Population dynamics of the American shad (Alosa sapidissima)

in the Connecticut Piver, 1940 - 1977

by
Victor Crecco

Fisheries Biologist

State of Connecticut
Department of Snvironmental Protection

Marine Pegion
1378

B B



TABLE OF CONTENTS

INTRODUCTION va<isossrbonanvivnsesmssusvnssnsesshsssumannsess !
ACKNDELEDGEIENTS ~cosnannmiinssnsnsmonnms snsonnnns s sessonasnns 6
ASPECTS OF THE COMPERCIAL AND SPORT FISHERIES =-ececemcceccaceas 7

CRITICAL REVIEW OF THE STOCK ESTIFATES, FISKING SFFORT AND
ADJUSTED CATONES, 1935 = 1968 sercnvsnsesscsenssverssnsnses 9 |

RECOVPUTATICN OF STOCK ESTINATES AMD ADJUSTED CATCHES,

FRAD = LIEE. wuwusivnsean ot i pamdo i smemmy o o it oo ie S 25
AGE DETEREINATION o= sonmnisscssssssnannissrssnnsssssomnanssns . 36
ESTIMATES OF GROWTH PARAPETERS =-eccscecsmcccaccccscsnscacaccce 48

EFFECTS OF GEAR SELECTIVITY ON THE ESTIMATES OF MOPTALITY (Z)
AND SUPVIVAL (S) ==eemeecmmcme e e e e e 95

RELATIONSHIP BETWEEN THE NUMBEPS OF SHAD TRAMSPORTED OVEP

|

{

ESTIMATES OF FISHI®  ND NATURAL MOPTALITIES «ececcccccceccnccasa 75

l
THE HOLYOKE DAF FROM 1966 - 1977 AND ESTIMATES OF MATURAL

|

MOPTALITY (M) wccccccrccccccacccccccecccccnccccccccnananaann 102
ESTIVATES OF RECPUITMENT cccccmcccccccnccccccccccnccccccccccannn 105 ;
|
YIELD ASSESSMENT ccccmcmciccmmscccccmrccc s s ccnan e nnan 110
PESULTS = CASE 1 - constant natural mortality (M)eeeccccecaea-e 127
RESULTS - CASE 2 - increase in natural mortality with age---- 135
|
STOC =PLCRUITMENT AND DENSITY-DEPENDENCE --cvccecccccnccccncnan- 137
SELF-REGENERATING MODEL =-veseceecsemccccanccecacccmcecccccnnannen 163
RESULTS - Scenario 1 - historical recruitment at various
rates of natural mortality (M = 0.4, 0.8, 1.4)=~==-- 182 |
RESULTS - Scenario 2 - 50 percent increase in recruitment
at M 0f 2.0 mecccemmem e e e 184 |
RESULTS - Scenario 3 - 100 percent increase in recruitment
at M 0f 2.0 cvemmecccmccnccccccceccaccccccnecacaana- 185
RESULTS - Scenario 4 - 30 percent decline in recruitment
at 1M of 2.0 =ecmccccmcccccee e e e n e 186
CONCLUSIONS AND RECOMMENDATIONS s-cveccrccmcccmccccrcnnccccnnncann 181
LITERATURE CITED ~emcvmeccccccmccccccccc e e cemccccccccnnanee 190

APPENDIX 1 through § ==eceeecccmcecmmme e ccecnas 196 |



LIST OF TABLES

Table 1. Population estimates, reported commercial catches,
adjusted commercial catches, and precent difference
between reported and adjusted catches, 1965 - 1977.

Table 2. Reported catch, adjusted catch, percent difference
between reported and adjusted catch, fishing effort (SFU)
and populati n estimate for each year, 1935 - 1973 as
determined by Leggett (1976).

Table 3. Reported catch, fishing effort, adjusted catch, and
population estimates using both equation 3 and the mark-
recapture technique for each year, 1940 - 1377.

Table 4. cstimates of the catchability]/ coefficient (p) and
it's inverse (q) for each year, 1366 - 1977 as well as
the mean p and q using equation 2.

Table 5. Age composition and spawning history of male ;had as
determined by scales from the sport fishery Enfield,
1974 - 1977.

Table ©. Age composition and snawning ristory of female shad as
determined by scales from the sport fishery tnfield,
1974 - 1977.

Table 7. Age composition and spawning history of male shad as
determined by scales from the commercial fishery,
1974 - 1977.

Table 8. Age composition and spawning history of female shad as
determined by scales from the commercial fishery, 1974 -
1977.

Tahle 9. Age compositipn and spawning history of male shad as
determined by scales from the commercial and sport fishery
combined, 1974 - 1977,

Table 10. Age composition and spawning history of female shad as
determined by scales from the commercial and sport fishery
combined, 1974 - 1977.

Table 11. Various]§tatistics (mean, standard deviation, 95% fiducial
limits)'’ on both fork length (cm) and weight (kg) for each
age group by sex from the commercial fishery, 1974 - 1977.



Tabie

Table

Table

Table

Table

Tahle

Table

Table

Tahle

Table 2

Table

Table

Table

12.

13.

19.

22.

23.

24,

VariOus];tatistics (mean, standard deviation, 95% fiducial
limits)'’ on both fork lengths (cm) and weight (kg) for
each age group by sex fi.. *“e sport fishery Enfield, 1974-
1977.

Average fork length (cm) at each age group by sex as
determined for sampies from both the commercial and sport
fisheries combinad, 1974 - 1977,

Average weight (kg) at each age group by sex as determined
for samrles from both iie commercial and sport fisheries
combined, 1974 - 1977.

Average fork length (L. ) at age t and average fork lentgh
(L§I‘) of successive a&es (t+1) for male and female shad,
19 - 1977.

CaICulated]/ and observed average fork length (cm) by age
and sex.

Ca1Cu1ated1/ and obs.rved average weight (kg) by age and
sex.

Glossary of all mathematical notations used i1n the analysis
of mrtaiity.

Population estimates, commercial and sport catches by sex
taken ir year t; population estimates and numbers of repeat
spawners by sex present in year t 4+ 1; and numbers of male
and female shad 1.st to natural mortality between year t
and year t + 1, 1966 - 1977.

Annual proportion of repeat spawners by sex as determined
from sc2le analysis, 1967 - 1977.

Annual rates of survival (s), fishing mortality (u) and
natural mortality (v) by sex, 1966 - 1977.

Instantaneous rates of total mortality (Z), fishing mortality
(F) and natural mortality (M) by sex, 1966 - 1977.

Mean (i)]’ and standard deviation (s ) for the instantaneous
rates of total (Z) and natural (*) mBrtalities and annual
rates of survival (S) and mortality (v) by sex for the period
1966 - 1977.

-1 : g :
Mean (x) / and standard deviation (s ) for the instantaneous

(F) and annual (u) rates of fishing Dy sex during the period
1966 - 1674,

[



Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

2.

26.

7,

28.

29.

30.

31.

32.

33.

34.

35.

36.

Fstimates of annual fishing mortality (u_ ) for adult shad
tagged and recaptured by sex and by size” groups, April -
Fay, 1976.

Fstimates of annual fishing mortality (u_) for adult shad
tagged and recaptured ty sex and by sizecgroups. April -
May, 1977.

Mean (x), standard deviation (s_j, and coefficient of
variation (cv) for the proportidn of virgin females from
age group IV, V, and VI as cetermined by scale analysis,
1965 - 1977.

Calculated numbers of virgin females produced by each year
class from 1940 through 1971,

Computation for the Thompson-Bell yield model when 40,000
age 1v, 90,000 age V and 9,000 age VI virgin females enter
the fishery.

various statistics from the actual fishery, 1966 - 1974,
and a comparison between the observed and predicted statistics.

A comparison between the age composition and spawning history
of female shad from the actual fishery, 1966 - 1974, and those
derived from the Thompson-Bell model.

Estimates of yie\d‘/ and other parameters using the Thompson-
Bell mode] at various fishing rates with natural mortality
held constant (M = 0.4).

Estimates of yie]d]/ and other parameters using the Thompson-
Bell model at various fishing rates with natural mortality
held constant (M = 0.8).

Fstimates of yield]/ and other parameters using the Thompson-
Bell model at various fishing rates with natural mortality
held constant (M = 1.4).

Estimates of yield‘/ and other parameters using the Thompson-
Bell mode] at various fishing rates with natural mortality
increasing by 25 percent for age VII females and onward

(r =0.4).

Estimates of yield]/ and other parameters using the Thompson-
Bell model at various fishing rates with natural mortality
increasing by 25 percent for age VII females and onward

(M = 0.8).

Il



Table

Table

Table

Table

Table

Table

Table

Table

Table

Table

37.

38.

39.

40.

a1,

42.

43,

44,

45.

46.

Estimates of yield]/ and other parameters using the Thompson-
Bell model at various fishing rates with natural mortality
incroasing by 25 percent for age VII females and onward
(®=1.4).

Estimates of the total run of females, adjusted commercial
catches, adjusted sport catches, female parent stock (P),
and female recruitment (R), 1940 through 1971,

Juvenile catch/effort for year classes 196€ - 1972 and the
numbers of age V virgin females occurring in the run five
years later,

Example showing the changes in female virgin recruitment
with a 10 and 20 percent alteration in total mortality (2)
from ova to virgin recruitment.

Estimates of key parameters (Columns 5 through 14) for the
shad population at various levels of fishing (F) and at a
constant rate of natural mortality (M = 0.4).

Estimates of key parameters (Columns 5 through 14) for the
shad populat 'on at various levels of fishing (F) and at a
constant rate of natural mortality (M = 0.8).

Estimates of key parameters (Columns 5 through 14) for the
shad population at various levels of fishing (F) and at a
constant rate of natural mortality (™ = 1.4),

Estimates of key parameters (Columns 5 through 14) for the
shad population at various levels of fishing (F) and at a
constant rate of natural mortality (M = 2.0); virgin recruit-
ment increased by 50 percent,

Estimates of key parameters (Columns 5 through 14) for the
shad population at various levels of fishing (F) and at a
constant rate of natural mortality (M = 2.0); virgin recruit-
ment increased by 100 percent.

Estimates of key parameters (Columns 5 through 14) for the
shad population at various levels of fishing (F) and at a
constant rate of natural mortality (M = 2.0); virgin recruit-
ment declines by 30 percent.



Fiqure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

Figure

10.

1.

13,

LIST OF FIGURES

Catch statistics from the commercial shad fishery,
1940 -1977.

Population estimates as determined by the mark-recapture
method compared to those developed by the Fredin method,
1966 - 1977.

Proportion of repeat spawners by sex as determined from
scale analysis, 1967 - 1977.

-
Estimates of average fork length (cm) by age group and
sex according to the von Bertalanffy expression.

fstimates of average weight (kg) by age group and sex
according to the von Bertalanffy expression.

Estimates of the instantaneous total mortality rate (2)
for male shad during the period 1966 - 1977.

Estimates of the instantaneous total mortality rate (2)
for female shad during the oeriod 1967 - 1977.

Relationship between the instantaneous natural (V) and
fishing (F) mortality rates for male shad during the
period 1966 - 1976,

Relationship between tr2 instantaneous natural (M) and
fishing (F) mortality rates for female shad during the
period 1966 - 1976.

Relationship between changes in the male instantaneous
rate of natural mortality (M) and variations in the numbers
of male shad 1ifted at Holyoke, 1966 - 1977.

Relationship between changes in the female instantaneous
rate of natural mortality (M) and variations in the numbers
of female shad lifted at Yolyoke, 1966 - 1977.

fquilibrium yield (kg) at various combinations of fishing (F)
and natural mortalities (M constnat for age group IV through
XI).

fquilibrium yield (kg) at various combinations of fishing (F)
and natural mortalities (M increases in magnitude by 25% for
age VIl and onward).



Figure

Figure

Figure

Figure

Fiqure

14,

15.

16.

18.

fmperical curves of stock-recruitment using both the
Ricker (-===- ) and Beverton-Holt (———) models,
1940 - 1971.

Relationship between the ratio of mature female progeny
per female parent (R/P) and the size of the female parent
stock (P), 1940 - 1971,

Relationship between the catch/effort index‘/ of Ju!’nile
shad, 1966 - 1972, and the numbers of age V females™' of
the same year class, 1971 - 1977.

Changes in the average fork lenjth (mm) of juvenile shad
measured from above Holyoke with corresponding changes in
.the size of the parent stock (P) passed over Holjoke,
1965 - 1976,

Flow diagram depicting the various biologica, processes
of the self-regenerating model.

VI



INTRODUCTICH

From mid-March through early ppril, adult American shad (Alosa sapidissima)

leave the scean and ascend the Connecticut River to spawn. The shad is considrored
the most important commerciai finfish in Connecticut with an annual monetary
value of approximately $7,000,000 (nampton, 1964). Pccordingly, the “annual
chad runs in the Connecticut piver have been extensively examined during the
135t three decades (principally, Fredin, 1954; Walburg, 1961, 1763; and Leggett,
1969, 1976, 1977). However, studies specifically concerned with the effects of
commercial and sport fishing on growth and recruitment of adult shad are lacking.
Previous research (Leggett and \hitney, 1972) has chown that the onset of
the shad migration appears to be governed by water temperature. Spawning
activity, which is also influenced by water temperature, usually begins during
late May and extends through June. The young shad spend from four to six
months in the river before descending to the ocean sometime during Cctober
an¢ tloverber. Adult shad return to the ocean shortly after spavning.
Historically, shad have spawned in the Connecticut river as far north as
Bellows ralls, Vermont, 274 km from the river mouth (Stevenson, 1890). lowever,
in 1797 a dam was constructed at Turners Falls, Massachusetts, which precludec
any further spawning beyond km 185. In 1900 the construction of a 17 m Righ
dam at Holyoke, Massachusetts further restricted spawning to 2 97 km stretch
between Y4:2ddam, Connecticut and the base of the Holyoke pam. A fish 1ift facility
at Holyoke began operation in 1955, and for the past 22 years spawninc had again
occurred as far north as Turners Falls. Since 1975, a large portion of each
year's spawning stock nas been transported over the Holyoke Dam by the fish 1ift
facility and allowed to spawn between 'lolyoke and the next dam at Turners Falls,
Massachusetts. Thus, the size of the shad runs during the 1980's will largely

depend upon spawning success and subsequent recruitment from above the dam.



There may be many problems associated with the Hclyoke facility, including
increased adult ard juvenile mortaiity due to the absence of downstream migrant
facilities. An increase in adult mortality mav occur due to their entrapment
it tne dam's canal system, and thus eliminating the possibility of repeat
spawners. In addition, juveniles nroduced in the Hnlyoke pool will have to emigrate
by passing through the turbines, nver the dam, or through a complex canal system,
This may result in substantial juvenile mortality, and could i duce the
potential for goed recruitment in future years. These potential peoblems have
not heen zddressed in previous research. It should be emphasized, however,
that the effects of fishing and the Holyoke Dam can be properly evaluated only
after we have obtained better insight into the dynamics of the shad population.
A comprehen  ion of the shad's population dynamics presents a challenge to
fishery science, both as a scholarly endeavor to understand the mechanisms of
natural regulation, and as a practical matter to develop scund management
strategies.

The objectives of the present study are:

1) to estimatc the parameters of growth, natural mortality, and fishing
mortality using stock estimates and age composition data;

2) to compute estimates of equilibrium yield (weignt of the catch) at
various combinations of fishing mortality and natural mortality while maintaining
recruitment and growth at 2 constant;

3) to examine the rela*tionship between parent stock and recruitment, and
to estimate the level of escapement which will result in a maximum surplus of
virgin recruits in the next generation;

4) to determine the fishing rates which produce both a maximum sustainable

yield (MSY) and optimum yield per expenditure of fishing effort for the commercial

fishery,



5) to examine the relationship hetween thanges in the numbers of adult shad
transparted over the Holyoke Dam and corre:ponding alterations in the magnitude
of adult natural mortality;

6) to present a working hypothesis as to the mechanisms of density-dependent
mortality based on existing data; and

7) to provide specific management recommendations for the adult shad population
in the Connecticut River,

fstimates of growth, natural mortality, and fishing mortality are integral
components in the resolution of the stock assessment problem. However, determin-
ation of the reproductive relationship between stock and recruitment is pcrhaps
the most essential, yet the most difficult prohlem facing scientists concerned with
fishery management. !* is important because, annual variation in recruitment greatly
influences the magnitude of the catch at a given rate of exploitation. It is
an arduous problem because an adequate study of stock-recruitment requires a long
series of population estimates. Furthermore, the reproduction and recruitment
mechanisms are probably the least understood areas in fishery science, mainly
because the larval and juvenile stages, as separate entities, are not the object
of fisheries management. Information concerning food habits, growth and natural
mortality of post-larval shad is scarce and difficult to obtain in the field.
Thus, the greatest obstacle to effective management of Connecticut River shad
involves the resolution to the stock-recruitment problem. Once the reproductive
mechanism is better understood, an effective management strategy can be developed
based on the estimated level of femaie escapement that would produce the greatest
surplus of recruits, and thus the best yield to the fishery, Fishing effort can

then be adjusted allowing the optimum numder of females to reach the spawning

grounds.



Although many researchers have alluded to the existence of density-dependent
mortality during the early life history of the shad, a hypothesis concerning its
mechanism and the influence exerted by the commercial fishery upon recruitment
have not been investigated in previous studies.

In the Connecticut River, at.empts to obtain better insight into the population
dynamics of the American shad have been approached in several ways. Fredin (1954)
estimated the adult shad ropulation for the years 1935-1951 with the use of a
single mark-recapture study. In addiiion, he provided detailed information concerning
fishing effort and catch per effort by the commercial fishery. The relaticnship
between size or the parent stock and subsequent recruitment has been reported by
Walburg (1963) and Leggett (1976). The comorehensive study by Leggett not only
i ncluded data on stock-recruitment, but also provided much needed information on
stock abundance, migration patterns, age composition, sex ratio, natural mortality,
fishing mortality, and an appraisal of the adult shad population for the years
1965-1973. From 1965 through 1973, an extensive study of the juvenile 1ife history
was coniucted below the Holyoke Dam by Marcy (1976). Since 1968, investigations
of all life stages from above the Holyoke Dam have been undertaken by the Massachusetts
Cooperative Fishery Unit (Watson, 1968, 1970; Shere., 1974; and Foote, 1976). Since
1974, the Connecticut Department of Environmental Protection (D.E.P.) has assumed
responsibilities for tne shad study from bel)w Holyoke (Jones, et al. 1976). In
the interest of space,l have presented only a partial listing of the literature
that pertains to the population dynamics of Connecticut River shad. A more
comprehensive literatu e review can be found in Leggett (1976) or in Marcy (1976).

Because the study of shad population dynamics requires a long series of
reliable data, it was necessary to include in my analysis some of the data presented
by Fredin (1954) and Leggett (1976). While reviewing their data, | discovered some
general inconsistencies either in the methods of deiermining certain parameters or

ir the interpretations. As a result, my interpretations and conclusions respecting



these d-ta differ from those of Fredin and Leggett mainly because they are

predicated upon different hypotheses. Since the exact interrelationship among
many factors 15 unknown hypothesis testing is the only method which provides a
basis for action. Consequently, several hypotheses advanced herein will require
furtl.ar research and they may have to be abandoned or revised if further data
show them to be inadequite.

In this report, the economic objectives associated with maximizing the margin
hetween the value of the catch and the cost of operations are not considered. Their
analyses would entail an examination of the relations between the magnitude of -
the stock and the amount of effort involved in taking the desired catch. This
would involve a number of important but complex questions unrelated to the biological
phenomena which form the basis for this report. These economic problems are
certainly worthy of critical analyses and snould be subjected to investigation

in a sep.rate report.



ASPECTS OF THE COMMERCIAL AMD SPORT FISHERIES

The commercial fishing season usually starts during the second week of
April and continues until the shad run declines in the middle of June. Walburg
anc¢ #ichels (1967) reported that prior to World War Il haul seines and nound
nets, to a lesser extent, were the traditional gear employed to catch shad in
the river. However, during the last three decades fishermen have favored
drift gil]l nets, ostensibly because the gill net is less cumbersome ang requires
fewer man hours to operat:. The typical gill net is 35 to 50 meshes deep, varies
in length from 183 to 274 m, and varies in stretch mesh size from 13.7 to 14.6 cm
(Walburg and Michols, 1967). These mesh sizes tend to select for the longer and
heavier females, which, because of their roe, are worth more at the market place

A1l gill nets are made of multifilament, since monofilament nets are for-
biaden by lTaw. Most of the fishing occurs after dusk when tne heavy nylon nets
become invisible to the fish and thus reach optimal eff ciency. During the
last fifty years, technological advances in gear design, which could have had
an important effect on gear efficiency, have been absent frem the commercial
fishery. Drift gill netting for shad is conducted today in essentially the
same manner as it was forty years ago (Fredin, 1954). Fishing is permitted
from Sunday through Thursday each week. All commercial fishermen are required
by law to report their daily catch annually to the Connecticut Department of
Environmental Protection.

After passing the gauntlet of gill nets in the lower river, the surviving

shad enter the sport fishing areas further upriver. Most sport fishing has

been concentrated around the Enfield Cam at Suffield, Connecticut. ™ichols




and Tagatz (1960) found that sport fishermen take shad using the following
techniques: 1) troliing lead bodied jigs from boats; 2) drifting metal
spoons from bridges; and 3) casting gold hooks garnished with colored beads
from the river bank.

