posterior Anal Pectoral | Vertebrae ™
seutes Tays rays rays

- 15 18 21 14 A7
R 14 16 20 15 | 55
. 14 17 21 | 13 57
. 15 17 21 15 57
- 15 17 20 14 56

14 16 2 14 57
. 14 16 2 13 A7

14 16 20 13 55

14 17 21 18 55
- 13 18 23 14 56
- 16 18 21 15 59
- 14 18 22 15 57
. 15 17 20 15 56
- 14 18 22 15 55
- 14 18 23 15 58

14 17 2 15 57

15 16 21 15 &7
- 14 % 20 15 57
- 16 18 19 14 58
- 17 17 21 13 on

15 18 20 ¥ 85
- 14 17 22 14 &7
- 15 17 22 16 55

15 18 2 14 57
- 15 - 18 21 15 5%
. 15 16 19 18 57

14 18 21 14 58

15 18 21 15 59
. 14 18 2 15 55
- 14 16 n 15 a7
- 15 17 21 16 58
- 16 15 21 14 59

14 17 21 14 56
- 15 7 21 15 &7
- 14 18 22 14 &5
. 1 18 20 15 57
- 15 19 21 15 58
. Ji 19 21 14 58
. ‘16 17 N 18 54

15 17 21 14 55
- 18 18 20 14 57
. 14 18 21 14 59
. |1 18 22 16 56
- 15 17 20 14 AT
- 15 16 2 15 &7
- 14 18 21 14 - 6
- 16 17 2 15 A7
- 16 17 22 16 59
. 15 ] .21 15 53
- 15 17 21 14 - 56

FISHERY BULLETIN OF THE FISH AND WILDLIFE -SERVICE

TABLE 13.—Meristic counts on samples of shad from the
Connecticut -River, 1945—Continued

Anterior scutes Posterior
scutes

Dorsal
rays

Anal’
rays

Pectoral
ravs

Vertebrae