The sport fishing season opens on the third Saturday of April and usually
closes on the last Sunday of June. The daily creel limit is six fish per
angler. According to a creel census conducted by Nichels and Tagatz (1960),
male shad constituted 59% of *he catch during 1957 and §3% during 1958. Leggett
(1976) conducted creel surveys during the years 1965-1973 and revealed no
significant deviation from a 50:57 sex ratio for the entire sport fishery.
However, for the access area at Enfield , his results did show a selection

in favor of females (41%/59%).



CRITICAL REVIEW OF THE STOCK ESTIMATES, FISHING EFFORT AND ADJUSTED CATCH,
1935-1965.

An examination of the changes in yield (weight of the catch) with
corresponding alterations in fishing effort reguires information on both
the types of gear used and the numbers of fishing days expended in the fishery.
From these data, a measurement of fishing effort must be developed in equivaient
units to insure that total effort is proportional to the instantancsus rate of
fishing mortality (F), and that the catch per unit of effort is commensurate
with the population size.

For the commercial shad fishery, Fredin (1954) established the standard
fishing unit day (SFU) as a simple but effective measure of fishing effort.

He defined one SFU as equivalent to one day's fishing by a single drift gill net.
From the catch reports, 1935 - 1951, Fredin analyzed the catch efficiency of haul
seines and pound nets, since the catch per one day's fishing may not have been
comparable among the three gear types. He concluded that haul seines and pound
nets caught 60% and 307 respectively, more shad per day's fishing than drift gil)
nets. Accordingly, by defining the fishing power of a drift gill net as 1.0 SFU,
fishing power of a haul seine was tantamount to 1.6 SFU, and that for a pound net
was equivalent to 1.3 SFU. For each year, Fredin (1954) then converted the total
number of fishing days for each gear type to equivalent Siv, the sum of which was
synonymous to the total fishing effort. Estimates of annual fishing effort are
precented by Fredin (1954, Table 4, p. 251) for the period, 1935 - 1951.

The argument may be offered that a day's fishing is not an accurate measure
of fishing time, because the average number of fishing hours varies during the
year, as well as between years. However, by expressing fishing time as fishing
unit days, Fredin was able to quantify, in comparable units, the amount of fishing

effort pursued by drift gill nets, pound nets, and haul seines.
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Fredin (1954) also attempted to estimat~ the shad run from 1935-1950
using a single mark-recapture study. During *ie spring of 1951, 633 fish
were captured at the river mouth, tagged with . 2tersen disk tags, and released
to continue their upriver migration. A 50 cent reward was given for each tag
returned at the end of the season. The commercial fishermen reported taking
100,967 fish, 359 of which were tagged. The size of the 1951 population was
computed to be 178,072 individuals after employing the following equation:

Nx y "xcx/Rx ()

where Nx estimate of the population in year x

M = total number of fish tagged in year x

b > ]
"

total number of fish recaptured in year x

C = reported catch in year x
From the stock size, escapement, and fishing effort (SFU), Fredin then
estimated the catchability coefficient (p) and the inverse of the coeffi-ient
(q =1 -p) of one SFU using the equacion:

Q"N = E (2)

where q = 1 = p = the proportion of ‘he stock remaining after the
utilization of one FU (constant)

p = catchability coefficient = the proportion of the stock removed
after utilizing one SFU (constant)

N = population estimate

£ = escapement = the estimated population minus the reported catch

n = total fishing effort (SFU)

By rearranging equation (2) with respect to (q): q = QIE/N. the inverse
constant (q) was calculated as 0.999675, and *hus the catchability coefficient
(p) was 0.000325. Fredin then concluded that 0,0325 percent of the stock was

removed after utilizing one SFU.
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Given the constant (q) as well as estimates of effort and reported catches
for the years, 1935-1950, Fredin attempted to compute the size of the annual shad

run by utilizing the following equation:

C‘/(1-0.999675"x) (3)

where Nl = population estimate in year x

(]
"

reported catch in year x

total fishing effort (SFU) in year x.

2
"

From 1935 through 1951, the estimates of the shad run, fishing effort, annual _
fishing rate, and escapement are reported in Fredin (1954, Table 6, p. 255).

It is important to note that egquation (3) coulG have provided accurate
estimates of the shad runs (1935-1950) only if the following data were unbiased:
the reported catches; the 1951 population estimate; anc the estimates of the
catchability coeffici -2t (p), and it's inverse (q). The accuracy of Fredin's
1951 population using the mark-recapture technique depends on a number of
conditions as described by Ricker (1975): 1) the marked fish suffer the same
natural mortality as the unmarked fish; 2) the marked fis™ are equally vulnerable
to fishing as the unmarked fish; 3) the tagged¢ fish do not lose their marks;

4) the marked fish become randomly distributed among the unmarked fish; and

5) all tags are recognized and reported. These conditions would have also

affected Fredin's estimates of (p) and (q) as well. Whether Fredin (1954) satisfied
any of these assumptions is not known, since 7o pilot study was conducted to
account for these sources of bias. In addition, Fredin assumed among other

things that the reported catches were entirely reliable. The accuracy of F-edin's
stock estimates was examined later by Leggett (1976) as discussed later "n this
paper.

In Fred a's analysis, for equation (3) to provide a precise estimate of the

<had run, the catchability coefficient (p) must be constant with time, such that

1




the instantaneous fishing mortality rate (F) is directly proportional to the
total fishing effort (n):
i = pn (4)

and that the catch per unit of effort is equivalent to the stock abundance (N).
However, according to Low (1975), the catchability coefficient (p) may vary
annually in accordance with several external factors such as random haul
variations, weather conditions, temporal and diel variations in the distribution
of the shad run, behavior of the shad with respect to the gear, skill of the
fisherman, disiribution of the units of gear throughout the season, and alter-
ation in tne gear's fishing power. Regarding Fredin's analysis of stock abundarce,
all or some of the above variables could have resulted in fluctuations of the
catchability coefficient (p) among years. For this reason, it is necessary to
discuss each factor while considering the nature of the commercia? fishery.

For the shad fishery, large variations in(p)among individual units of
effort are not too serious, since any variation which may occur will be reduced
when the data are combined. Annual changes in (p) due to weather conditions
are considered random, and will also be reduced when the data are averaged
throughout the entire season. Though the entire run does not enter the river
simultaneously, annu.l deviations in (p) with respect to temporal and diel
movement- of the shad are probably inappreciable, because the shad migrate
upriver in clusters which are assumed to be similar among y€: -s (Fredin, 1954).
The avoidance capability of certain fish to the gear could affect the precision
of (p) with time, but this factor is difficult to assess and is considered
neqligible for the p.-pos2s of this investigation. Annual changes in (p) due
to the abilities of certain fishermen to select more productive fishing grounds

are inoperative for the shad fishery, because the run proceeds upriver in a

12



predictable pattern each spring. Consequently, the fishermen are not required

to search for productive areas. Annual changes in (p) due to a non-random

distribution of fishing effort are assumed to be small, since during the season
the fishing intensity increases w.th corresponding increases in the numbers of
shad entering the river. Perhap. the most important influence on the estimate

of (p) with time is the abrupt alteriticn in fishing power of a unit of effort.

For example, yearly modification in the mesh sizes of drift gill nets, the
materials of which the nets are made, the manner in which they are fished, or,

the pewer and size of the fiching vessels could alte; the gear's catch efficiency,
and thus affect the ectimate of (p). However, because commercial fishing for

shad 1s conducted today in essentially the same manner as it was forty years

ago, sudden changes in the gear's fishing power are not expected to occur.

From the above discussion, large variations in the estimates of(p)with time
are not anticipated. An analysis concerning the variation in (p) for the years
1966-1977 15 provided in a subsequent section of this report.

From 1965 through 1973, the size of shad populations entering the river
has been’estimated by Leggett (1976), and the size of those during the period
1974-1977 has been monitored by the Connecticut Department of Envirormental
Protection (Jones et al. 1976). For these studies, the spaghetti dart tag was
employed instead of the Petersen disk. At the end of 2ach season, the fishermen
were given a one dollar reward for each tag returned to the Department.

Because it is suspected that certain fishermen chronically under-report
their catch, Leggett (1976) developed a statistical technique based on Chi square
to determine which fishermen reported reliable catch data and to calculate an

annual adjusted catch. Further details concerning the matheratical aspects of

this techrique are presented in Leggett (1976, p. 198-199).
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Utilizing the adjusted catches and the number of reported tags, annual

population estimates for the years 1965-1977 were ohtained by substituting
these data into eq.ation (1), The stock estimates, reported catches, adjusted
catches and the percent difference between reportec nd adjusted catches are
shown in Table 1. The validity of the adjusted catches in column 3, as deter-
mined Ly Chi square analysis,is dependent upon the following assumptions:

1) the vuluerability of tagge! fish to the nets of all fishermen was similar;
2) each fisherman returned all of his tags; and 3) most fishermen not only
furnished all tags but also reported their true catch. ;

In these studies, the first assumption appears to have been satisfied,
though variations in mesh size of the gili nets employed by certain fishermen
could have resulted in some differential catchability of tagged fish. It can
only be assumed that condition 2 has been fulfilled, since it is not known
whether the one dollar reward provided adequate incentive to report all tags.
During 1977, the State of Connecticut increased the reward to three dollars to
further encourage tag reporting. The validity of the adjusted catches is primarily
dependent upon the supposition that most commercial fishermen reported their true
catch. However, 1f instead, most fishermen presented erroneous catch data, then
the adjusted catches derived using Chi square would be in error. The above
discussion certainly suggests that tne validity of the Chi square analysis is
predicated on tenuous assumptions. As a result, the adjusted catches should be
viewed with caution.

The stock estimates, (1935-1951) as derived by Fredin were critically
examined by Leggett (1976). He reasoned that the Petersen disk tag, employed
during fFredin's 1951 tagging study, may have enhanced the vulnerability of
tagged fish to the commercial gear resulting in too many recaptures. Thus,
considering equation 3, the catchability coefficient (p) would have been too

high, and the popuia’.on estimates (Nx) too low. In addition, Fredin asZumed
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that the annual catch reports submitted by the fishermen were entirely reliable.

Though conclusive evidence to the contrary does not exist, it is suspected that
certain fishermen chronically under-report their annual catch either because
they failed to maintain adequate records, cr because they were unwilling to
claim their entire catch for tax purposes. This bias in the reported catches
(Cl) would have made Fredin's stock estimates even lower.

Due to the possible errors associated with Fredin's stock estimates (1935-
1951), Leggett (1976) attempted to recompute the shad runs for that period as
well as those from 1952 through '964. For this analy-is, he used Fredin':
catch and effort data for the period, 1935-1951; but for the 1952 through 1964
period, catch data were obtained from annual catch reports submitted by the
fishermen (Connecticut Department of Environmental Protection, unpublished data),
and annual effort (SFU) was determined by multiplying the number of nets registered
with the State by 26 days - the average number of days fished, during the period
1948-1351 (Fredin, 1954). It was unnecessary to adjust the effort (SFU) for
the period 1952-1964 according to gear types, since pound nets and haul seines
were seldom u.ed after 1951,

From 1965 through 1973, fishing effort (SFU) was determined annually by
multiplying the number of nets registered with tha state bv 26 days. However,
nets from fishermen who provided no catch reports but who returned several tags
were excluded from these estimates of effort. This tactic was employed because
Leggett reasoned that the state of Connecticut failed to enforce the reporting
law prior to 1973.

After estimating the shad run, escapement, and effective fishing effort for
the years 1965-1973, an estimate of the catchability coefficient (p) for each

year was computed using equation (2). The best estimate of the true catchability

coefficient is the mean estimate of (p) for the nine year period. Thus Leggett
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Table 1. Population estimates, reported commercial catches, adjusted commercial
catches, and percent difference between reported and adjusted catches,
1965 - 1977.
(1) (2) (3) (4)
4
fear Population‘/ ReportedZ/ Adusted3/ Percent /
estimate commercial commercial di fference
catch catch between
repcrted and
adjusted catch
- T

1965 1,470,000 R4 ,426 173,103 105.0
1566 367,000 67,422 80,853 19.9
1967 368,000 67,695 75,869 12.0
1968 280,000 61.092 58,173 -5.0
1969 333,000 45,772 68,767 38.2
1970 419,000 48,484 71,367 47.2
1971 428,000 48,772 74,718 53.2
1972 275,000 48,968 51,197 4.6
16/ 332,900 60,665 68,524 12.9
1974 372,000 55,910 61,509 10.0
1975 504,000 66,009 75,600 14.5
1976 740,000 90,807 107,761 18.7
1977 323,000 74 ,810 72,425 -3.2

|/ Data from 1765 through 1973 from Leggett (1976, Table 128, p. 206), and those

from 1974 through 1977 are from Jones et al. (1976).

2/, 3/ Data from 1965 through 1973 from Leggett (1976, Table 119, p. 198-199), and
those from 1974 through 1977 are from Jones et al. (1976).

4/ Rounded to the nearest 0.1%.
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Table 2. Reported catch, adjusted catch, percent difference between reported and

adjusted catch, fishing effort (SFU), 2nd population estimate for each

year, 1935 - 1973 as determined by Leggett (1976).

(1) (2) (3) (4) (5)

Year Reported]/ Adjustedz/ Percent Fishing3/ Population‘/

commercial commer-ial di fference effort estimates

catch catch between

reported ind
adjusted catch
1935 124,263 200,375 61.2 1,617 739,000
1936 106,459 166,875 56.8 1,504 704,020
1937 115,246 183,855 59.2 1,730 §86,000
1938 125,356 202,425 61.5 1,918 692,000
1939 110,572 174,69 58.0 1,767 641,000
1940 95,703 141,410 47.8 1,265 694,020
1941 125,160 195,014 55.8 1,231 981,000
1942 110,520 182,662 65.3 1,292 877,000
1943 161,313 266,210 65.0 1,845 942,000
1944 214,086 364,901 70.4 2,554 990,000
1945 222,337 374,136 68.3 3,764 760,000
1946 301,556 529,657 75.6 5,309 861,000
1947 220,356 410,825 86.4 5,140 681,000
19748 175,250 259,745 71.0 4,118 573,000
1949 132,365 212,254 60.4 3,692 437,000
1950 77,853 111,879 43.7 2,749 287,000
1951 100,442 156,672 56 .9 2,589 420,000
1952 136,402 223,148 53.6 2,808 714,000
1953 116,177 185,206 59.4 3,146 428,000
1954 R3,828 124,519 48.5 2,418 353,000
1955 59,84) 79,520 32.9 2,158 247,000
1956 55,285 70,973 2R.4 1,716 267,000
1957 81,812 120,737 47.6 1,482 516,000
1958 128,381 208,101 62.1 2,002 688,000
17
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Table 2. continued

(1) (2) (3) (4) (5)

Year Reported‘/ AdJustchI Percent Fishingsl Populationa’
commercial commercial di fference effort estimates
catch catch hetween

reported and

adjusted catch

1959 110,264 174,113 57.9 1,742 647,000
1960 115,97 184,825 59.4 1,768 678,000
1661 125,686 203,945 61.5 1,950 686,000
1962 121,206 194,640 60.6 2,054 630,000
1963 79,873 117,100 46.6 1,872 409,000
1964 75,597 109,078 44.3 1,612 433,000
1965 84,426 173,103 105.0 1,222 1,470,000
1966 67,422 80,853 19.9 1,040 367,000
1667 67,695 75,869 12.1 1,118 368,009
1968 61,092 58,173 -4.8 1,040 280,000
1969 49,772 68,767 38.2 1,092 333,000
1970 45,484 71,367 47.2 1,222 419,000
1971 48,772 74,718 53.2 1,274 428,000
1972 48,968 51,197 4.6 1,248 275,000
1973 60,665 68,524 12.9 1,404 332,000

|/ Reported catches, 1935 - 1939 were taken from Fredin (1954, Table 6, p. 255) and
those thereafter (1940 - 1973) were obtained from the Connecticut Department of
Environmental Protection, unpublished data.

2/ Adjusted catches, 1935 - 1964 were from Leggett (1976, Table 125, p. 205) and
those thereafter were from Leggett (1976 Table 119, p. 198-199).

i/ fstimates of fishing effort (SFU), 1935 - 1951 were from Fredin (1954, Table 6, p.255),
and those thereafter were from Leggett (1976, Tables 123 and 125, p. 203 and 205).

4/ Population estimates, 1935 - 1964 were from Leggett (1976, Table 125, p. 205) and
those thereafter were from Leggett (1976, Table 124, p. 204).




(1976) reportec an average catchabiiity coefficient (£) of 0.000180.

From his calculated p value, Leggett concluded that 0.018 percent of
the shad run 15 removed after utilizing one SFU. In addition Leggett’'s estimated
catchability coefficient (0.000180) was markedly lower tnan that (0.000325)
derived by Fredin (1954). This tended to strengthen his earlier contention
that in Fredin's 1951 study, the Petersen disk tag had increased the susceptibility
of tagged fish to the gear, resulting in a catchability coefficient (p) which
was too high and stock estimates which were top Tow.

According to Column 3, Table 1, of this report the adjusted catch for the
1965 shad run was 105% greater than the reported catch. From this observation,
Leggett postulated that under-reporting increased with increasing size of the
reported catch. Accordingly, he derived a technique for adjusting upward all
of the historical catch data by using a linear regression based upon the reported
(Column 2, Tabie 1) and adjusted catches (Column 3, Table 1) for the years
1065-1973 as follows:

Y <« -32742 + 1.876 X (5)
X X

"

where V! adjusted catch in year X

"

X reported catch in year X

x
The adjusted catches (column 2, Table 2) fo: the years, 16935-1964, were ohtained

by substituting the reported catches (Column 1, Table 2) for that period into
~uation (8). Given the adjusted catches (Yx) and fishing effort (SFU) for the
period 1935-1964 as well as the average 3 (@ =1-p), Leggett recomputed the
size of the historical shad runs (Column 5, Table 2) using equation (3). It
<hould be noted that many of the reported catches (Column 1) between 1935-1955
were adjusted by 40 to g0 percent (Column 3) above their original value. These

stock estimates were used as the basis for Leggett's analysis on stock-recruitment.
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Without detailed criticism of the generally fine work by Leggett (1976),
both his 1965 population estimate and his adjusted catch appear to be over-
ectimated and are in need of revision. In addition, Leggett's adjusted catches
for the historical data (1935-1964) are no longer valid if the 1965 cdata are
excluded, since the relationship between the reported and adjusted catches for
the remcining years (1966-1977) do ot suoport his earlier findings.

First, 1 shall discuss the problems with the 1965 population. According
to Colume 5, Table 2, Leggett's 1964 and 1965 populations, respectively, were
estimated as 433,000 and 1,470,000 fisn; an increase in one year of about one
million individuals. For this ts have occurred, at least 85 percent of the
1965 run would need to have been virgin recruits, because during 1964 some
323,922 fish survived the commercial fishery and escaped to the spawning area.

This fiqure of 323,922 was computed using the following expression:

E =N - C (6)
where £ = the number of fish escaping to the spawning ground in year x
- i,e. 323,922 in 1564
N~ estimated size of the shad run in year x
i.e. 833,000 in 1964 see Column 5, Table 2
C = gdjusted commercial catch in year x

x

i, e. 109,078 in 1964 see Column 2, Table 2.

Sut many of the 323,922 which escaped to the spawning ground in 1964 would

have been lost to either the sport fishery upriver or to extraneous sources

of mortality prior to 19€3. For the purposes of this example, these additional
gurces of mortality will be collectively referred to as natural mortality.

fetween 1946 and 1947, Fredin (1958) estimated the annual rate of natural mortality
+ be 36 peccent for age VI shad, Walburg (1961) reported an annual natural
mortality rate of 58 percent for the years 1956-1959, whereas Leggett (1976)

calculated an annual natural mortality rate of 52 percent from 1965 through 1973.
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for the 1964 population, if we assume a natural mortality rate of 50 percent,
approximately 162,000 of the 323,922 fish which escaped the commercia! fishery
would have returned in 1965 as repeat spawners. Assuming that the 1965 population
of 1,470,000 fish was valid, repeat spawners should have constituted about 11
percent of the run during that year, i.e. ]62‘000/1,470.000 = 11 percent. Yet
Leggett's analysis of the spawning history (based on frequencies of age and
spawning groups) of the 1965 population revealea that 52 percent (764,400 fish)

of the 1,470,000 fish were repeat spawners (Leggett, 1976, Table 129, p 208).

This figure of 764,000 represented nearly twice the entire 1954 population and
thus could not have possibly occurred.

In addition, during 1965 many of the estimated 1,470,000 fish would have
been expected to return in 1966 as repeat spawners, since such a dominant year
class should have produced a large run in the following year. Substituting
Leggett's 1965 population (1,470,000) and his adjusted catch (173,103) into
equation 6, escapement during that year was estimated to be about 1,297,000
fish. Assuming an annual natural mortality rate of 50% between 1965 and 1966,
then approximately 648,000 fish were expected to .ecur in 1966 as repeat spawners.
But Leggett (1976) estimated the 1966 population as 367,000 fish, 194,510 (53%)
of which were repeat spawners. These findings indicate that 1,102,490 fish
perished from natural mortality prior to 1966. This figure of 1,102,490 was

calculated using the following equation:

x x x+l (7)

where D = the number of fish lost to natural mortality in year x
¥ j.e. 1,102,490 fish

f = escapement in year x
i.e. 1,297,000 fish during 1965

Rx*l = repeat spawners present during year x+1
i.e. 194,510 fish during 1966
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Natural mortality of this dimension was equivalent to an instantaneous natural
mortality rate (M) of 1.90 which is substantially greater than the average M
(0.76; standard deviation, 0.28) for the period 1966 through 1973 (Leggett 1976,
Table 135, p. 210).

The discrepancies in Leggett's data may have resulted from one or more
of the following factors: the 1964 population and adjusted catch were urder-
estimated, gross errors occurred in determining the numbers of repeat spawners
in 1965, or the 1965 population and adjusted catch were overestimated. If the
1965 pupulation was valid and the 1964 population was too low, fhen the true
1964 stock should have been well over a million fish to account for 764,400
repeat spawners present in 1965. This is because 109,078 fish had been taken
by the commercial fishery in 1964 (Column 2, Table Z), while many others would
have been lost to natural mortality previous to 1965. A 1964 population of
well over a million fish is totally inconsistent with the adjusted catch and
effort data for that year. In addition, an error of this extent in 1964 would
cast doubt upon the accuracy of Leggett's previous population estimates (1935-
1963).

Although errors in deterrining repeat spawners or from non-random sampling
of fish for age determination could have induced a tias in the spawning history,
such errors would need to have been extremely large to account for the observed
discrepancies. Furthermore, these kinds of inconsistencies did not occur in
data from subsequent years.

It 1s my contention that the discrepancies in Leggett's data were largely
due to an overestimate of the 1965 population. Three factors may have contributed
to a high 1965 population: tag-induced mortality, tag shedding, and the

ncn-return of tags may have been inordinately high during the 1965 study. If




these factors were instrumental in lowering the number of recaptures, then
the 1965 population and adjusted catch would have been too high, since the
accuracy of the Petersen equation and the Chi square test is very sensitive
to crrors in the number of recaptures. The above sources of bias are particularly
relevant to the 1965 population for three reasons: first, the 1965 tagging
study, being the first of its kind, was essentially a pilot survey. As a
result, Leggett did not begin to examine the effects of either tag-induced
mortality or tag shedding until 1966. Secondly, because the 1965 survey re-
presents the first year of the study, certain fishermen may not have been
informed as to the nature of the mark-recapture study. Consequently, -ome of
the recaptured tags might not have been returned. Thirdly, during the sprina
of 1965 only 2,200 fish were tagged - the lowest number tagged throughout the
entire period (1965-1977). I believe that the above evidence leads to the
conclusion that Leggett's 1965 population and his adjusted catch are too high
and are in need of further revision.

As previously stated, Leggett (1976) developed a linear regression mode)
based on the reported and adjusted catches from 1965-1973 in an effort to
estimate under-reporting for the historical data (1935-1964). The validity of
this mode)! depend< upon Leggett's hypothesis that under-reporting increased with
increases in the reported catch. His contention was strengthened by the 1965
data, since during that year the adjusted catch was 105% greater than the reported
catch (Column 4, Table 1). The reasoning behind this hypothesis appears sound,
because during particularly successful years certain fishermen would be more
likely to declaie a smaller portion of their catch to avoid higher income taxes.

However, Leggett's postulate was not substantiated by the data from 1966 through
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1977 (Column 4, Table 1). Excluding the 1965 data, the results of Chi square
analysis suggests that the opposite hypothesis concerning under-reporting is
true, since the greatest percent increase in the adjusted catches wa:c manifested
during 1969 - 1971 when the lowest reported catches were observed. Moreover,
using linear regression analysis, there was no significant correlation between
reported catches (Column 2, Table 1), and the percent difference of reported and
adjusted catches (Column 4, Table 1), 1966 - 1977, (t = 1.54, d. f. = 10, p <0.10).
In fact, the correlation coefficient (r) was negative (-0.438), implying that an
inverse relationship was more appropriate. The available data from 1966 through
1477 shows that Leggett's hypothesis concerning under-reporting is tenuous and
that his stock estimates and adjusted catches for the years 1935 - 1965 need to

be revised.
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RECOMPUTATION OF STOCK ESTIMATES AND ADJUSTED CATCHES, 1940-1965

Because of the discrepancies in Leggett's 1965 population, and because his
postulate rega:ding under-reporting was not supported by recent data (1966 - 1977),
it was necessary to revise his stock estimates and his adjusted catches for the
pericd, 1940 - 1965. My estimates of these data are based upon the reported catches
and estimates of effective effort, 1940 - 1977 (Table 3). Since Fredin (1954)
possessed incomplete information regarding the numbers of gill nets, hau) seines,
and pound nets in use from 1935 through 1939, he had no choice but to compute
etfort based upon data from adjacent years. For this reason, catch and effort
data for the years 1335 - 1939 were excluded from my analysis.

In addi*ion, my estimates of effort (SFU) frem 1965 through 1969 were greater
than those reported by Leggett (1976). This occurred because | estimated effort
based upon all the nets registered during a given year, whereas Leggett excluded
from his estimates of effort the nets from fishermen who reported no catch but who
submitted tags. In order for Leggett's method to be consistent, the number of nets
registered from previous years (1935 - 1964) would also have to be regulated
accordingly. Furthermore, given just the tags, the Chi square analysis can provide
an est'mate of the catch, so there was no reason to exclude these fishermen from
the effort estimate.

Fishing effort from 1975 through 1977 was estimated bv multiplying the number
of nets times the average number of days fished as determined from the fishermen's
catch reports. This was necessary because from 1975 and onward the average days
fishing had declined appreciably from 26 days.

Given the stock estimates, units of effort, and adjusted catches from 1966

through 1977, the average catchability coefficient (p) and it's inverse (3) were
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Table 3. Reported catch, fishing effort, adjusted catch, and population estimates
using both equation 3 and the mark-recapture technique for each year,

1940 - 1977.
(1) (2) (3) (4) (5)
Year Reported Fishing” Adjustedzl Population Population
commercial ef urt commercial estimates estimates
catch catch using from
equation 3 mark-recapture
1940 95,703 1,265 108,336 546,700
1941 125,160 1,231 141,681 731,000
1942 110,520 1,298 125,109 616.000.
1943 161,313 1,845 182,606 662,000
1944 214 ,0R6 2,554 242 ,345 672,000
1945 222,337 3,764 251,685 522,000
1946 301,556 5,309 341,361 564,000
1547 220,356 5,140 245,443 420,000
1948 175,250 4,118 198,383 386,000
1949 132,363 3,692 145,837 315,000
1950 77,853 2,749 88,130 231,000
1951 100,442 2,589 113,700 312,000
1952 135,402 2,808 154,407 398,000
1553 116,177 3,146 131,512 311,000
1954 73,828 2,418 94,893 275,000
1655 59,841 2,158 67,740 215,000
1656 55,285 1,716 62,583 241,000
1957 81,812 1,482 92,611 405,000
1958 128,381 2,002 145,327 492,000
1959 110,264 1,742 124,819 475,000
1960 115,97 1,768 131,279 493,000
1861 125,686 1,950 142,277 492,000
1962 121,206 2,054 137,205 454,000
1663 79 873 1,872 90,416 324,000
1964 75,597 1,612 85,576 348,000
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Table 3. continued

(M) (2) (3) (4) (5)

Year Reported Fishing1/ Adjustedzl Population Population
commercial effort commercial estimates estimates
catch catch using from

eguation 3 mark-recapture

1965 44,426 1,560 95,570 400,000

1966 67,422 1,326 80 ,853* 391,000 367,000

1967 67,695 1,326 75,869* 366,000 368,000

1968 61,092 1,300 58,173* 28€,000 280,000

1969 49,772 1,144 68,767* 379,000 333,000

1970 48 484 1,144 71,367* 394,000 419,000

1971 48,772 1,092 74,718* 430,000 428,000

1972 4¢,968 1,222 51,197+ 266,000 275,000

1973 60,665 1,378 68,524* 320,000 332,200

1974 55,910 1,196 61,509* 326,000 372,000

1975 66,009 1,020 75,600* 463,000 504,000

1976 90,807 1,070 107,761* 631,000 740,000

1977 74,810 1,176 72 ,425* 383,000 323,000

1/ Estimates of fishing effort, 1940 - 1951 were taken from Fredin (1954, Table 6,
p. 255); those from 1952 - 1974 were determined by multiplying the number of nets
registered with the state times 26 days; and effort from 1975 - 1977 was estimated
by multiplying the number of nets registered times the average days fishing as
determined from the fishermen's catch reports.

* Adjusted catches 1966 - 1977 were determined using Chi square analysis.

2/ Reported catch (column 1) times 1.132
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Tabie 4. Estimates of the catchability]/ coeffic.ent 1p) and it's inverse (q) for each
vear, 1966 - 1977 as well as the mean p and q using equation 2.

Year (q) value (p) Value
1966 0.999812 0.000188

1967 9599826 0.000174

1968 .999821 0.020179

1969 .999800 .000200

.000163

1971 .999824 .000176

1972 .999830 .000170

1973 .999832 .000168

0
0
0
1970 0.999837
0
0
0
0

1974 .999849 .000151

1975 0.999841 .000159
1976 0.999853 .000147
1977 .999776 .000224

Mean .999825 .000175

0 O O O O © © o © ©o o

Standard deviation .000021 .000021
£

q = (1-p)

p = catchability coefficient (constant)

N = population size (Column 1, Table 1)

£ = escapement = population size (N) - adjusted commercial catch (C)

q = "JeEn




calculated using equation (2) (see Table 4). My calculations reveal an average
catchability coefficient (p) of 0.000175 and it's inverse (q) of 0.999825; the
p value suggested that 0.0175 percent of the annual shad run is removed after
utilizing one SFU such that F = 0.000175 n. Iy p and q values were slightly
smaller than those (p = 0.000180; q = 0.999820) developed by Leggett (1976).
In this investigation, the coefficient of variation (CV) of p is 12 percent
indicating that the estimate of (p) and (q) for each of the twelve years is 2
fairly consistent value, and that the standard fishing unit day (SFU) appears
to be a precise measurement of fishing effort.

Although the Chi square technigue employed by Leqggett (1976) is, at least,
4 consistent method for determining an adjusted catch, the problem of assessing
the reliability of historical catch data remains unresolved. In this report,
two conditions regarding the reliability of reported catches are assumed to be
valid: 1) that certain fishermen under-report their catch for a variety of
reasons, some of which have been previously stated; and 2) that the amplitude
of under-reporting 1s essentially constant from one year to the next. After
consideringy these conditions, the amount of under-reporting w:s ectimated by
determining the average percent di fference between reported ;nd adjusted catches
for the years 1966 - 1967, and 1972 - 1976 (Column 4, Table 1). Data for the
remaining years (1968 - 1971, and 1977) were excluded from this analysis for the
following reasons: the Chi square test indicates that during 1968; commercial
fishermen over-reported their catch by 5.U percent (Column 4, Table 1), but in
1969 they appeared to under-report their catch by about 38.2 percent, and during
1970 and 1671, the analysis shows that under-reporting occurred at a rate of
47.2 percent and 53.2 percent, respectively. In 1977, Chi sauare indicated that

the fishermen once again over-reported by 3.2 percent. These data do not seem
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to follow a l1agical pattern, for it is expected that certain fishermen would

under-report a similar portion of their catch each year. For this reason the
estimates from 1968 through 1971 and €rom 1977 are omitted from this analysis.

Based on the data for the periods 1366 - 19€7 and 1972 - 1976, the average
proportion of under-reporting amounted to 13.2 percent; all the reported catches
from 1940 through 1965 were then increased by 13.2 percent above their original
salue to correct for under-reporting (Column 3, Table 3). It is important to
note that the average percent of under-reporting based on all the data (1966 - 1977)
is 18.6 percent, so that differences hetween the adjusted catches using either
13.2 or 18.6 percent are relatively small.

By substituting the adjusted catches, units of effort (SFU), and the mean q
into equation 3, the size cf the annual shad run was computed from 1940 threough
1965 (Column 4, Table 3, Figure 1A). For the period 1966 - 1977, Figure 2
graphically illustrates the close agreement between stock estimates derived
by equation (3) ana those calculated by the mark-recapture method. These similar-
ities are largely due to the low variance of the mean catchability coefficient
(p) observed throughout the 12 year period.

Another feature of interest respecting these data (Column 4, Table 3, Figure 1A)
i+ that the amplitude and variation in the size of historical populations compare
well with those from recent years (1966 - 1977). In addition, my estimate of the
1965 run is 400 000 individuals (Column 4, Table 3) as compared to Leggett's
1,470,000 fish. The revised 1965 population estimate is now consistent with the
12 of the 1964 population and with the proportion of repeat spawners present
during 1965 For example, the 1964 run was estimated to be 348,000 fish (Column 4,
rable 3). Because the commercial fishery had taken 85,576 fish (Column 3, Tablel),
o capement during 1964 was computed as 262,424 fish. As previously mentioned,

Leggett (1976) reported that 52 percent of the 1965 stock w2re repeat spawners.
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Thus, 208,000 fish were repeat spawners during 1965 i. e. 0.52 x 400,000 =
208,000 fish. Given an escapement of 262,424 fish during 1964, and 208,000
repeat spawners during 1965, a tota! of 54,424 fish were lost to natural mortality
between years using equation (7).

From 1940 through 1977, the relationship between the size of the shad runs
and changes in fishing effoit (SFU) may be examined using Figure 1A. Figure 18,
chows the association between the catch in numbers and the catch per unit of
effort (CPUE) for the same period. For the period 1540 - 1942, the main features
of these data are the stability in fishing effort and the high CPLE. After the
United States had entered World War 11, beef rationing was imposed resulting in
a greater demand for fish. Consequently, fishing effort rose from 1,298 SFU
in 1942 to 1,845 SFU in 1943, Although CPUE began to dwindle after 1941, it
<ti11 remained at a high level until 1945.

During 1944, fishing effort increased to 2,554 SFU, presumably because
former fishermen had begun to return from military service, and because new
fishermen had entered the fishery as a result of the fishing success experienced
during the previous four years. [In 1945, the fishery continued to expand causing
a tremendous surge in landings which climaxed in 1946 by a record catch of
341,361 fish. Though the landings between 13944 and 1946 were high, CPUE started
to diminish sharply. During the period 1940 through 1946, the prosperity of the
fishery was largely dependent upon the successive entry into the fishery of at
least two dominant year classes. However, conditions in the fishery changed
rap.‘ . “hereafter. Between 1947 and 1950, the siz2 of the sha¢ runs began to
noticeably decline due to recruitment of weak year classes into the fishery.

Yet during this period the commercial fishery continued to operate at a high
level of activity even though CPUE had declined. By 1956, yield in numbers had

deteriorated to 62,583 fish.
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Oving to the demonstrable reduction in fishing success evidenced from 1947
through 1956, fishing effort dropped from 2,158 SFU in 1955 to 1,716 SFU in 1956;
and for the next nine years (1957 - 1965) it varied between 1,482 and 2,054 SFU.
As a result, both CPUE and the size of the shad runs began to increase suggesting
that the shad population was recovering from intense exploitation. From 1966
through 1975, fishing effort decreased even further and stabilized between
1,020 and 1,378 SFU. During this period, commercial landin_ s ‘eviaced viinin
narrow 1imits whereas CPUE varied widely; but CPUF was not t. reach the high
levels observed from 1940 through 1944 until 1976. A dominant year class entered
the fishery in 1976 and both the catch and CPUE increased accordingly. Recruit-
ment in 1877 was relatively low and fishing effort rose slightly but catch and
CPUE diminished.

Assuming that the historical population estimates are valid on a relative
basis, the observed decline of CPUE with corresponding incre ses ‘n fishing
effort during the late 1940's showed that overfishing was at least partially
responsible for the decline in the shad population. For example, during the
period 1947 - 1946, both fishing effort and catch increased dramatically; but
CPUE and the shad population itself declined (Figures 1A and 1B). The rapid
drop In the latter statistics was expected, for the fishery quickly exhausted
the population of older, slower-growing fish that comprised the previously
underfished stock. However, the CPUE could only *>se been kept from decreasing
further, 1f the reproductive capacity of the st~ k had remained unaffected by
the exploitation of adult females. Under intense fishing, such as that which
Occurred during the mid 1940's, annual removal of adult females may have been
sufficiently great as to offset the annual replacement by virgin recruits four

or five years thereafter, resulting in the partial collapse of the fishery.

34



This argument is further strengthened by what occurred in the fishery some

years later. During 1957, following a decline in fishing effort, the shad
population increased to a level compareble to those from the late 1240's,
demonstrating that the shad ponulation possesses the capacity for rzcovery.

In summary, the observed changes in the shad population w'th corvesponding
deviations in fishing effort have demonstrated that the commercial fishery
exerted an immediate influe ~e on the shad stocks. In addition. these data
suggested further that the exploitation of adult females during the 1940's was
sufficiently great as to noticeably reduce recruitment during later years. |
recognize that the question of recruitment overfishing is still a controversial
1ssue among fishery scientists, and the alternative argument can be made that

the decline of the shad stocks during the period 1949 - 1956 was due to natural

variations in recruitment. Nevertheless, the changes observed in such well-studied

populations as the sowns herring, Clupea harengus (Cushing, 1968), the Arcto-

Norvegian cod, Gadus morhua (Gavrod, 1967) and the Pacific sardine, Sardinops

caerulea, (Murphy, 1966) with variations in fishing effort offer evidence that

exploitation by man can exert a real influence upon the size of a fish population.

The ability to successfully manage the shad in the Connecticut River can
only be attained when the effect of fishing, and the biological parameters
associated with the population are more clearly understood. Consequently, to
comprehend these relationship , the underlying theory relating mortality, growth,
and recruitment to yield is thoroughiy explored in the following sections of

this report.

35




AGE DETERMINATICN

The ability to determine the age composition of the shad population is
important fcr two reasons. First, each year's run is composed of fish from
a number of year classes, and knowiedge of the annual age structure is important
to extrapolate recruitment to a particular level of escapement from past years.
Second, annual estimates of the age structure in conjunction with stock estimates
and length-weight measurements can provide information regarding the spawning
history, the parameters of growth, natural mortality, fishing mortality and
recruitment . As previously mentioned, these parameters are essential comgonents
in the proposed yield model.

From 1965 - 1977, the age structure of the shad run has been computed
annually using scales from both the commercial and sport fisheries. .ne procedures
employed to collect and age the scales were as follows: 12 scales were removed
from the left side of each fish at a point located midcenter between the anterior
sdge of the dorsa’ fin and the lateral line. These scales were then placed in
coin envelopes. £ach fish was sexed, measured (fork length) to the nearest
centimeter, and weighed to the nearest gram. Age was ascertained by counting
annuli on the scales using the technique developed for shad by Cating (1953)
and validated by Judy (1961). For each fish aged, the spawning history was
also discerned by scale analysis using the following ~riterion: repeat spawners
were noted by the presence of one or more prominent spawning scars near the
periphery of the scale, whereas virgin recruits were determined by the absence
of spawning scars. The ability to distinguish between virgin and repeat spawners

would 1. ter aid in the determination of recruitment and mortality.



Age composition and spawning history by sex and year class are presented
for the population during the years 1965 - 1973 by Leggett (1976, Tables 126
and 129, p. 205 and p. 208). However, information relating to the average
length and weight by age group was not provided in h., analysis. Since 1974,
the Connecticut DEP has collected these data, on which I base my analysis of
growth rates.

For the American shad, scales appeared to provide a reasonably reliable
estimate of age, although age determination using scales is generally a difficult
task. Errors in age determination using scales may occur due to the following
factors: 1) inability to detect the first annulus (which lies close to the
periphery of the freshwater mark), resulting in underestimation of age; 2)
failure to distinguish between checks which are accessory and those which are
true annuli. resulting usually in overestimation of age; and 3) failure to
discern one or more year marks because of regeneration at the focus and/or
because of erosion to the scale edge, resulting in a totally unreliable estimate
of age. Errors of type 1 are eliminated by counting the freshwater mark as
the first annulus. Though errors of type 2 may cause systematic bias in age
determination, they can usually be averted with practice, since false annuli
are usually less distinct than true year marks. frrors of type 3 can be very
serious, because they may be partly random and partly systematic in nature.

As a consequence, samples containing regenerated or eroded scales were useless
for age determination, and thus were eliminated from further analysis. About
20 percent of the scales examined from 1374 - 1977 were undecipherable.

To circumvent the problem of unreliable scale samples, and to ensure a
sufficient sample size, scale samples taken from the commercial fishery were
partitioned by sex and stratified into one centimeter size groups. The samples
from the sport fishery were subdivided in the same manner. The length- frequency
ogive of all size groups approximated a bell-shaped (normal) distribution.

37



Table 5. Age composition and spawning history of male shad as determined by scales from
the sport fishery Enfield, 1974 - (977.

Age Group I v v VI VII VIII

Year 194

Number of fish (142) 22 38 53 26 2 1

Y Age 15.5 26.8 37.3 18.3 1.4 0.7

% Repeat spawners 0.0 29.0 58.5 80.8 100.0 100.0

% Virgin 100.0 71.0 41.5 19.2 0.0 0.0

Year 1975 1/

Numper of fish - - - - - -
Age 19.7 42.3 27.6 9.9 0.5 -

Y Repeat spawners - - - - - -
Virgin - - - - - -

Year 1976

Number of fish (27) 4 14 7 2 " "

' Age 14.8 51.9 25.9 7.4 - -
Repeat spawners 0.0 9.1 28.6 100.0 - -
Virgin 100.0 90.9 71.4 0.0 - -

Year 1977

Number of fish (52) 15 25 10 2 - -
Age 28.8 48.1 19.2 3.9 - -
Repeat ypawners 0.0 4.0 60.0 100.0 - -

L Virgin 100.C 96.0 40.0 1.0 - .

l’Enfneld scales not taken; age distribution during 1975 was esiimated by averaging the

age compositions during 1974, 1976 and 1977.
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“able 6. Age composition and spawning history of female shad as determined by scales from
the sport fisherv Enfield, 1974 - 1977.

Age Group IV ' vl VIl VIIlI
Year 1974

Number of fish (261) 46 146 44 19 6

% Age 17.6 55.9 16.9 7.3 2.3
% Repeat spawners 0.0 24.7 70.4 100.0 100.0
% Virgin 100.0 75.3 29.6 0.0 0.0

vear 1975 1/
Number of fish
¥ Age 19.4 64.8 12.2 2.8 0.8

Y Repeat spawners >

Virgin
Year 1976
Number of fish (82) 13 60 8 1 -
© Age 15.9 73.2 9.7 1.2 -
7 Repeat spawners 0.0 13.8 62.5 100.0 -
* Virgin 100.0 86.2 37.5 0.0 -
Year 1977
Number of fish (81) 20 53 8 - -
% Age 24.7 65.4 9.9 - -
Y Repeat $pawners 0.0 15.0 50.0 - -
% Virgin 100.0 85.0 50.0 - -

/ Enfield scales not taken; age distribution during 1975 was estimated by averaging the
age compositions during 1974, 1976 and 1977.
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Approximately 50 percent of the sca.» samples for each size interval were

randomly subsampled according to the technique derived by Ketchen (1950) and

analyzed for age and spawning history. At both ends of the length- fre ;uency
distribution, when the number of scale samples was less than 8, age determinations
were made for all samples. In this case, the method of sampling deviated from

4 true stratified sample since above and below certain length-groups the numbers

of age determinations were greater than the 50 percent level chosen for stcatification
However, this modification of the technique ensured that the larger and smaller

s1ze groups would be adequately represented in the sub-sample while age determination
of unnecessarily large numbers of scale samples at the peak of the length freguency
distribution would be avoided. During the subsampling process, scale samples
considered to be undecipherable were placed back in their respective size groups

and other samples were randomly chosen in their place. After estimating the age

from all subsamples, the results were then extrapolated to all the samples that

constituted the length frequency distribution.

w e n g _-___ _@.

The theoretical and statistical validity of Ketchen's stratified sampling
method was reviewed by Gulland (1955, 1962) and by Pope (1956). Pinhorn and
Fleming (1965) aged cod otoliths using Ketchen's method and compared the results
to those from random sampling. They concluded that the age distribution and
average length by age group were similar for both types of sampling, but that
stratified sampling was far less time consuming.

From 1974 - 1977, the age distribution and spawning history by sex are
shown in Tables § - 8 for fish taken in the commercial and sport fisheries.

The age distributions by sex from the sport fishery samples (Tables 5 and 6)

were similar to those reported by Michols and Tagatz (1960, Table 7, p. 9).

The average age composition revealed that most males were age III (19.7 percent),

40



ble 7. Age compusition and spawning history of male shad as determined by scales from
the commercial fishery, 1974 - 1977.

Year 1974

umber of fish (89) 7 32 33 15 2 -
Age 7.9 36.0 37.0 16.9 2.2 -
Repeat spawners 0.0 18.7 48.5 93.3 100.0 -

Virgin 100.0 81.3 1.5 6.7 0.0 -
Year 1975
umber of fish (211) 4 93 81 32 1 -
Age -9 44.1 38.4 15.1 0.5 -
Repeat spawners 0.0 11.8 50.6 93.3 100.0 -

Virgin 100.0 88.2 49.4 6.2 0.0 -

Year 1976
umber of fish (138) 4 36 88 10 - -
. Age 2.9 26.1 63.8 7.2 - -

Repeat spawners 0.0 8.3 34.1 90.0 - -
L Virgin 100.0 91.7 65.9 2.0 - -
Year 1977
umber of fish (101) 14 48 35 4 - -
Age 13.9 47.5 34.6 4.0 - -
. Repeat Spawners 0.0 25.0 45.7 100.0 - -
Virgin 100.0 75.0 54.3 0.0 - -
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Table 8. Age composition and spawning history of female shad as determined by scales
from the commercial fishery, 1974 - 1977.

Age Group v . Vi Vil vIiIl
Year 1974

Number of fish (270) 34 167 §2 13 B

% Age 12.6 61.8 19.3 4.8 1.9

* Rejeat spawners 0.0 11.4 76.9 100.0 100.0

L Virgin 100.0 88.6 23.1 0.0 0¢

Year 1975

Number of fish (2P5) 54 193 37 2 -

* Age 18.9 67.4 13.0 0.7 -
Repeat Spawners 0.0 12.9 73.3 100.0 -
Virgin 1v0.0 87.1 26.7 0.0 -

Year 1976

Number of fish (390) 39 331 17 3 -

* Age 10.0 84.9 4.3 0.8 -

* Repeat spawners 0.0 12.4 64.7 100.0 -

" Virgin 100.0 87.6 35.3 0.0 -
Year 1977

Number of fish (441) 64 320 5% 2 -
Age 14.5 72.6 12.5 0.4 -
Repeat spawners 0.0 12.8 40.0 100.0 -

T Virgin 100.0 87.2 60.0 0.0 -
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IV (42.3 percent), and V (27.5 percent), whereas the majority of females belonjed
to ages IV (19.4 percent), and V (64.8 percent). ‘leitn> age I1] females ror age
Il males were observed throughout the four year period.

The age composition for male shad from the commercial samples (Table 7) showed
that 38.4 percent werc age IV and 43.4 percent were age V. In the commercial
samples, age Il] males orly comprised 6.7 percent of those of those sampled as
compared to 19.7 percent from the sport fishery samples. In contrast, most feaales
were from age g-oup V (71.7 percent), whereas age IV females comprised 14.0 percent
of those sampled commercially (Table 8). The age distributions as deterr.ned from
commercial samples for 1974 - 1977 could not be compared to those for 1965 - 1973
as derived by Leggett (1976), since he did not present the respective age dis-
tributions from the sport and commercial fisheries in separate tables.

To provide the best estimate of the true age structure, the age compositions
from both fisheries were given equal weight and combined according to sex
(Tables 9 and 10). This procedure was necessary because as mentioned earlier,
the commercial fishery employs drift gill nets which are suspected to select for
the longer and heavier females and for the older males of the population. In
contrast, the sport fishery is believed to be less selective than the commercial
fishery owing to the diversity of fishing strategies (i.e. shore fishing and
boat fishing) and fishing tackle (e. g. variations in hook size - darts, spinrers,
spoons, etc.) employed by anglers.

For the fisheries combined, 1974 - 1977 (Tables 9 and 10), the age compositions
by sex agreed well with those from the period 1965 - 1973 as reported by Leggett
(1976, Table 126, p. 205). Iloreover, the spawning data showed that males mature
about one year earlier than do females, which agrees with previous studies (Nichols
and Tagatz, 1960; Wal .-~g, 1961, 1963; Leggett, 1969, 1576; and Foote, 1976). In
this investigation,the proportion of repeat spawners of both sexes generally de-

cl*ned from 1974 - 1977 (Figure 3). This trend was not evident from the data
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Table 9. Age composition and spawning history of male shad as determned by scales
from the commercial and sport fishery combined, 1974 - 1977.

Age Group 111 v v VI VII VIII
Year 1974
¥ Age composition 11.7 31.4 37.1 17.6 1.8 0.4
© Repeat spawners 0.0 23.8 53.5 87.0 100.0 120.0
: Virgin 100.0 76.2 4.5 13.0 0.0 0.0 J
Year 1975
b Age CoNpasiniR 450 43.2 33.0 12.5 0.5 .
“ Repeat spawners* 0.0 11.8 50.6 93.8 100.0 -
L Virgin* 100.0 88.2 49.4 6.2 0.0 -
Year 1976
Age composition 8.9 39.0 44.8 7.3 - -
Repeat spawners** 0.0 8.3 34.1 9Cc.0 - -
Virgin ** 100.0 91.7 65.9 10.0 - -
Year 1977
Y Age composition 21.4 47.8 26.9 3.9 - -
* Repeat spawners 0.0 14.5 52.8 100.0 - -
Virgin 100.0 85.5 47.2 0.0 - -

* Spawning history during 1975 was determined from commercial scales only.

** Pecause only 27 scale samples were taken from the sport catch, spawning nistory during
1976 was determined from commercial scales.

LL



Table 10. Age composition ind spawning history of female shad as determined by scales
from the commercial and sport fishery combined, 1974 - 1977.

..... — ——————— e i e

Age Group iv v VI VIl VIII
Year 1974
% Age composition 15.1 58.9 18.1 6.0 B
" Repeat spawners 0.0 18.0 73.6 100.0 100.0
T Viroin 100.0 82.0 26.4 0.0 0.0
Year 1975
% Age composition 19.2 66.1 12.6 1.7 0.4
% Repeat spawners* 0.0 12.9 733 100.0 100.0
% Virgin* 100.0 87.1 26.7 0.0 0.0
Year 1976
% Age composition 13.0 79.0 7.0 1.0 -
’ Repeat spawners 0.0 13.1 63.6 100.0 -
% Virgin 100.0 86.9 36.4 0.0 .
Year 1977
. Age composition 19.6 69.0 11.2 0.2 -
. Repeat spawners 0.0 13.9 45.0 100.0 -
% Virgin 100.0 86.1 55.0 0.0 -

* Spawning history during 1975 was determined by commercial scales only.
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collected during the previous nine years (1965 - 1973). Possible reasons for

this recent decline in repeat spawners will be discussed in a subsequent section
pertaining to mortality.

The average propsition of repeat spawners was greater for males (32.0 percent)
than for females (20.6 percent) for the years 1974 - 1977. There has been a
general lack of agreement among previous studies concerning the magnitude of
repeat spawning among male and female shad in the Connecticut River. For example,
after analyzing scale samples from the sport fishery, Michols and Tagatz (1960)
reported that during 195/ and 1958, repeat spawners comprised 13.6 and 15.3 percent,
respectively, of the female and male fish examined. Leggett (1976) analyzed
scales from both fisheries, 1965 - 1973, and found that repeat spawners averaged
53.2 percent for males and 35.1 percent for females. Walburg (1961) analyzed
scale samples from the commercial catch, 1956 - 1959, and revealed that, on the
ave.age, 48.2 pe~cent of the<e fish sampled were repeat spawners, whereas fFoote
(1976) studies the age structure of the sha; from above the Holyoke Dam and
found that repea. spawning occurred at a greater rate for females (15.5 percent)
than for males (10.4 percent). The deviations in the proportion of repeat
spawners recorded from previous studies are largely due to differences in gear
selectivity between the commercial and sport fisheries, modification of the age
structure from above Holyoke resulting from the commercial and sport fisheries,

and variations in year class recruitment.
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ESTIFATES OF GROWTH PARAMETERS

Because growth is one of the four principal parameters in an effective
yield mode!, it should be represented in a form which is not only biologically
cound but is also mathematically suitable. In general, fish grow rapidly in
length during the larval and juvenile stages, but more slowly with maturation
and much more slowly during old age. Yet fish grow in w2ight continuously, and
during the period following sexual maturity they may gain weight rapidly. Any
ctudy of the effect of fishing upon the adult shad stock involves the maximization
of gains in weight concurrent with loss of numbers due to fishing and natural
causes. Moreover, growth in terms of length and weight is probably the easiest
of the four parameters to measure, and can be adequately described for most fishes
by a sigmoid curve as derived by von Bertalanffy (1938).

For the years 1974 - 1977, average fork lengths (cm) and average weights (kg)
by age group and sex for the commercial and sport fisheries, respectively, are
assembled in Tables 11 and 12. To correct for possible growth bias due to the
selective retention of the faster-growing individuals by the gill net fishery,
the length and weight data from both fisheries were weighed equally and combined
(Tables 13 and 14). Since no differences in average length by age group were
apparent among years, | ccmbined the estimates from 1974 - 1977 and determined
the average length by age and sex (Table 15). A comparison of length at age
shows that females are always longer than males at a given age. Whether this
relationship persists for sexually immature males (ages I and II) and females
(ages I, 11, and III) s not known since length-age data by sex are unavailable
for immature shad. These findings for mature shad parrallel those from previous
investigations in the Connecticut River (Nichols and Tagatz, 1960; Walburg and

Nichols, 1967, Foote, 1976) as well as those from a study conducted in the




. P,
Table 1i. Various statistics (mean, standard deviation, 95 fiducial limits) ! on both fark length (cm) and

weight (kg) for each age group by sex from the corme-cial fishery, 1974 - 1977.
Year 1974 l‘ales

Age group 111 Iv v vl VII VIl

n(89) 7 32 33 15 2 -

tean fork lenc*y (cm) 40.20 43.88 46.23 49.33 51.00 -

Standard deviation 1.36 1.22 1.19 0.970 1.41 -

95% fiducial limits - 4] .44-46.32 43.85-48.61 47 .39-51.27 - -

Vean weight (kg) 1.020 1.388 T 600 1.900 2.013 -

Standard deviation 0.179 0.167 2.217 0.255 - -

95% fiducial limits - 1.054-1.722 1.166-2.034 1.390-2.410 - -
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Table 11. Continued

Year 1974 Females

Age Group Il 1v Vv VI Vil VIl

N (270) - 34 167 52 13 4

Fean fork length (cm) - 44 .86 49.04 51.93 53.51 56.10

Standard deviation - 1.28 1.62 2.42 2.60 3.79

95% fiducial limits - 42 .30-47 .42 45.80-52.28 47 .09-56.77 48.31-58.71 -

Fean weight (kg) - 1.663 2.081 2.533 2 .881 3.078

Standard deviation - 0.1 0.229 0.419 0.408 0.374

95% fiducial limits - 1.321-2.005 1.623-2.539 1.695-3.371 2.065-3.697 -
50
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Table 11. Continued

Year 1975 Males

Age group 111 Iv v vI Vi1 vill
% (211) 4 93 81 32 1 -
Mean fork length (cm) 38.50 42 .88 46 .48 49 .43 53.00 -
Standard deviation u.7 1.93 1.3 1.72 - -
95% fiducial limits - 39.02-46.74 43.86-49.10 45 .99-52 .87 - -
Mean weight (kg) 1.050 1.321 1.66 1.839 2.355 -
Standard deviation 0.148 0.213 0.149 0.197 . -
95% fiducial limits 0.895-1.747 1.393-1.989 1.445-2.233 - -
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Table 11. Continued

Year 1975 Females

Age group Il v v Vi Vil Vill
N (286) - 54 193 37 2 -
Pean fork length (cm) - 45.07 48 .81 51.39 53.50 -
Standard deviation - 1.83 1.88 2.22 0.7 -
95% fiducial limits - 41 .41-48.73 45 .06-52.57 46 .95-55.83 - -
Mean weight (kg) - 1.691 2.137 2.533 3.12% -
Standard deviation - 0.230 0.278 0.399 0.119 -
95% fiducial limits - 1.231-2.151 1.581-2.693 1.735-3.331 - -
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Table 11 Continued

Year 1976 Males

Ag. group 111 v v Vi Vil vIlI
N (138) 4 36 88 10 - -
Mean fork length (cm) 39.75 43.27 45.70 49.10 - -
Standard deviation 1.258 1.710 1.78 1.29 - -
95% fiducial limits - 39 .85-46.69 42.14-49.26 46 .52-51.68 - -
t'ean weight (kq) 0.932 1.306 1.553 1.723 - -
Standard deviation 0.089 0.185 0.120 0.160 - -
95% fiducial limits - 0.936-1.€76 1.313-1.793 1.403-2.043 - -
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Table 11 Continued

Year 1976 Females

Age group 111 v v Vi Vil vIll
N (390) - 39 Kk} 17 3 -
Mean fork length (cm) - 45 .40 48.59 82.56 54.67 -
Standard deviation - 0.99 1.53 1.42 0.58 -
95% fiducial limits - 43.42-47.38 45.53-51.65 49.72-55.40 - -
Vean weight (kg) - 1.775 2.007 2.528 2.933 -
Standard deviation - 0.126 0.175 0.287 0.351 -
95% fiducial limits - 1.523-2.027 1.667-2.357 1.954-3.102 - -
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Table 11 Continued

Year 1977 Males

Age group 111 Iv v VI Vil vill
N (101) 14 48 35 4 - -

Mean fork length (cm) 40.28 43.83 46.5) 48.75 - -

Standard deviation 1.38 1.28 1.18 - -

95% fiducial limits 37.52-43.04 41.09-46.57 43.95-49.07 - - -

tean weight (kg) 1.093 1.478 1.681 2.022 - -

Standard deviation 0.126 0.281 0.220 0.320 - -

95% fiducial limits 0.841-1.345 0.996-1.960 1.241-2.121 - - -
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Table 11 Continued

Year 1977 Females

Age group 111 v v vl vil vill
N (441) - 64 320 55 2 -
1rean fork length (cm) - 45.6) 49.16 52.18 54.50 -
Standard deviation - 0.92 1.63 1.63 9.7 -
95°. fiducial limits - 43.77-47.45 45.90-52.42 4R8.92-55.44 - -
rean weight (kg) - 1.824 2.18a 2.478 2.860 -
Standard deviation - 0.138 0.194 G.243 0.057 -
95% fiducial limits - 1.5 8-2.100 1.796-2.572 1.992-2.964 - -

”Fiduchl limits not calculated fuor age groups with seven or fewer samples.
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Table 12. Various statistics (mean, standard deviation, 95% fiducial limits)], on both fork lengths (cm) and weight (kg)
for each age group by sex from the sport fishery Enfield, 1974-1977.

Year 1974 Males

Age groups 111 v v VI Vil Vil

N (142) 22 38 53 26 2 |

F2an fork length (cm) 37.82 42 .84 46.08 48.96 50.50 54.00

Standard deviation 1.33 1.50 1.3% 1.27 o.Nn -

95% fiducial limits* 35.16-40.48 39.84-45.84 43.38-48.78 46.42-51.50 - -

Fean weight (kg) 0.731 1.114 1.359 1.586 1.90C 2.423

Standard deviation 0.125% 0.150 0.191 0.264 0.424 -

95% fiducial limits 0.481-.981 0.814-1.414 0.977-1.741 1.058-2.114 - -
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Table 12 Continued

Year 1374 Females

Age groups 111 Iv v VI Vil ViIl

N (261) - 4p 146 44 19 6

tiean fork length (cm) - 45.46 49.18 52.70 54.81 56.50
Standard deviation - 1.69 1.65 .73 2.02 1.05
95% fiducial limits - 42.08-48.84 45.88-52.48 49.24-56.16 50.77-58.85% -
Fean weight (kg) - 1.556 1.9€6 2.427 2.854 3.050
Standard deviation - 0.215 0.206 0.394 0.507 0.365
95% fiducial limits - 1.126-1.986 1.554-2.378 1.639-3.215% 1.840-3.868 2.320-3.780

Year 1975 No Enfield scales taken




Table 12 Continued

Year 1976 t'ales
Age groups Il v v
N (27) 4 14 7
Pean fork length (cm) 37.00 a.n 46.28
Standard deviation 0.82 1.33 1.60
95% fiducial limits - 39.05-44 .37 -
Mean weight (kg) 0.755 1.087 1.381
Standard deviation 0.939 0.146 0.185 N.170
95% fiducial limits - 0.795-1.379 1.011-1.751 -
59
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Table 12 Continued

Yecar 1976 remales

Age groups I11 Iv v vl Vil vill
N (82) - 13 60 8 1 -
l'ean fork length (cm) - 44 .00 47.74 50.28 54.00 -
Standard deviation - 1.00 1.85 1.25 - -
95% fiducial limits - 42 .00-46 .00 44 .04-51 .44 47 .78-52.78 - -
tean weight (kg) - 1.423 1.82% 1.943 2.768 -
Standard deviation - 0.154 0.267 0.19% - -
95% fiducial limits - 1.115-1.731 1.291-2.359 1.553-2.333 - -
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Table 12 Continued

Year 1377 Males

Age groups [l Iv v Vi VIl Vil
N (52) 15 25 10 2 - -
tean fork length (cm) 39.07 43.28 46 .60 48 .50 - -
Standard deviation 1.03 1.49 1.1 0.7 - -
95% fiducial limits 37.01-41.13 40.30-46.26 43.18-50.02 - - -
lean weight (kg) 0.890 1.133 1.314 1.57% - -
Standard deviation 0.119 0.138 0.13% 0.092 - -
95% fiducial limits 0.652-1.128 0.857-1.409 1.044-1.584 - - -
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Table 12 Continued

Year 1977 Females

Age groups 111 1v vl vil Vil
N (81) - 20 53 f - -
Mean fork length (cm) - 44 8BS 48.85 51.38 - -
Standard deviation - 1.57 1.56 2.07 - -
95% fiducial limits - 41.71-47.99 45.73-51.97 47.24-55.52 - -
Fean weight (kg) - 1.431 1.938 2.258 - -
Standard deviation - 0.160 0.215 0.211 - -
95% fiducial limits - 1.111-1.751 1.508-2.368 1.836-2.680 - -

‘/Fiducial limits not calculated for age groups with seven or fewer samples.
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Table 13. Average fork length {cm) at each age group by sex as determined for samples
from both the commercial and sport fisheries combined, 1974 - 1977.

Males
Age group 111 1v v VI VIl VIII
Year
1974 39,01 43.36 26.16 49.15 50.75 54.00/
197587 18.50 42.98 46.48 49.43 53.00'/
1976 38.38 42.49 45.99 49.05 . -
1977 19.68 43.56 46.56 48.63 . .
Paan 38.89 43.07 86.30 49.07 50.75 :
“tandard deviation 0.59 0.48 0.27 0.33 - -
Females
Age group 111 (v v VI VI VIl
1974 ; 45.16 49.11 52.32 54.16 56.30
19752/ g 25.07 48.81 51.139 53.50 .
1976 . 44.70 48.17 51.42 54.34 .
177 - 45.23 49.01 51.78 54.50 .
Faan . 45.04 48.75 §1.73 54.12 5¢.30
standard deviation - 0.24 0.42 0.43 0.44 -

1/ Only one sample available; it was not used to determine average length.

2/ Only commercial samples used to determine average length for 1975.
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Table 14. Average weight (kg) at each age group by sex as determined for samples from
both the commercial and sport fisheries combined, 1974 - 1§77.
Males
Age group I v v Vi Vil VIII
Year
1974 0.876 1,251 1.480  1.743 1.957 2.423/
19752/ 1.050 1.321 1.691 1.839 2358/ .
1976 0.844 1.197 1.467 1.792 - -
1977 0.992 1.306 1.498 1.799 - -
rean 0.94] 1.269 1.534 1.793 1.957 -
Standard deviation 0.097 0.057 0.10% 0.039 - -
Females
Age roup 11 v v V1 VIl VIII
1974 - 1.610 2.024 2.480 2.868 3.064
1975/ d 1.691 2.137 2.533 3.125 .
1976 - 1.599 1.916 2.236 72.851 -
1277 - 1.628 2.061 2.368 2 .R60 -
Yean - 1.632 2.035% 2.404 2.926 3.064
Standard dev*ation - 0.041 0.092 0.132 0.133 -

I/ Only one sample available ; it was not used to

J/ Only commercial samples used to determine average weight for 1975,
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Table 15. Average fork length (L, ) at age t and average fork length (Lul) I

successive ages ?or nale and female chad, 1974 - 1977.

Males Females

hge t Lt Age t+l] Ltﬂ Age t Lt Age t+] Ltﬂ
i1l 38.89 IV 43.07 Iv 45.04 '} 48.78
v 43.07 'l 46. 30 ¥ 48.78 vl 51.73
v 46 .30 Vi 43.07 Vi 51.73 V11 54.12
Vi 49,07 VIl 50.75 VIl 54.12 VIII 56.30
Vil 50.75 VIl 56.30




Delaware River

(Chittenden, 1975). Perhaps the main reason for length differences

between males and females is that males reach sexual maturity at age IIl or IV

whereas females achieve maturity mostly at age V. Therefore, during the years

fcllowing sexual maturity, age III and 1V males must divert some energy to produce

sexual products at the expense of somatic growth in length.

neceording

to Beverton and Holt (1957), the growth rate of a fish population

is best represented by the von Sertalanffy growth equation, which has pecome

widely accepted for use in growth studies during recent years. In this mode

growth 1n length with age is depicted by the expression:

L =

To obtain

L [1 - e'K(t'to)] (8)

- average length at age t (in years)

theoretical maximum lengtn

- exponential growth rate with respect to age

hypothetical age at zero length if the fish had always
grown according to the model.

estimates of the above parameters, the Walford plot as described

by Mr. Howard Russell (unpublished manuscript) was employed: for each sex, the

average fork length at age (Lt) from Table 15 was regressed against the average

fork length nf the succeeding age (Lt01) yielding the linear equation:

Lead
The parameters
expressions:

L =

"

K

and t
0

6 a*blt (9)

of the model (L=, K, to) were then estimated using the following

a/(1-b) (10)

-In b (1)
‘ L""‘ - L'

t*; In ——bt;—'b (12)

Values of L+ as determined for each sex using the above equations are shown
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i
Table 16. Calculated / and observed average fork length (cm) by age and sex.

rales Females
(1) (2) (3) (4) (5) (6)
Age Obs. average Calc. average Age Obs. average Calc. average
length length iength length
11 - 33.20 Il - 35.29
111 38.89 38.76 Il - 40.68
v 43.07 43.03 v 45.04 4" 12
v 46.30 46.33 v 48.78 48.81
L VI 49.07 48.81 Vi 51.73 51.79
VIl 50.75 §0.73 VIl 54.12 54.28
Vi1l - 52.21 VIl 56.30 56.32
X - 53.34 IX - 58.01
X - 54.20 X - 59.40
X1 - 54.87 X1 - 60.54

1/ Calculated average length by age group was computed using the von Bertalanffy
growth model.
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Figure 4. Estimates of average fork length (cm; by age group and sex according
to the von Bertalanffy expression.



below with correcponding values of ¥ and toz

L= K to
males 57.06 cm 0.2655 -1.2847 yrs.
females 65.89 cm 0.1937 -1.9602 yrs.

The parameter (to) is used here as a scale adjustment to the empirical expression
and is essentially devoid of any biological meaning.
Substituting the above parameters into equation 8 provides the following
expression for males:
L, - 57.06 [1_9-0.2655 (t+ 1.2847)j

and for females:

Lt = 6§5.89 ["8-0'1937 (t + ].9602)‘

for which are obtained the average fork length at age as shown in Columns 3 and

§ of Table 16. These computed fork lengths are compared with the observed values

by sex in Columns 2 and 5 of Table 16. Computed lengths by sex are also graphically
portrayed in Figure 4. These results demonstrate that the calculated length-age
data conform closely with the observed values, ard thus the employment of the

von Bertalanffy growth model appears justified for the Connecticut River shad.
Plthough these findings imply that fem:iies are always longer than males of the

same age, the back-calculated length for age 'l males and for age Il and III

females may not be accurate, since during the immature stages there are likely

to be major alterations in diet as well as marked seasonal variations in growth.

fFor the present purpose, the requirements for a growth curve are: 1) the calculated
growtn in length and weight provides a satisfactory fit to observed growth data
during the exploitable phase (age at first capture through the end of the 11 fe-span);

and 2) it mathematically combines easily with other expressions.
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To effectively analyze growth patterns of the shad population, it is
essential to determine not only the length-age relationship, vut the weight-age
relationship as well. According to Beverton and Holt (1957), growth in weight
(weight-age relationship) is denoted by the equation:

W, - we[1-o* (t'to)]n (13)

weight in kilograms at age t (in years)

where Ht

we = theoretical maximum weight corresponding to L=

I

n expunent in the length-weight regression.

flefore the above equation can be employed to de. rmine the average weight
at age, 1t 15 first necessary to compute the length-weiyht relationship separately
for male and female shad. As mentioned earlier, average fork length and average
weight by age qroup, sex, and fishery from 1974 - 1977 are shown in Tables 11
and 12.

These data were used to calculate a length-weight expression by sex according

to the logarithmic linear regression:

LOg}O“x =a+bh Log ]OL,l (14)

where W average weight (gr) at age «x

.

]

L

, © average fork length (mm) at age x.

The length-weight relationship for male shad is shown as:

l.og]ow)l = -7.6030 + 2,9421 Loglolx

and for females:

Logmux = -7.8305 + 3.0200 LoglOLx.

The slope (b) of the length-weight regressions for both sexes approaches
a cube relation (3.0). This growth pattern is known as isometric growth and is
characterized by a fish which gains weight in direct proportion to the cube of
1ts length, and which maintains a stable soecific gravity throughout its 1ife

(Ricker, 1975).
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Table 17. Caluulated‘/ and observed average weight (kg) by age and sex.

Males Females
(1) (2) (3) (4) (5) (6)

Age Obs. average Calc. average Age fbs. average Calc. average

weight weight weight weight
11 - 0.572 Il - 0.754
11 0.941 0.902 11 - 1.175
1Y 1.269 ) P 4 5 IV 1.632 1.606
v 1.534 1.522 v 2.035 2.032
V1 1.793 1.778 Vi 2.404 2.43%
Vil 1.957 1.992 VIl 2.926 2.805
VITI1 - 2.167 VIII 3.064 3.137
IX - 2.308 84 - 3.420
X - 2.420 X - 3.683
X1 - 2.508 X1 - 3.901

1/ Calculated average weight at age was computed using von Bertalanffy growth model.
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It <hould be noted that the slopes 2.9423 and 3.0200 for males and females
respectively are equivalent to the exponent (n) of equation 13, Substituting
the values for L= for males (57.06 cm) and females (65.89 cm) into the appropriate
length-weight regression yields the corresponding maximum weignts (W=) which are
2.214 kg and 5.039 kg, respectively. Using equation 13, the expression of growth
in weight (weight-age relationship) for males is:

2.9423
N+ 2.818 | 1.70-2655 (t ¢ 1.2347)]

-

and for females 1S:

.0.1937 (t + 1.9602)]3'0200'

Wy = 5.039 | 1-e
From these equations, the average age-specific weight is computed for males and
fomales as shown in Column 3 and 6 of Table 17. These data are also compared
to the observed average weight at age in Columns 2 and 5.

The results of growth analyses revealed a theoretical maximum fork length (cm)
for males and females of 57.06 and 65.89 cm, respectively. In terms of length at
age, shad of these sizes would correspond to a theoretical maximum age of about
I, years. Gecause shad greater than age X have not been reported from the
Conne-ticut River at least during recent times, 1 contend that a contemporary
11 fe-span for Connecticut River shad of greater than about eleven years is probably
nattainable. Thus, the estimates of L= presented herein may be biased upward
due to the difficulty in aging scales from older and scarcer age groups. For example,
errors in age determination of scales from ages vII and VIII may result in high
length inciements between L, and Lt*1; this would make the annual growth rate (x)
too low and the corresponding value of L= too high. Of course it is possibie
that the values of L= are realistic in an historical context because before the
advent of commercial fishing, industrial pollution, and dams, shad could have
curvived to a much greater age. Moreover, large shad weighing from 12 to 14 1bs.
(5.48 - 6.35 kg) have been occasionally reported from the Atlantic coast (Walburg

and Nichols, 1967).
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There is some difficulty in using a model with a very high limit on growth

especially if it is incorporated intc a yield model without considering a

reaiistic upper limit to the fishable 1ife-span. An empirical 1ife-span that

is far beyond the limits of the ocbserved estimates of length at age can lead to
anomalous yield predictions, To realistically incorporate growth into the

proposed yield model, the fishable 1ife-span was terminated at age XI. This
procedure possesses a certain element of realism because for many fish populations
natural mortality increases considerably among mature and older fish (Ricker, 1949;
¥ennedy, 1954, Tester, 1955). Moreover, Greer-Walker (1970) indicated for the

cod, Gadus morhua, that the myofibrils of the white muscles decrease in size

with increasing age. Secause the white muscles are responsible for acceleration

in escape and attack, old fish may become more vulnerable to predators, fishing,
disease, and less able themselves to find food. As for the shad, the physiological
demands of spawning may become progressively greater with increasing age.

Figure 5 represents the estimated average weight (kg) at age for males and
females, 1f the shad had always grown according toc the von Sertalanffy expression.
To utilize these parameters in a yield model, two conditions concerning the growth
of shad are assumed true: 1) the parameters k= and K will suffice to describe the
the average weight gain from the age at first recruitment to the termination of
i1fe at age XI; and 2) the growth parameters W= and K remain constant through
time, and are nol. affected by density-dependent factors.

After determining these growth parameters, no consideration is give: here to
po.ible errors in determining growth from length-age or weight-age data. Such a
b1as could arise from selective mortality of the slower-growing individuals in a
year-class owir , to natural causes; or conversely, to selective retention of the

faster-growing fish by the commercial and sport fisheries.
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ESTIMATES OF FISHING AND MATURAL MORTALITIES

The yield from any fish population is largely dependent on the relationship
between increments in weight due to growth and recruitment, and decrements in
weight due to fishing and naturai causes. Consequently, the correct mathematical
formulation of total mortality and its component elements (fishing and natural
mortalities) is essential to the basic comprehension of shad population dynamics,
for accurate predictions of yield, and for rational management of both the commercial
and sport fisheries. A fundamental tenet for computing total mortality is that
the decline in numbers from a fish population approaches an exponential function
such that a constant instantaneous mortality coefficient is operative. At this
juncture it should be noted that all mathematical notations for mortality employed
here ar. identical to those used by Ricker (1975). Because the forthcoming dis-
cussion requires the use of many mathematical expressions, I have listed in Table
18 the definitions of all mathematical notations used in this analysis.

gefore the instantaneous rates of fishing (F) and natural (M) mortalities
are estimated separately, it is convenient to ccmpute “irst, the annual survival
rate (%) and then the instantaneous rate of total mortality (Z). Using the stock
estimates and the estimates of repeat spawners by sex, the annual survival rate (S)

between consecutive years (t and t+l) is determined as follows:

R
5 vt (15)
Nt
where Rt*l = numbers of reprat spawners by sex present in year t+l
Nt = numbers of virgin recruits and repeat spawners by sex present

‘n year t.
The in.tantaneous total mortality (Z) is then calculated using the expression:

7 =-InS (16)



Table 18. Glossary of all mathematical notations used in the analysis of murtality.

Notation

pefinition of Notation

- —— ———

14

F
«

¢

-
B

.
total

Instantaneous

Instantaneous

Instantaneous

Instantaneous

fishing

Instantaneous

Annual
Annual
Annual
Annual
Annual

Annual

rate

rate

rate

rate

rate

of
of
of
of
of

of

rate of total mortality
rate of fishing mortality due to commercial fishing

rate of fishing mortality due to sport fishing

rate of fishing mortality due te both cormmercial and sport

rate of natural mortality

survival between successive years

fishing due to commercial fishing

fishing due to sport fishing

fishing due to both commercial and sport fishing
conditional natural mortality

natural mortality (between successive years)

wumbers of fish, by sex, present in year t

flumbers
Yumbers
Numbers
Numbers

Numbers
years

Proport

of
of
of
of

of

ion

fish, by sex, present in year t+]

repeat spawners, Dy sex, present in year t+l

fish, oy sex, taken by commercial fishing in year t
fish, by sex, taken by sport fishing in year t

fish, by sex, lost to natural mortality between consecutive

of repeat spawners by sex nresent in year t +



The concept of instantaneous rates and their relation to anrual rates are
discussed in detail by Ricker (1975, pages 8 - 18).

The estimates of mortality given in this report are average values for
:11 year classes represented during two consecutive years. No attempt is made
here to determine mortality rates for individual year classe: throughout their
fishable 1ife. Such an analysis would require very accurate data on sex ratio,
age composition, and stock size which 1 contend is beyond the capability of
the present data.

In the present analysis, the following assumptions are implicit to the
estimates of 7 using equation l:: 1) the sex ratio of the annual run is
approximately 50:50; 2) the population estimates are computed with a similar
degree of accuracy each year; 3) the annual proportion of repeat spawners as
determined from scale analysis is an unbiased estimate of the true proportion
in the population; 4) all fish designated as repeat spawners had spawned during
the previous year; and 5) all fish specified as virgin recruits had not spawned
during the previous year. For the purposes of this investigation, assumptions
2, 4, and & are probably catisfied. As for assumption 3, | am forced to rely
on the conditional supposition that the age structure and spawning history as
derived from commercial and sport samples approach the true parameters in the
population, since a more reliable method of estimating the true proportion is
presently unavailable. Assumption 1 is the least tenable of the five; and the
problems regarding the sex ratio of the shad population are discussed further
below.

Though the hypothesis of a 50:50 sex ratio may be valid as a long-term
approximation, it is doubtful ,hether the 1:1 ratio is maintained on an annual
basis. Results from previous investigations are inconsistent regarding the

sex ratio of adult shad, and further research is needed to better resolve
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Table 13. Population estimates, commercial and sport catches by sex taken in year t;
population estimates and numbers of repeat spawners by sex present in year
t + 1, and numbers of male and female shad lost to natural mortality between
year t and year t + 1, 1966 - 1977.

—

(1) (2) (3) (4) (5) (6) (7) (8)
;~“*- | L T, T, ‘*4“221 " Rer I
ear 5ex Population Comm. catch Sport catch Population Pepea Shad dying
spavners of natural

- causes
1966 n 183,500 29,366 11,346 184,000 112,240 30,548

F 183,500 51,467 11,346 184,000 84,640 36,047
1967 ¢ 184,000 33,432 8,763 140,000 61,600 80,205

f 184,000 42,532 8,763 140,000 32,200 100,505
1968 " 140,000 25,148 7,138 166,500 784,925 32,789

f 140,000 31,025 7,138 166,500 49,750 19,887
1969 m 165,500 23,434 6,409 209,500 90,005 45,572

F 166,500 45,333 6,409 209,500 69,135 45,623
1970 3 209,500 27,833 5,964 214,000 132,680 43,029

F 209,500 13,534 5,967 214,000 57,780 102,219
1971 " 214,000 29,140 8,315 137,500 75,625 100,920 i

f 14,000 45,578 8,315 137,502 37,125 122,382
1972 v 137,500 19,94) 3,391 166,000 68,960 46,108

f 137,500 11,256 3,391 166,000 76,360 26,493
1973 pe 166,000 24,912 3,890 186,000 83,328 53,870

F 166,000 43,622 3,890 186,0 59,148 59,340
1974 " 186,000 22,516 6,754 252,000 83,160 73,570

F 186,000 18,993 6,754 252,700 50,148 90,105
1975 r 252,000 27,972 11,885 370,000 92,870 119,273

; 252,000 47,628 11,885 370,000 58,450 134,027
1976 P 172,000 21,035 11,059 161,500 40,375 297.530J

F 370,000 8%,725 11,059 161,500 21,902 248,314
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assumption 1. In the Connecticut River, studies conducted below the Hulyoke
Dam generally support the 50:50 sex ratio, whereas those performed above the
dam and those from other rivers suggest a variable sex ratio. From 1967 - 1973,
Leqgett (1976) used drift gill nets at the mouth of the Connecticut River and
revealed that the sex ratio during each year approximated 50:50. Likewise, Minta
(personal communication) reported a sex ratio at the river mouth that approached
50:50 for the years 1974 - 1976; but in 1977, he indicated that the catch was
composed of 82 percent females. For the sport fishery, 1958 - 1959, Nichols
and Tagatz (1960) found a sex ratio that was close to 1:1. In contrast, Watson
(1970) reported that the male-female ratio above Holyoke was 4.02:1 in 1969 and
5 4:1 in 1670. From 1971 - 1975, Scherer (1974) and Foote (197€) also indicated
s unbalanced sex ratio favoring males. VYet for the years 1976 - 1977, Reecd
(personal communication) found a sex ratio above the dam that approached 50:50.
i{n the Delaware River, Chittenden (1969) used haul seines and reported 2 sex
ratio that varied considerably among years. He concluded that the observed
4eviations in the sex ratio were partly the result of differences in year class
trength. In the Hudson River, Talbot (1954) used staked gill nets and reported
3 male-female ratio of 1:2 in 1950 and 1:1.5 in 1951. In addition, re employed
drift gill nets further upriver and found a male:female ratio of 1.2:1 in 1950
snd 1.7:1 in 1951.
From 1966 - 1376, population estimates (Nt) are separated according to the

4ssumed 50:50 sex ratio ard are shown in Column 3, Table 19. The adjusted commercial

t hes !Ck) separated by sex are given in Colura 4, The sex ratios of these
landings were determined from the summary reports prepared by the Connecticut
Department of Environmental Protection (unpublished data). These reports contain
not only the yields in numbers and weight by sex, but the average weights as well.

Ac the catch data indicate, Au:ing most years the sex ratios are in favor of females
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by nearly 2:1, Though certain fishermen are suspected of selectively discarding
males from their catches, no information concerning the discard rate is available.
from 1966 - 1973, the total sport catches (CS) as determined by Leggett (1975)
are shown in Column 5, Table 19. From Leggett's data, the catches from the entire
sport fishery were, on the average, 2.327 times greater than the sport catches at
Enfield. Thus, estimates of the total sport catches for the years 1974 - 1976
were obtained by multiplying the Enfield catches by 2.327. The sport catches
from 1966 - 1976 were divided equally by sex, since a §0:50 sex ratio is in accord
with the findings for the sport fishery by 'lichols and Tagatz (1960) and Leggett
(1976).
Humbers of repeat spawners (Rt*I) present from 1967 - 1977 are given in Column

7, lable 19. The R values were determined by sex using tﬂi’?bllouing expression:

t+l
ooy © 3™t (17)
where a, ., = proportion of repeat spawners by sex present in year t+l

(See Table 20)

i

Nt“ estimated population size by sex present in year t+l
(Column 6, Table 19)
The numbers of aault shad (Dt) by sex lost to natural mortality between

consecutive years is resolved by substituting for each sex the values "t Cc CS
A . .

and Pt“ into the following expression:

Dt - Nt°(cc*cs'Rt+1)‘ (18)
The Dt values by sex are given in Column B, Table 19. It should be noted that
these values represent the loss in numbers due to all factors excluding the catches
from the commercial and sport fisheries. Losses due to natural causes may occur

as a result of the following factors: predation and disease at sea; commercial

fishing outside the river; physiological exhaustion foliowing spawning; Holyoke



Table 2. PAnnual rates of survival (3), fishing mortality (u) and natural mortality (v) i
by sex, 1966 - 1977, 3

Mz () (a) (5) (6) (7)

fear Sex S Ye “s “total v
Survival rate Annual rate Annual rate Annual rate Annual rate
between t and of comm. of sport of all of natural
t + ) fishing fishing fishing mortality

between t a

B t ¢+

1966 " 0.6117 0.1690 0.0736 0.2218 0.1665

F 0.4613 0.2805 0.0859 0.3423 0.1964
1067 1 0.3348 0.1817 0.0582 0.2293 0.4359
F 0.1750 0.2312 0.0619 0.2788 0.5462
1968 p 0.5352 0.1796 0.0621 0.2306 0.2342
F 0.3568 0.2359 0.0667 0.2869 0.3563
1969 P 0.5411 0.1407 0.0448 0.1792 0.2797
3 0.4152 0.2723 0.0529 0.3108 0.2740
1970 " 0.6333 0.1329 0.0328 0.1613 0.2953
F 0.2758 0.2078 0.0360 0.2363 0.4879
197 p 0.3534 0.1362 0.0450 0.1750 0.4716
F 0.1735 0.2130 0.0494 0.2518 2.5747
1972 ¥ 0.495%9 0.1450 0.0288 0.1697 0.3353
F 0.55583 0.2273 0.0319 0.2520 0.1927
1973 0.5020 0.1501 0.0276 0.173%" 0.3245
F 0.3563 0.2628 €.0318 0.2862 0.3575
1674 " 0.4470 0.121 0.0413 0.1574 0.3955
f 0.2696 0.2096 0.0459 0.2460 0.4n44
1975 " 0.26°5 0.1110 0.0531 0.1582 0.4733
f 0.2320 0.1890 0.0582 0.2362 0.5319
1976 " 0.109 0.0569 0.0317 0.0867 0.8041
F 0.0646 0.2344 0.0390 0.2643 0.6711
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Table 22. Instantaneous rates of total mortality (2), fishing mortality (F) and
natural mortality () by sex, 1966 - 1977.

(1) (2) (3) (4) (5) (6) (7)

Year Sex : Fc Fs Ftotal ’
Total Comm fish Sport fish Total fish Yatural

mortality mortality mortality mortality mortality

1566 " 0.4915 n.1744 0.0765 0.2509 0.2806
F 0.7737 0.3292 0.0899 0.4190 2.3547
1967 4 1.0942 0.2005 0.0600 0.2605 0.8337
F 1.743) 0.2629 0.0639 0.3268 1.4162
1968 " 0.6251 0.1980 0.0642 0.2622 0.3629
F 1.0306 0.2690 0.0691 0.3381 0.6925
1969 ¢ 0.6142 3.19V7 0.0458 0.1975 0.4167
F 0.8790 0.3178 0.0543 0.3722 0.5068
‘ 1970 M 0.4568 0.142% 0.0334 0.1759 0.2803
F 1.288] 0.2329 0.0366 0.2696 1.0185
| 1971 " 1.04C2 0.1464 0.0460 0.1924 0.8478
‘ F 1.7516 0.2395 0.0506 0.2901 1.4615
1972 " 0.7032 0.1567 0.0293 0.1860 n.5172
F 0.5883 0.2575 0.0324 0.2923 0.2980
1973 - 0.6892 0.1626 2.0280 0.1906 0.4986
F 1.0320 0. %3 0.0323 0.3372 0.6948
1974 " 0.8050 0.3.30 €.0422 0.1712 0.6338
F 1.3108 0.2353 0.0470 n.2823 1.0285
1975 i 0.9983 0.1177 0.0545 0.1722 0.8261
F 1.4610 0.2095 0.0599 n.2694 1.1916
1676 r 2.2155 0.0585% 0.0322 0.0907 2.1248
F 2.7395 0.2671 0.0398 0.3069 2.4326
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and inability to descend from above the Holyoke Dam.

sport fishery;

An e«ample of the computation for survival (S) and total mortality (7) for

rale shad between 1966 and 1967 is given below. The total 1967 populstion was

‘mated as 368,000 individuals (Column 3, Table 19); assuming a 50:50 sex ratio,

est

an estimate of 184,000 fish of each sex is obtained. During 1967, 61 percent of

the males sampled were repeat spawners (Table 20). Consequently, the proportion
|

of repeat spawning males (Rt*l) present in the 1967 population is computed using

equation 17 as follows:

112,240 = 0.61 (184,000).
=ales (183,500) in 1966 and the numbers of

ate (S) between

Given the total population of

repeat spawning males (112,240) present in 1967, male survival r

1966 and 1967 is then calculated using equation 15 as follows:

_ 112240
S = va3cpp = 0-617-

The corresponding instantaneous rate of total mortality (2) is obtained by

ytilizing expression 16 as follows:

7 =-1r 0.6117 = 0.2915

From 1966 - 1977, annual survival rates (S) by sex are shown in column 3, Table 21,

while instant -eous rates of total mortality 7 are divided by sex in Column 3,

y

Table 2¢

from the annual population estimate (”t) and the annual commercial landing

ing rate due to commercial

(C ) by sex (Columns 3 and 4, Table 19), the annual fish

fishing (uL§ can be obtained at once from the following expression:

u_ c Cc/Nt. (19)

C
Recause the commercial fichery 15 situated some 60 km downriver from the sport

fishing areas, the shad entering the river are subjected first to the gill net

fishery and then later to the sport fishery. Accordingly, the annual fishing

rate (us) due to the sport fishery is computed by substituting the estimate (Cs)
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The F values by sex due to sport (Fs) and commercial (Fc) fishing are
sined by substituting the corresponding annual rate of fishing (uS and uc)
into the following expression:
F=«ln(1-u) (22)
According to Ricker (1975), instantaneous rates of mortality are always additive
such that:

Ft.otal ) Fc . Fs. (23)

Values of F F and F

Cs ' S tota] 2re shown inColumns 4, 5 and 6 of Table 22.

Given the instantaneous rates of fishing (Ftotal) and total mortality (Z),
the instantaneous rates of natural mortality (M) are estimated by sex using
simple subtraction:

BEEs Fonan, (24)
Values of ™ according to sex are presented inColumn 7 of Table 22.

To obtain the corresponding rates of annual natural mortality (v), it is
first necessary to determine the conditional rate of natural mortality (n) using
the following expression:

n =1 -e-p (2%
The conditiona) rate (n) is defined as the proportion of the annual run which
would be 'ost due to natural causes if fishing did not occur. Once n is known,
the values of (v) by sex is computed as follows:

V=n(]' )' (26)

“total
which is identical to:

’
Ot/Jt.

Annual rates of natural mortality (v) are assembled by sex inColumn 7 of Table 21.
Instantaneous rates of total mortality (2! by sex occurring between consecutive

years from 1966 through 1977 are depicted in Figures 6 and 7. During most years,
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Figure 6. Estimates of the instantaneous total mortality rate (Z)
for male shad during the period 1966-1977.
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Figure 7. Estimates of the instantaneous total mortality rate (Z)
for female shad during the period 1967-1977.
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Figure 8. Relationship between the instantaneous natural (M) and
fishing (F) mortality rates for male shad during the
period 1966-1976
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Figure 3. Pelationship between the instantaneous natural (M) and fishing (F)
mortality rates for female shad during the period 1966-1976
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- { .
Table 23. Mean (x)]‘ and standard deviation (s ) for the instantaneous rates of total (Z)
and natural (M) mortalities and annu3l rates of survival (S) and mortality (v)
by sex for the period 1960 - 1974.

(1) (2) (3) (4)
(2) (s) (») (v)
Instantaneous Annual Instantaneous Annual rate of
total mortality survival natural mortali’y natural mortality
Males
Mean  (x) 0.7244 0.4846 0.5147 0.3264
S. D. (s‘? 0.2215 0.1028 0.2297 G.1049
Females
Mean (x) 1.1552 0.3150 0.8302 C.8079
S. D. (s)) 0.4058 0.1281 0.4284 0.1453

X

)/ Average estimates of (Z) and (%) from 1966 - 1974 are taken from Column 3 and 7,
Table 22, whereas average estimates of (S) and (v) from 1966 - 1974 are taken from
Column 3 and 7, Table 21.
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both the amplitude and variability of Z are greater for females than for males.
The highest 7 values for both sexes occurred during 1976/77, whereas the lowest
values were found during 1970/71 for males and during 1972/73 for females.

Both the instantaneous rates of fishing (Ftotal) and natural mortality (M)
by sex are graphically portrayed i Figures 8 and g,respectively. The Ftota1
levels exhibit little annual variation but are always greater for females, whereas
the M values are highiy variable and likewise are greater for females. The levels
of M for both sexes generally follow the same trend with time as the Z values in
Figures 6 and 7.

Because the passage of large numbers of adult shad over the Holyoke Dam
from 1975 and thereafter may influence the rate of natural mortality (™), the
bect historical estimate of the parameters Z, 1, S, and v by sex is the average
value for the years (966 - 1974 wher less than 70,000 adult shad were transported

- over the dam, Average estimates of these parameters by sex are shown in Table 23,

Pesults revealed that both the average total (2) and natural (M) mortalities were
greater for females (Z = 1.1552, M = 0.8302) than for males (Z = 0.7244, M = 0.5147).
Thus, male shad have a greater between year survival rate (S = 48.46 percent) than
d> females (S = 31.50 percent) which is consistent with the occurrence of greater
numbers of repeat spawning males between consecutive years (Column 7, Table 19).

From 1966 - 1974, the average instantaneous (F) and annual (u) fishing mortalities
by sex and fishery are shown in Table 24. The average instantaneous rate of fishing
(FC) due to commercial fishing was greater for female shad (0.2722) than for males
(0.1624), suggesting that gill nets select by sex. But for the sport fishery, the
average FS value is also greater for females (0.0528) than for males (0.0473),
indicating that anglers select for female shad as well, The higher average FS

value for females superficially appears to conflict with the previous supposition
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of a 50:50 sex ratio for the sport catches. However, Lizause the commercial
gear apparently selects for female shad, the sex ratio of the remaining population
that reaches the sport fishing areas is altered in favor of males. Consequently,
the presence 2f a 50:50 sex ratio for sport catches actually shows that anglers
preferentially reiain female shad, and thus is perfactly compatible with the
average FS values (Column 2 Table 24). This conclusion is substantiated by Leggetts
observation that during the peak of the rin many anglers will retain females over
males because of their roe, and because of their "trophy" size.

The average rates of instantaneous total mortality (Z) by sex (Column 1,
Table 23) are similar to those reported by Leggett (1976, Table 134, p. 210)
only after his 1965 data are excluded. From 1966 - 1973, he computed average Z
as 1.001 for males and 1.159 for females as compared to 0.7244 _ad 1.1552 in this
study. There are three principal reasons for the differences in Z, particularly
among males. First, Leggett estimated Z for individual year classes, whereas |
determined 7 as an average value for all year classes present between two con-
secutive years,

Secondly, Leggett assumed that the sex ratios of the commercial catches
were similar to those from his experimental catches taken at the river mouth
(1967 - 1973). These experimental catches suggested a sex ratio that approached
50:50 (Leggett, 1976, Table 127, p. 205). However, his hypothesis regarding sex
ratios for commercial catches may be ‘nvalid because Leggett tagged shad using
drift gill nets with a mesh size of 13.7 cm (stretch measure), whereas the
commercial fishermen used gill nets with mesh size ranging from 14.0 to 14.9 cm
(stretch measure). Because female shad are longer and heavier than males at a

given age, the nets employed by the fishermen will select for greater numbers
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of femaies than will the nets used by Leggett. As a result, the sex ratios
(1967 - 1973) from the experimental nets may not be comparable to those taken
from the commercial fishery. Consequently, his average estimates of annual
fishing mortality (“total) for male (22.4 percent) and female (23.5 percent) are

incorrect,

Thirdly, Leggett reported average instantaneous rates of fishing (Ftotal)
as 0.36 for males and 0.41 for females for the period 1965 - 1973. Given that

the instantaneous rate of fishing (F) is expressed by the equation:

F = pn

where p = the catchability coefficient (constant)

"

n = total fishing effort (SFU),

the levels of F as derived by Leggett (1976, Table 136, p. 211) are too high
and are inconsistent with his catchability coefficient (0.000180) and his estimates
of effort (SFU) from 1965 - 1973.

From 1956 - 1959, Walburg (1961) computed the age structure and spawning
history of adult shad and reported an average Z of 1.31 for both sexes combined.
He also determined an average annual fishing (uc) rate of 36 percent and an average

rate of annual natural mortality (v) of 58 percent. Yet the 58 percent is actually

the conditional rate of natural mortality (n) since he failed to consider the
seasona) nature of the commercial fishery. The annual natural mortality rate (v)
15 determined by using equation 26 as follows:

v =0,58 (1 -0.36) = 0.37.
Thus, his rate of natural mortality (37 percent) is very similar to the average v
for males (32.64 percent)and females (40.79 percent) in Column 4, Table 23.

Using the levels of escapement during 1946 and 1947, Fredin (1954) estimated

annual natural mortality (v) for age VI shad between years. Unlike Leggett (1976)




and Walburg (1961), Fredin considered the seasonal nature of the commercial
and sport fisheries tefore he computed the level of natural mortality. His
results revealed an annual rate of natural mortality (v) of 3t.3 percent for
both sexes combined which is in close agreement with v average cstimate of

36.7 percent (Column 4, Tadle 23).



EFFECTS OF GEAR SELECTIVITY ON THE ESTIFATES OF MORTALITY (Z) AND SURVIVAL (S)

Although the estimates of mortality furnishad in the previous section are
calculated using valid mathematical techniques, certain inconsistencies do exist
with these estimates which can only be resglved with further research. As an
example, the conclusion that average annual survival of males is higher than
that for females is in conflict with the assumed 50:50 sex ratio of the population.
In the first place, higher between year survival for males would inevitably aiter
the sex ratio in favor of males. Under these conditions, the 1:1 sex ratio could
he maintained only if survival to the recruited phase constantly favored female
shad. During certain years, virgin females would be expected to outnumber males
due to deviations in the strength of incoming year classes. Yet it is doubtful
that recruitment favoring females could be continually maintained especially
since immature females of a year class are exposed tou an additional year of
oceanic mortality before becoming sexually mature.

The reasons for the anoma'ly regarding higher male survival and the assumed
50:50 ratio are unknown. My contention is that natural mortality estimates (I')
for males are too low due to a combination of the following factors: 1) the
sex ratio of the annual shad run is not always 50:50, but varies according to
the relative strength and weakness of recruited year classes; and 2) the age
structure and spawning history for males as derived from commercial and sport
samples are biased in favor of longer and older individuals.

As for the first factor, | mentioned previously (see page 77) that the
assumed 50:50 sex ratio should be regarded as an approximate value until further
research could provide a more exact value. However, if the sex ratios among
years deviate in a random rather than a systematic manner, then the degr- e of
biac would cancel out, and the average mortality estimates for males would not

be seriously affected by variations in the sex ratio.
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Table 25. Estimates of annual fishing mortality (u_)

for adult shad tagged and recaptured by sex and by size

groups ., April - May, 197€.
tales
Size groups (fork length, cm)
34-44 45 46 47 48 49 50-53 Total
Not recaptured 466 356 401 282 183 118 83 1889
Recaptured 28 41 54 39 22 15 16 21%
Total 494 397 455 321 205 133 99 2104
Ye 0.06 0.10 0.12 0.12 0.1 0.1 9.6 0.10
Females
Size groups (fork length, cm)
32-44 45 46 47 48 49 50 51 52 53-5. Total
Mot recaptured 43 97 194 365 477 354 274 143 80 80 2107
Recaptured 3 11 21 65 82 82 60 24 15 20 383
Total 46 108 215 430 559 436 334 167 95 100 2490
u 0.07 0.10 0.10 0.15 0.15 0.19 0.8 0.14 0.16 0.20 0.15



Table 26. Estimates of annual fishing mortality (u_ ) for adult shad tagged and recaptured by sex and by size groups.
April - May, 1977. v
. ‘ales
Size groups (fork length, cm
32-44 a5 46 a7 48 a3 50-54 Total
Taqged not 199 110 133 105 79 56 60 742
recaptured
Recaptured 9 1 14 17 18 13 12 94
Total tagged 208 121 147 122 S7 69 72 836
u. 0.04 0.09 0,10 0.14 0.19 0.19 0.17 0.11
Females
Size groups (fork length, cm)
32-44 a5 46 a7 48 49 50 51 52 53 54 55-60 Total
Tagged not 52 92 200 318 414 476 624 416 260 104 43 38 3047
recaptured
Recaptured 5 20 40 84 113 136 206 156 92 46 10 4 912
Total tagged 67 N2 240 402 527 612 830 572 352 150 53 42 3959
0.21 0.21 0.22 0.25 0.27 0.26 0.31 0.19 0.10 0.23



The second source of bias is more important than the first because the
accuracy of the total mortality (Z) and survival (S) estimates are largely
dependent upon the reliability of the age composition and spawning history.
1f the gill net fishery should select for the larger males of the population,
then tieage composition data would contain too few smaller and younger virgin
males.

To determine whether the gill net fishery selects for females and for
larger males, the numbers of shad tagged and later recaptured during tne spring
of 1976 and 1977, were partitioned by sex and fork length and assembled in
Tables 25 and 26. ODuring 1976, of the 2,104 males tagged at the river mouth,
215 were recaptured and reported by the commercial fishery (Table 25). The

annual fishing rate (uc) for males was then computed using the following

expression:
il
C 't
e ® total numbers of fish by sex tagged at the river mouth in year t.

Accordingly, ue for males was determined as 10 percent by substiiuting the values

2104 (Ht) and 215 (r,) into the above equation. For females 2490 individuals

't
were tagged at the river mo.th, 383 of which were subsequently recaptured (Table 25).
The fishing rate \uc) for females was computad as 15 percent. The fishing rates

of 10 and 15 percent were transformed into  40:60 proportion, and then analyzed

by Chi square to determine whether the observed proportion differed significantly
from 5 50. The results revealed a significant departure fron a 50:50 proportion

favoring females (x2 = 4.00, d.Ff. = 1, P<0,05). This serves as presumptive

evidence that the gill net fishery selects for females over males.
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In 1977, 836 males and 3,959 females were tagged at the river mouth
(Table 26) ard commercial fishermen later submitted 94 male tags and 912
female tags. The fishing rates ("c) were then computed as 11 percent for
males and ¢3 percent for females. These g values were transformed into a
32-:68 proportion and then analyzed by chi square. Results for the 1977 data
showed a significant departure from a 50:50 proportion favoring females(x2 =
12.96, d.f. = 1, p<2.001). This further vindicates the findings from the
previous analysis. The fishing rates (uc) as determined from tag-recapture
data, 14576-1977, are of particular interest since they exemplify the conscious
effort by the commercial fishermen to selectively retain females over males
by almost a 2:1 ratio. Moreover, these findings are compatible with most of
the sex ratios of commercial catches given in column 4 of Table 12. By pooling
the U values by sex for the years 1976-1977 and by utilizing equation 22 (see
page ), Fc values for male and female shad were calculated as 0.1109 and
9.2107, respectively. These values are similar to those shown in Column 4 of
Table 22.

Fishing rates (uc) by sex and fork length are given in Now 4 of Tables 25
and 26. 1n 1976, 494 small males (fork length 34 - 44 cm) were tagged and 28
were later recaptured (Table 25); representing a Ue of 6 percent. In contrast,
u for males greater than 46 cm ranged from 11 - 16 percent with complete reten-
tion o.curring at lengths between 50 and 53 cm. In 1977, 208 small males (fork
jength 32 - 44 cm) were tagged, 9 of which were recaptured (Table 25), represen-
ting a u of 4 percent. For males greater than 46 cm, u. ranged from 14 to 19
percent. However, unlike the 1976 data, complete retention among male shad ap-
parently did not occur in 1977 since male Ue values at a given length are always

smaller than those for females. These data from 1976 - 1977 suggest that males
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of age group 111, IV and V (app. :imate for lengths, 35 - 46 cm) are com-
pletely retained in the drift gill nets. Accordingly, male scale samples
collected from the commercial tishery will contain a paucity of smaller and
younger virgins, and an inordinately high number of longer and older repeat

cpawners .

The U estimates for females in 1976 increase steadily with fork length

up to 49 cm; they decline slightly at 50 and 51 cm, then inc ease again from
52 to 57 cm (Table 25). Likewise in 1977, U for females increase with increas-
ing fork length up to 53 cm, and then they decline slightly thereafter (Table
26). However, unlike the males, females as small as 47 cm apprcach full re-
tention. The female data certainly suggest that girth is more important than
length for determining the extent of selection in the gill net fishery.

For the sport fishery,the higher F. values for females (Column 2, Table
24) and the presence of an approximate 50:50 sex ratio for the catches (Leggett,
1976) demonstrates that anglers also select for females. lMoreover, it is
entirely possible that during the peak of the run sport fishermen not only
celect for females, but for larger males as well. As a result, the age composi-
tion and <pawning histery for males would also contain too many repeat spawners.
When the data from both fisheries are combined, the proportion of repeat . awn-
ers is biased upward resulting in estimates of s cvival (S) which are too high,
and corresponding estimates of total mortalit' (Z) which are too low. As stated
previously, total mortality(Z)is equivalent to fishing (Ftotal) plus natural

mortality (M). The estimates of fishing mortality (F ) for males are un-

total
hrased because they were computed in a manner which 1is independent of the age

composition data. Thus it 1s the natural mortality estimates (M) which are un-
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derestimated. My suspicions regarding the inordinately low rates of natural
mortality (M) among male shad are substantiated by Whitney's (1961) findings
that mortality of Susquehanna River shad between 1958 - 1959 and between 13959 -
1960 was consistently higher for males than for females.

In contrast, age composition and spawning history data for females are far
more representative of the true para.eters of the population because most female
shad (i.e. greater than 46 cm) are fully retained in the gear employed by commercial
fishermen (Tables 25 and 26). Consequently, estimates of female survival (S)
and natural mortality (M) should be considerably more reliable than those for
males.

To further test whether non-randem sampling for age determination had
biased the male estimates of mortality and survival, a sampling method would have
to be established that was neither selective by sex nor length. A pound net set
annually at the river mouth may provide more reliable data regarding the age
structure, spawning history, and sex ratio of the shad population. Moreover, the
age structure as derived from pound net samples could be compared to those from
commercial and sport samples to confirm or refute the hypothesis that both fisheries

select for females and for larger male shad.
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RELATIONSHIP BETWEEM THE NUMBEPRS OF SHAD TRAMSPCRTED CVEP
THE HOLYOKE DAM FROK 1966 - 1977 AND ESTIMATES CF MATURAL MCRTALITY (M)

The numbers of male and female shad annually 1ifted over the Holyoke Dam
from 1966 - 1977 are illustrated with the corresponding levels of M in Figures
10 and 11. The graphs for both sexes demonstrate that the highest rate of
natural mortality (M) occurred during 1976/77 coincident with the passage of
almost 350,000 adult shad over Holyoke. To determine whether a statistically
significant relationship existed between the levels of M and the numbers of adults
1ifted at Holyoke, linear regression analysis was conducted for each sex. Results
revealed that the correlation coefficient for males (r = 0,872, t = 5.34, d.f. =
9, P 0.001) and females (r = 0.803, t = 4,04, d.f. = 9, P<N.01) was signi“icant.
The linear regression equation for males is:

M= 0.2626 + 0.00000912Xt

and for females is:
M=0.7439 + 0.0000105)(t
where M = estimated rate of instantaneous natural mortality (M)
Xy * numbers of adults by sex lifted at Holyoke during year t.
[t should be noted that both an exponential function and a power function
of the types
b

M=ae 't

and M= axtb
were also fitted to the above data, but both functions produced correlation coef-
ficients that were lower than those from linear regression analysis. Therefore,

this analysis provide presumptive evidence that natural mortality increases in

a linear function when increasing numbers of adult shad are passed over Holyoke.

This conclusion would explain the noticeable decline in the size of the shau run

from 740,000 individuals in 1976 to 64,000 repeat spawners in 1977. Vloreover,
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these results are supported by the tagging study conducted by lhitney (1961)
in the Susquehanna River. DJuring the spring of 1958 and 1959, adult shad
were tagged from above and below the Conowingo Dam to determine whether natur-
al mortality was greater for fish planted above this facility. In 1959 and
1960, fishermen recaptured some 2.5 percent of the fish tagged from below the
d4am, but only 0.3 percent of those tagged from above. As a result Uhitney
concluded that the rate of natural mortality was higher for adult shad 1ifted
over the Conowingo Dam.

Although this analysis establishes a positive association between natural
mortality and the passage of fish over Holyoke, the exact mechanism by which
adult shad perish above the dam is not well understood. Studies conducted a-
bove Holyoke (Watson, 1968, 1970; Sherer, 1974; Foote, 1976) have demonstrated
that adult mortality while ascending the fish 1ift ranged from 2.3 to 3.7 percent.
Thus, substantial mortality probably occurred after spawning because of physio-
fogical exhaustion and because the fish were unable to descend from the Holycke
facility due to entrapment by the canal system.

For the linear regression equatfons, the Y- axis intercept (Ho) is inter-
preted as the estimate of natural mortality 1f no fish had passed over Holyoke.
The (MO) values were 0.2626 and 0.7439 for males and females, respectively, (see
page 102 implying that natural mortality due to other factors (effects of the
Holyoke dam r»1d constant) is much greater among adult females. It is difficult
to assess whether these extrapolated "o values approach the true mortality rates,
or whether they are artifacts caused by random variation. BRecause age composition
data have indicated that the shad is a relatively short-lived species which rarely
exceeds age VIII, the female rmortality rate (Ho) of 0.7439 appears reasonable,

whereas the value 0.2626 for males is more likely a low estimate.
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rable 27. Prean (x), standard deviation (s _), and coefficient of variation (cv) for
the piroportion of virgin femalef from age group IV, ¥V, ana VI as determined
by scale analysis, 1965 - 1977.

Age group
v y Vi
Proportion o{_;irgins/age group 0.1€34 0.484% 0.0423
X
Standard deviation (sx) 0.0554 0.1089 0.0213
Coefficient of variation (cv) 33.9% 22.5% 50.4%
Proportion of_virgins/year class 23.7% 70.2% 6.1%

(x)
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Table 28. Calculated numbers of virgin females produced by each year class from 1940
through 1971.

(1) (2) (3) (4) (§) (6)
Female progeny produced by age group

female Iv vl Total
population

237,000 126,481 193,312
365,500 136,657 188,187
308,000 101,766 156,009
331,000 93,528 134,504
336,000 76,325 112,747
261,000 55,971 88,306
282 ,000 75,598 102,889
210,000 96,435 128,593
193,000 75,355 113,688
157,500 66,633 96,589
115,500 52,095 79,660
156,000 58,394 84,528
199,000 98,132 128,228
155,500 119,212 163,347
137 500 115,793 165,716
107,500 119,454 168,668
120,500 119,212 169,092
202,500 110,004 157,053
246,000 78,505 122,957
237,500 84,320 119,251
246,500 96,920 133,114
246,000 88,924 129,387
227,000 89,166 125,072
162,000 67,844 104,953
174,000 80,686 112,424
200 000 101,524 137,782
183,500 103,704 143,752
184,000 66,633 102,623
140,000 80,444 110,780
166,500 90,136 127,920
209,500 122,119 168,162
214,000 179,302 227,310
137,500 78,263

166 ,000

186,300

252,000

370,000

161,500

x = 32,588 136,858/

s = 9,743 33,841
1/ Average recruitment excluding the 1972 data
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approach full retention. In addition, these data suggest that age [V females

(43 - 46 cm) are incompletely recruited to the fishery, since their fishing

rates (“c) were considerably less than those from larger fish. It is doubtful
that adult males become completely liable to capture until about age VI {fork
length 49 - 52 cm) due to their smaller length and girth; thus, few ever reach age
t of full recruitment to the fishery.

Because each year's run is .rposed of virgin fish from an array of year
classes, the average age comp sition (tr) of virgin individuals must be discerned
to extrapolate progeny production back to a particular escapement, As stated
previously, due to the selective nature of the gill net fishery the .ge com-
position and spawning history data for males are suspected to contain too many
loiger and older repeat spawners, so, this analysis will he confined to age data
of females only.

The total number of female recruits produced by spawners in year t can
be determined by summing the numbers of 4, 5, and 6 year old virgins in the total
population during years t + 4, ¢ + 5, and t ¢« 6, respectively. From the spawning
history data from 1965 - 1977, the average proportions of virgin females in age
qroups IV, V and VI are tabulated in Table 27. The total female progeny return-
ing from a spawn in a given year (t) was then determined by employing the following
expression:

Pt = 0.1634 Nt s 0t 0.4846 “t + 0.0423 Mt

+5 +6
where P = total numbers of virgin females produced by year cla = t

N, + 4 = estimated numbers of adult females in year t + 4

=
+

o
"

estimated numbers of adult females in year t + 5

-
o
'

N, = estimated numbers of adult females in year t + 6§
fstimated numbers of virgin females produced by each year class from 1640~

1971 are assembled by age group in Columns 3, &, and . of 12ble 28. The accuracy
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of these estimates is predicated upon two assumptions: 1) the proportion of

4, 5 and 6 year old virgins in the annual run is similar among years; and 2)

the age composition and spawning history data for the period 1965 - 1977 are
similar to those from earlier years (1940 - 1964). As for the first assumption,
the coefficient of variation (CV) of age VI virgins is very high (50.4 percent);
but since age VI virgins comprise only about 6.1 percent of the progeny/year
class the loss in precision will be negligible (Table 27). In contrast, age

1V and V females constitute 93.9 percent of the progeny/year class, and their
(cy) values are much more acceptable at 33.9 and 22.5 percent, respectively.
Annual variations in the proportion of 4, 5 and 6 year old virgins are primarily
due to fluctuations in the year class recruitment, fishing mortality, and natural
mortality. The second assumption appears to be satisfied as no great difference
was noted between the age compositibns of females presented here and those deter-
mined during the late 1950's (Nichols and Tagatz, 1960) .

According to Column 6 Table 28, year class strength has varied during the
period 1940 - 1971. For each year class, recruitment of males and females com-
bined can be estimated by doubling female recruitment in column 6, Table 28.

The data in celumn 6 suggest that dominant year classes occurred at approximate-
ly 15 year intervals: during 1940 and 1941; from 1953 - 1956; and during 1970
and 1971. Whether this 15 year cycle in year class strengtk is a coincidence,

or whether it is the result ¢ a real periodicity in survival from egg to first
recruitment is not known.

Analyses concerning the relationships between female escapement and sub-
scquent production, and between escapement and return per Sspawner are forthcoming

in a following section of this report.
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YIELD ASSESSMENT

The use of theoretical models is now an accepted technique for determining

yteld from an exploited fish population. !Mathematical models have been developed
by various authors (principally, Thompson and 8ell, 1934; Nicker, 1945; Beverton
and Holt, 1957) to demons”“rate the theory of fishing in the computation of yield
from a given number or recruits. In most instances the yields (weight of the
catch) have been estimated at df fferent rates of fishing by maintaining the para-
meters of growth, natural mortality, and recruitment at a constant. Results of
these models are important in providing preliminary information regarding the
changes in yield with corresponding changes in fishing effort. In addition, by
manipulating the parameters of growth, natural mortality and recruitment, the model
can then furnish a more realistic appraisal of either an increase or decrease in
the present rate of fishing., The effects of fluctuations in the above parameters
have been discussed by Dickie (1973), and complex simulation models taking into
account non-equilibrium conditions have been developed by hHoth \lalter: (1969) and
Silliman (1969).

In this investigation, the model as derived by Thompson and Sell (1934)
%111 be employed to estimate the following parameters at varying rates of fishing:
1) equilibrium size of the run; 2) equilibrium catch in numbers; 3) equilibrium

vield in kg; 4) escapement to the spawning grounds; 5) proportion of repeat

spawners; 6) average weight of a fish in the catch; and 7) annual fishing rate

). Because this model was originally designed for a year-long fishery,

lu

total
some of the mathematical aspects had to be modified so as to conform with the

ceasonal nature of the commercial and sport fisheries. In this analysis the choice

0f the Thompson-Bell mode)l was somewhat arbitrary since the models as derived by
Ricker (1948) and Beverton and Holt (1957) would have served the purpose equally
well, However, due to the versatility of the Thompson-Bell model, I felt that it
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was the easiest to apply.

In the previous sections, 1 have determined by sex the parameters of
growth, mortality (fishing and natural) and recruitment. Because adult females
are economically more valuable than males, and because the estimates of their
vital parameters are suspected to be more raliable, only information relating to
female shad will be applied to the yield model .

It has already been shown (Figure 1) that fluctuations in the commercial
landings of adult shad from 1940 through 1977 are partly dependent upcn changes
in the fishing intensity as measured by the numbers of standard fishing unit days
(5FU). According to the theory of fishing (Schaefer 1954; Beverton and Holt, 1957)
this relationship between catch and fishing effort (SFU) is reflected by changes
in the age composition upon which two factors have been instrumental in balancing
the losses in stock biomass from fishing and natural causes. They are: 1) increases
in weight of the stock due to growth of the surviving individuals; and 2) additions
in weight due to recruitment from incoming year classes. FMoreover, each increase
in fishing mortality results in a series of characteristic reactions to the age
ctructure of the population which are quite unrelated to alterations in recruit-
ment. For example, in a less intense fishery, more adult shad are allowed to i:r-
\ive into the older age groups because total mortality is lower than in a nore‘iense
fishery. As a consequence, if increments in weight due to growth exceeds the loss
in numbers from natural mortality, the less intense fishery not only produces a
greater yield per unit of fishing effort, but also a greater total annual yield.
“hus, the level of fishing which would produce a maximum sustainable yield from
a fish population is dependent on the rates of growth and natural mortality.

In this section a number of theoretical tenets will be presented .2garding

the shad's age structure and spawning history, the principals of which are generally
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recognized in the study of fish population dynamics. Inree aspects of the mcdel

will be compared among ¢ifferent fishing rates: the proportion of repeat spawners,
the yield in kg, and the average weight of a female in the catch. When the age
composition of the population is considered, alterations in the rates of natural
mortality and fishing mortality produce changes in the numbers of older fish. [
shall show that the yields, proportion of repeat spawners, and average weight of
a female which have occurred in the actual statistics from 1966 - 1974, are similar
to the predicted values from the yield model.

The fundamental assumption implicit with the Thompson - Bell model as with
all models of this type is that the shad population remains in a state of dynamic
equilibrium, According to Ricker (1975), equilibrium conditions are approached
whenever fishing mortality is sufficiently constant during a long enough period
as to affect a year class throughout its exploitable 1ife. The condition of equi-
librium is synonomous to the "steady state" as interpreted by Beverton and Holt

(1957, p. 37)3 "when a population or a fishery is not in the process of

changing either in character or size; the term allows for the existence of fluctu-
ations with a periodicity of one year, and also for the year to year variations
caused by fluctuations in factors such as the annual recruitment (which for the
shad will certainly occur), previded they are not excessive".

Thus an equilibrium is here understood to mean a condition in which the weight
of fish rembved by fishing and natural causes is on the average equivalent to the
weight added through growth and recruitment. Under steady-state conditions, the
yield from a single year class throughout its fishable life is equivalent to the
yield from all year classes present during a single year. In simple terms, a fe-
male shad can either be captured by the fisheries, lost to natural causes, or

survive to the next year. The numbers of fish that die can be estimated as fun-

tions of both fishing (F) and natural (M) mortalities, and the yields in weight
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taken during the fishing season will be synoromous to the product of the catches

in numbers times the aver-ge weights. Therefo 2, the population is influenced by
slterations in the rates of growth, natural mortality, and recruitment rather than

as merely a series of increments and decrements in weight or numbers. HYaving
estimated growth and natural mortality, the female shad population can be theoretical-
ly reconstructed by age group and total yields can then be computed at various levels
of fishing mortality.

fFor any fish population, equilibrium conditions are only a reality during
short periods of a fishery, since neither total mortality nor recruitment are
likely to remain constant for very long periods. As for the shad, the assumption
of steady-state conditions during the period 1940 - 1977 is unrealistic because
total mortality has varied considerably, being high during the mid 1940's due to
heavy fishing pressure and progressively declining thereafter (Figure 1). In
addition long-term andpersistent fluctuations in virgin recruitment have occurred
which further dispells the steady-state condition (Table 28). However, during
the period 1966 - 1974 both total mortality and recruitment have been essentially
constant, so that this period of the fishery appears to approach a steady-state
condition. Certain statistics from the actual fishery (19u6 - 1974) will be com-
pared to the equilibrium values as computed from the model to determine whether
the predicted values approximate those from the actual fishery.

The application of the Thompson-Bell model requires the ful fillment of specific
assumptions relating to steady-state conditions. The validity of the results depend
upon the degree to which ihe following conditions are satisfied: 1) natural
mortality is constant from the age of recruitment to the end of the fishable 11 fe-

span; 2) natural mortality occurs during a time of year other than the ng
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season;  3) the growth rate (length and weight) follows the von Bertalanffy
expression and is age-specific but density-independent; 4) virgin recruitment
15 constant and unaffected by the size of the parent stock; and 5) age IV females
are incompletely retained in the gill nets, and thus are subjected to a fishing
mortality rate (F) that is 33 percent less than that for successive age groups.

As for the first assumption, it is not known whether natural mortality in-
creases with age, though it is strongly suspected. Accordingly, the model will
be modified later to include age-spectfic natural mortality. Regarding assumption
2, nothing is known of the seasonal pattern of natural mortality among adult females,
and 1t may be unrealistic to assume that no natural mortality occurs during the
fishing seascn. Nevertheless a fish cannot be lost to both fishing and natural
causes, and because the fishing effort is sufficiently intense during April and
Pay, natural mortality durina this period is expected to be minimal. Assumption
3 is believed to be valid since the calculated length and weight by age group as
derived from the von Bertalanffy equation agreed well with the observed data.
Though some researchers have provided evidence that density-dependent growth occurs
auring the adult phase (Anthony, 1971), most studies have showr that compensatory
growth is relegated to the early life-history stages (Beverton and Holt, 1957 ;
Beverton, 19625 Cushing, 1977). As a result, density-independent growth of adult
shad 15 a plausible assumption. The assumption that virgin recruitment is constant
and independent of parent stock nay be aporoximately true only for low and inter-
mediate rates of fishing (“total of 10 to 50 percent). For anrual rates of fishing
(Utotal) greater than 50 percent, the numbers of females escaping to the spawning
grounds may be unable to produce enougn replacements in the filial generation.
Hence, the size of the shad run under intense exploitation would inevitably decline

In successive generations resulting in a concomitant reduction in yield and in yield
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per unit effort to the sport and commercial fisheries. In the following section,
the stock-recruitment relationship will be estimated, and from this relationship
a more complex but realistic model will be developed which considers variations
in yield with corresponding changes in the size of the parent stock. Assumption
5 regarding age specific fishing mortality appears sound since according to the
mark-recapture data from 1976 - 1977 (Tables 25 and 26), most age IV females
(fork length of 42 - 47 cm) are incompletely retained by the drift gill nets.
Using the Thompson-Bell model, equilibrium yield (Y) in year (t) from the

commercial and sport fisheries combined is given by

%" z (Ryg * Agp) Uyg¥ygs (27)
rtov
where: R . * numbers of virgin females of age group (x) in year (t)
Axt = numbers of repeat spawning females of age greup (x) in year (t)
e annua)l fishing rate of age group (x) in year (t)
i‘t = average weight (kg) of age group (x) in year (t)

r = age at first recruitment (i.e. age IV female shad)

rreatest age attainable (i.e. age XI female shad).

v

From the above expression, equilibrium size of the female run (Bt) is

equivalent to

r tov s "%e

and the equililirium catch (Ct) in numbers is expressed by
Btut'
where Uy = annual fishing rate due to commercial and sport fishing in year (t).
The percrat repeat spawners (Ht) ic expressed by
. t/B
rtov '
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Table 29. Computation for the Thompson-Bell yield model! when 40,000 age IV, 90,000 age V
and 9,000 age VI virgin females enter the fishery.

— - ——

(1) (2) (3) (4) (5) (6) (7
Age croup Virgin Repeat Total run Catch in Average Yield
recruitment spawners numbers weight (kg) (kg)
1V 40,000 - 40,000 7,280 .606 11,092
v 90,000 14,716 104,716 27,121 032 55,110
vl %,000 34,860 43,860 11,360 .435 27 ,662
vii - 14,601 14,60! 3,782 .805 10,609
VIl - 4,861 4,861 1,259 N 3,549
IX - 1,618 1,618 a1s 429 1,437
X - 539 539 140 .683 516
i - 179 179 46 .901 i79
Sum of columns 71,374 210,374 51,407 111,154
Parameters used 1n the model
Age 1V A1l successive age groups
Frotal 9.20 Ftotal 0.5
“total '8.¢ Veota1 2998
p 0.8 " 0.8
4 1.00 z 1.10
36.79% 3 33.29%
Computed parameters
(1) (2) (3) (4) (6) (7) (8)
Female run Pepeat spawners Catch Yield %Repeat Usotal Av. weight Escape
210,374 71,374 51,407 111,154 34.0 158,94
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and the average weight (kg) of a female shad ("t) in the catch is obtained by the

component

y ’
t/C,

fayilibrium escapement (Pt) of female shad to the spawning grounds is expressed

by

Table 29 provides an example of the computation where 40,007 age IV, 90,000 age

V, and 9,000 age VI virgin female shad from three successive year classes simultaneous-
ly enter the Connecticut River. This level of annual virgin recruitment is similar
to the average numbers which entered the river from 1940 - 1971 (Table 28). Age IV
fish are subjected to an annual fishing rate (utotal) of 18.2 percent, shereas fish
from age V - XI are considered fully vulnerable to the gear and are taken at a rate
of 25.9 percent. The corresponding instantaneous rates (F total) of 0.20 and 0.30,
respectively, are determined by using the expression:

Fealn (1= up00q)
These levels of fishing mortality (F total) are chosen because they approach the act-
ual values during the period 1966 - 1974 (Cclumn 6, Table 22). A1l age groups sustain
losses due to natural causes at an instantaneous rate (!) of 0.8 which again is typical
of the period 1966 - 1974 (Column 3 Table 23). Instantaneous rates of total mortality
(7) are determined as 1.00 for age IV fish and 1.10 for all age groups thereafter
using the expression:

L total® ¥es
Annual surviva: rates (S) were computed as 36.79 rercent for fish of age IV and 33.29
percent for fish of ages V - XI by employing the following equation:

S = e " 2

Age-specific veijht (kg) are shown in Column 6 Table 29 and were derived previously



from the von Bertalanffy equation
e un[l- 3 RN to)] J :

The computation of the model proceeds as follows. the 40,000 age IV females
(Column 2 Table 29) are suhjected to an annual fishing rate of 18.2 percent; this
yields 7780 individuals (Column 5). The yield 11,692 kg (Column 7) is obtained by
multiplying the catch (7280) by the average weight (1.606 kg ) at age IV (Column 6).
Nf the 40,000 age IV females, 36.79 percent or 14716 individuals survive and recur
as aqe V repeat spawners (Column 3). These repeat spawners are joined by 90,000 age
V virgins (Column 2) resulting in 3 total number of 104716 age V females (Column 4).
These aar  fish are then exploited by an annual fishing rate of 25.9 percent result-
ing in a catch of 27121 individuals (Column 5). The yield of 55110 kg (Column 7) is
determined by the product of the average weight (Column 6) and the catch in numbers
((olumn §). Of the 104716 age V females, 33.29 percent or 34860 survive and recur as
age V1 repeat spawners (Column 3). These repeat spawners are joined by 9000 age VI
virgins resulting in 43860 age VI individuals (Column 4). The above calculations are
repeated for each age group up to and including age XI. The sum of Columns 3, 4, 5
and 7, respectively, provides equilibrium estimates of the following parameters: num=
ners of repeat spawners, size of the female population, catch in numbers, and yield
in kg. From these data, additiona)l parameters can be computed as follows: percent
repeat spawners, annual rate of fishing ( u totai)' average weight per female, and
the numbers of females escaping to the spawning grounds.

Fight vital parameters emperically determined are shown in the bottom row of
Table 79. Under the prescribed conditions, equilibrium size of the female run is
210,274 individuals (sum of Column & Table 29), 71374 of which are repeat spawners
(sum of Column 3). Assuming a 50:50 sex ratio, the totai run (male and females com-

bined) is estimated as 420,748 by aoubling the female population. The equilibrium



Year Size of Commercial ‘ Annual Py weii"‘ Yieldlkg Percent Humbers oOf Escapement
female and sport fishing of female in weight  § repeat repeat
run atch 1n rate (kg SPaw’
numbers J e
+ 0'1!
1966 183,500 62,813 34. 1.829 114 ,88¢ 51. 93,58¢% 120,687
1967 184, 51,295 27.9 1.887 96,794 46.0 £4,640 132,70¢
1968 140,000 40,163 28.7 1.935 77,715 23.0 32,200 39 ,837
1569 166,5 51,742 31.1 1.863 96,395 30 49,950 114,758
1970 209,500 49,501 23.6 - - 33.0 69,135 159,999
1971 214,000 53,893 25.2 - - 27.0 57,780 160,107
1972 137,500 34,647 25.2 2.113 73,209 27.0 37,125 102,853
1973 166,000 47,512 28.6 2.180 103,576 46.0 76,360 118,488
1974 186,000 45,747 24.6 2.250 102.931 31.8 59,148 140,253
Mean
value 176,333 48,590 27.8 2.008 95,072 35.0 62,214 127,743
Standard
dev. 26,819 8,087 3.4 0.169 14,780 10.1 Wil 22,280
Expected values
Mean 210,374 1,407 24.4 2.162 111,154 34.0 71,374 158,967
¢ Percent difference between computed anc expected
% Diff- =-16.2 -515 +13.9 e 7.1 -74.5 -2.9 -12.9 -19.6
erence
Av Ij“f'fﬂr(v'v‘."(d - H‘

Standard deviation 10 6°
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Table 30 Continued

1/ Commercial landings were adjusted by Chi square analysis

2/ = catch in numbers/size of female run

utotal
3/ Av. weight (kg) = yield (kg)/catch in numbers

4/ Percent of repeat spawners were from Leggett (1976, Table 128, p. 206)




Table 31. A comparison between the age composit
<had from the actual fishery, 1966 -

Thompson-Bell model.

jon and spawning history of female
1574, and those derived from the

rJrAge

Actual‘/

Age v v vl Vil VIII IX X X1

% age composition 16.5 45.4 23.0 7.6 2.8 0.6 0.1 -

* repeat spawners 0.0 13.0 79.2 97.8 100.0 100.0 100.0 -

virgin spawners 100.0 87.0 20.8 Lit 0.0 0.0 0.0 -

Projected?’

v v VI VIl VIII IX X X1

Numbers 40,000 104,716 43,860 14,601 4,861 1618 539 179
' age composition 19.0 49.8 20.8 6.9 - 0.8 0.3 0.1
repeat spawners 0.9 14.1 79.5 100.0 100.0 100.0 100.0 100.0
virgin spawners 100.0 85.9 20.5 0.0 0.0 0.0 0.0 0.0

1/ Age compcsition and spawning history 196

126, and 129).

-
4

/ Age composition and spawning history were

121

6 - 1973 taken from Leggett (1976, Tables

determined from columns 3 and 4, Table 29,



Catch in numbers 15 51407 female shad (sum of colum 5), and the equilibrium yield is
111,154 kg (sum of Column 7). The percent repeat spawners is estimated as 34.0 percent

hy dividing the numbers of repeat spawners (71374) by the size of the female run (210,374).
The annual fishing mortality of 24.4 percent is computed by dividing the catch (51407)

by the size of the run (210,374). Average weight of a female shad in the catch (2.162

kg) is resolved by dividing the yield in weight (111,154 kg) by the catch (51407) in
numbers . Eccapement of females (158,967) to the spawning grounds is determined by sub-
tracting the catch (51407) from the run of females (210,374).

The predicted parameters are compared to those from the actual fishery from 196€ -
1974 in Tahle 30. The observed and expected parameters are strikingly similar, the act-
ual values being on the average B.1 percent lower than the predicted values. Thus, the
yield model appears to explain much of the changes which have occurred in the fishery
from 1066 through 1974, The theoretical age composition and spawning history computed
from (olumns 3 and 4 of Table 29 are also shown with the average values from 1966 - 1974
(Table 31). The theoretical age structure is very similar to that determined from scale
analysis  for the period 1966-1974. This suggest that the levels of fishing (F) and
natural mortality ™) chosen for the model realistically reflect the reduction in num-
bhers of the shad population,

The results of the above example demonstrate that the proposed yield model provides
gotimate. of key parameters which are recognizable in the actual statistics. There is
little doubt but that the theory behind this model corresponds sufficiently to the actual
pracesses occurring in the adult shad population, and that the model will reflect the
trancitory effects of fishing upon the shad population. The small dissimilarity observed
Letween actual and predicted values was certainly expected since the actual parameters
of qrowth, natural mortality, and recruitment vary annually due to many factors which
are not yot fully understood. Moreover, the manner in which these factors influence a

aatural population 15 unlikely to be as simple as that applied in the present model.
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v.Je 32. Estimates of yieldl/ and other parameters using the Thompson- Bell model at various fishing rates with
natural mortality held constant (I' = 0.4).

(2) (3) (a) (5) (6) (7) (8) (9) (10) (1) (12)

Fishing Size of Catch in FEscapement * repeat Yield kg Av weight Yield/ Yield/ Yield
effort female numbers spawners per female effort yield efficiency
(SFU) run (kg) ma x

Ytotal

.09 ’ 41l 345,200 31,600 313,600 a 77,800 2.462 .293

.19 868 307,300 53,400 253,900 : 127,400 . 386 480
.27 1,233 278,400 69,000 209,400 " 160,300 604
.37 1,689 256,100 80,700 175,400 x 183,200 .690
.46 2,100 238,600 89,600 149,000 . 199,300
.69 3,151 208,600 104,700 103,900 " 224,700
92 X 4,201 189,600 114,100 75,500 - 238,500
.14 ! 5,205 176,800 120,400 56,400 . 247,300
5 74° 6,164 167,900 124,800 43,100 ; 253,200

A7 B3° 8,082 156,600 130,400 26,200 A 259,800

OOOOOOOOQOO

.21 89 10,091 150,000 133,600 16,400 . 263 ,400
.66 93 12,146 146 ,100 135,500 10,600 . 265,400

—
.

values rounded to the nearest hundred

denotes the fishing rates which produce an optimium yield per SFUY
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Table 33. Estimates of yleYdI/ and other parameters using the Thompsor-Bell model at various fishing -ates with
natural mortality held constant (!* = 0.8

(1) (2) (3) (4) (5) (€) (7) (8) (9) (10) (1) Q2)
Ftota] %ta) f.shing Size of Catch in Escapement * repeat Yield kg Av weight Yield/ VYield/ Yield
et ‘ort female numbers spawners cer female effort yield efficien
aty) run {kg) max
0.09 g 411 234,700 21,100 213,600 40.9 47,000 2.227 114 0.181 20.63
0.19 17% 868 221,400 37,800 183,600 37.3 83,000 2.196 96 0.320 30.72
0.27 24° 1,233 210,400 51,400 159,000 34.9 111,200 2.163 90 0.429 38.el
0.37 31* 1,689 201,300 62,600 138.700 31.1 133,700 2.136 79 0.51€ 40.76
0.46 37% 2,100 193,700 71,800 121,900 28.2 151,700 2.113 72 0.585 42.12 *
0.69 50° 3,151 179,500 89,400 90,100 22.6 185,100 2.070 59 0.714 42.13 *
0.92 60% 4,201 169,600 101,400 68,200 18.1 206,900 2.040 43 0.79¢ 139.15
1.14 68" 5,205 162,500 110,000 52,500 14.5 222,000 2.018 43 0.857 36.85
1.35 74 6,164 157,300 116,600 40,700 11.6 233,200 2.000 38 0.900 34.20
1.77 83> 8,082 150,400 125,000 25,400 7.6 247,300 1.978 k) 0.954 29.57
2.2 89* 10,091 146,300 130,100 16,200 5.0 255,500 1.964 25 0.98 24.65
2.66 93 17,146 143,100 132,600 10,500 2.9 259,100 1.954 21 1.000 21.00
1/

values rounded to the nearest hundred

** denotes the fishing rates which produce an optimium yield per SFU
125



1
Table 34, Estimate of ,19Y1‘/ and other parameters using the Thompson-Bell model at variocus fishing rates with

natural mortality held constant (P = 1.4).

LA

e

LAl

M (2 (3) (1) (5) 6 () (8) (@) ()  (an  (2)
Ftotal Yeotal Fishing Size of Catch in Escapement * repeat Yield kg Av weight  Yield/ Y?eld/ Yield
effort female numbers spawners per female effort yield efficiency
(SFL) run (kg) max.
0.09 9% 411 179,300 15,800 161,500 22.5 33,200 2.089 80 0.129 10.32
0.19 17% 868 174 ,900 29,400 145,500 20.5 60,900 2.0M 70 0.238 16.66
0.27 241 1,233 171,000 41,200 129,800 18.7 84,700 2.056 69 0.331 22 .84
0.37 31% 1,689 167,620 51,600 116,020 17.1 105,500 2.045 62 0.413 25.61
0.46 37% 2,100 164,700 60,500 104,200 15.6 123,100 2.035 59 0.481 28.38
0.69 50% 3,151 158,800 78,500 80,300 12.5 158,200 2.015 50 0.619 30.95
0.92 60 4,201 154,400 91,800 62,600 10.0 1R3,700 2.001 a4 0.718 31.59
1.14 68% 5,205 151,100 102,000 49,100 8.0 202,700 1.987 39 0.793 30.93
1.35 74% 6,164 148,600 109,800 38,800 6.4 217,200 1.978 35 0.849 29.72
1.77 831 8,082 145,100 120,400 24,700 4. 236,600 1.965 29 0.925% 26.83
2.21 89% 10,091 142,900 127,000 15,900 2.7 248,500 1.957 25 0.972 24.30
2.66 93% 12,146 141,600 131,100 10,500 1.8 255,700 1.950 21 1.000 21.00

1/ Values rounced to the r2arest hundred

b denotg the fishing rates which produce an optimum yiel(! r SFU




The eight parameters previously described were estimated using the model 2+
three levels of natural mortality (M = 0.4, 0.8, 1.4), each in combination with various
rates of fishing mortality (F from 0.09 to 2.66). An M of 0.4 was chosen for comparative
purposes to determine the relationship between yield and a decline in natural mortality.
An ¥ of 0.8 was selected because it was typical of the level which actually occurred from
1966 through 1974, whereas an M of 1.4 approaches the level which occurred concurrent with
substantial spawning in the Holyoke pool during the period 1975 - 1977. The model was em-
ployed to determine equilibrium yields from the commercial and sport fisheries combined.
Although 1t may be more realistic to determine yield from each fishery separately, a model
specifically concerned with the sport fishery would be difficult to develop, since accurate
information rejatis ) to the selective properties of the sport fishery is presently unavail-
able. For the present purposes, size selectivity of the sport fishery was assumed similiar
tnthat of the commercial fishery. Futher details regarding the rodel are presented in
L,ppendYx
vecause the issumption regarding constant natural mortality (M) may be suspect, two
1posr.ihzlv'wa were explored concerning the trend in natural mortality with age. These are:
Lase 1, where natural mortality (1) is constant for all age groups; and Case 2, where ! is
constant for ages IV through VI, and then it is allowed to increase by 25 percent for each

age group thereafter,

Results

(a) Case 1 - constant natural mortality (M)

Results of the anaiysis under the prescribed conditioi s are shown in Tables 32-34.
The relationship between yield in tgand fishing mortality (F) at the three levels of natural
mortality (M) are graphically portrayed in Figure 12. According to Tables 32 - 34, the pro-

rtion of repeat spawners (Column 7), catch in numbers (Column 5), average weight of an in-

dividual fish (Column ), and total yield (Column B) are always greatest at the low rate of
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mortality (0.4). This occurs because at an I of 0.4, more female shad are able to survive
and grow into the older age groups. However, at high rates of fishing (F = 7,92 to 2.66), _
the yields (Figure 12) tend to converge regardless of natural mortality.

The fishing effort in standard fishing units (SFU) wac determined for each level of

fishing mortality (F ,) examined (Column 1, Tables 32-34) by assuming that the best nom-

tota
inal units of fishing effort are proportional to fishing mortality such that:
F = pn

where p

catchability coefficient (constant)

"

n = total fishing effort (SFU).

In a previous section (see page 27),the average catchability coefficient (3) was es-
timated as 0.000175 for both sexes rombined. However, because this analysis deals only
with female shad, and because females are subjected to a higher rate of fishirg mortality
than are males, the catchability coefficient (p) was recalculated so as to conform with
the female fishing mortality (F). According to €olumn 1 of Table 24, average Fc values
for males and females is 0.1624 and 0.2722, respectively, resulting in an Fc value of
0. 2171 for both sexes combined. The catchability coefficient (0.000219) for females was
then estimated using the following expression:

(0.2722) (0.000175)/70.2173 = 0.000219
The estimates of fishing effort (Column 3 Tables 32-34) were computed by dividing the F
salucs (Column 1) by the catchability coefficient (0.000219). Of course, the catchability
coefficient (0.000213) computed here pertains only to the commercial fishery, so that it
is somewhat unrealistic to use this value for determining effort for both fisheries. Hever-
theless, because a catchability coefficient is presently unattainable for the sport fishery,
an because the sport catch comprises only about 10 percent of the total annual catch, I
foit for simplicity and without undue error that the value 0.000219 can be employed to de-
termine relative effort for both fisheries.

For any species, the shape of the yield curve will vary depending upon the estimated
rates of growth (K of von Bertalanffy) and natural mortality (¥). When natural mortality
(M) exceeds growth (K), the curve relating yield to fishing mortality (F) is asymptotic in
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which above fairly low levels of fishing, further increases in F produce only
marginal gains in yield. Conversely. when growth (K) exceeds natural mortality (M),
the yreld curve is dome-shaped with a well defined maximum yield at low levels of
fishing. Because the natural mortality rates employed here (M = 0.4. 0.8, 1.4)

are considerably greater than the computed growth rate (K = 0.1937), the three yield
curves (Figure 12) are asymptotic without a clearly defined maximum. As a result,
maximum sustainable yield cannot be determined directly from the yield curve. In
fact, the asymptotic shape of the curves gives the superficial impression that
fishing mortality (F) can be increased to high levels without any reduction in
equilibrium yield. VYet such an interpretation would be not only erroneous, but

also dangerous to the very survival of the shad population because the assumption
that virgin recruitment is independent of parent stock may be invalid at high
fishing rates. For example, at an M of 0.8 (Table 33), if aanual fishing mortality
(Utotal) was increased to 74 percent (Colums 2), only about 40,700 females (Column 6)
would escape to spawn annually. It is doubtful that 40,700 females could produce
enough progeny to sustain the total yield (Column 8) and the yield per effort
(Column 10) at the predicted 'evels.

Due to the inherent limitations of the model, a yield efficiency coefficient
was determined in lieu of the maximum sustainable yield. The highest value (as
denoted by double asterisks in Column 12, Tables 32 - 34) is defined as the optimum
yield per expenditure of fishing effort (SFU). It 1s computed by multiplying the
yreld (kg) per effort (Column 10) times the ratio of the equilibrium yield to the
maximum yield (Column 11). Although certain authors (principally, Christy and Scott,
1965) have suggested that the optimum yield should be based on the maximum net
economic yield (the difference between the economic and social value of the catch
and the cost of catching it), a strict economic definition has its own disadvantages

because the net economic yield will depend upon the market price of the fish and
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the cost of fishing which is known to vary within and among years. Thus, a

strict economic definition for optimum yield fails to provide a fixed reference
point for determining an appropriate level of fishing effort.

At an M of 0.4, optimal yields are obtained at rates of fishing (F) ranging
from 0.27 to 0.37; thece correspond to fishing efforts ranging from 1233 to
1689 SFU (Column 12, "able 32). At an M of 0.8, opt il yields occur at (F)
ranging from 0.46 to 0.69 (Table 33). But at the highest rate of natural mortality
(1.4) examined (Table 34), optimum yields are attained at much higher rates of
fishing (0.69 to 1.18). This occurs because fewer female shad survive into the
older age groups (ages VII - VIII) due to high natural mortality. Thus from the
commercial fishermen's standpoint, it is more profitable to expend more effort in
the fishery when natural mortality is high. Yet from a management standpcint,
these high rates of fishing (F = 0.69 to 1.14) may reduce tre parent stock to
dangeroutly low levels. Thus under conditions of high natural mortality (M of 1.4
or greater), fishing effort should be restrained below the levels which produce
an optimal yield to ensure an adequate female stock. Maintaining effort (SFU)
at levels no higher than 1233 SFU allows 129,800 females (Column 6, Table 34) to
spawn annually and would be consistent with the above management strategy.

According to Tables 32 - 34 and Figure 12, as naturz! mortality (M) increases,
equilibrium yield to both fisheries declines regardless of the fishing rate (F).
furthermore, at the present rate of fishing (F = 0.27), when natural mortality (M)
increases from 0.8 to 1.4 (Column 8, Tables 33 and 34), equilibtrium yield declines
from 111,200 kg to 84,700 kg (a 23 percent decline). These reductions in long-term
yield should occur as a result of the following alterations in the shad population:
1) decline in the percent of repeat spawners from 34.0 nercent to below 19 percent
(Column 7, Tables 33 and 38); 2) decrease in the average weight (kg) of a female

shad from 2.163 kg to 2.056 kg (Column 9, Tables 33 and 34); 3) reduction in the w,
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Table 35. Estimates of yield ' and other parameters using the Thompson-Bell model at various fishing rates with
natural mortality increasing by 25 percent for age VIl females and onward (M = 0.4].

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10} (1) (12)

Il ! a ! ) . .
Ftotal Uy otal Fishing Size of Catch in Escapement ¥ repeat VYield kg Av.weight Yield/ Yield/ Optimal

effort female numbhers spawners per female effort yield efficiency
(SFU) run (kg) max.

0.09 9% an 327,700 30,000 297,700 57.7 71,800 2.3NM 175 0.270 47.25
0.19 17% 868 296,200 51,300 244,500 53.4 129,100 2.341 138 0.452 62.38
0.27 24% 1,233 271,200 67,100 204,100 48.8 153,800 2.292 125 0.579 72 .38**
0.37 33 1,689 251,500 79,300 172,200 434.8 178,100 2.246 105 2.67 70.46%*
0.46 372 2,100 235,900 88,200 147,700 41 .1 195,070 2.2 33 0.734 68.26
0.69 50% 3,151 207,500 104,700 103,300 33.0 222,800 2.138 n n.839 59.57
0.92 60% 4,201 189,200 113,800 75,400 26.5 237,600 2.008 S 0.895 51.02
1.14 68% 5,205 176,800 120,200 56 ,600 21.4 246,600 2.052 47 0.929 43.66
1.35 742 6,164 168,000 124,700 43,300 17 2 252,700 2.026 a1 0.952 39.03
1.77 83% 8,082 156,700 130,300 26,400 11.3 259,800 1.994 32 0.979 31.33
2.21 891% 10,091 150,100 133,500 16,600 7.4 263,400 1.973 26 0.992 25.79
2.66 93% 12,146 146,200 135,500 10,700 4.9 265,500 1.959 22 1.000 22.00

1/ values rcunded to the nearest hundred.

** denotes the fishing rates which produce an optimum yield per SFU
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Table 36. fFstimates of yield ' and other parameters using the Thompson-3ell model at various fishing rates with
natural mortality increasing by 25 percent for age VI females and onward (M = 0.8).

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (1) (12)

Ftotal Ysotal Fishing Size of Catch in Escapement % repeat Yield kg Av. weight Yield/ V!eld/ Optil

effort female numbers spawners per female effort yield effic

(SFu) run (kg) max.

0.09 9% 411 229,900 20,700 209,200 39.5 45,600 2.203 m 0.175 19.43
0.19 17% 868 278,200 37,100 181,100 36.3 80,800 2.178 93 0.310 28.83
0.27 242 1,233 208,100 50,800 157,300 33.2 109,100 2.148 88 0.419 36.87
0.37 31% 1,689 199,700 62,200 137,500 30.4 132,200 2.125 18 0.508 39.62
0.46 37% 2,100 192,800 71,300 121,500 27.9 150,203 2.107 n 0.577 40.97
0.69 50% 3,151 179,100 89,100 90,007 22.4 124,300 2.06R8 58 0.708 41.06
0.92 60% 4,201 169,400 101,300 68,100 18.0 206,500 2.038 49 0.793 38.86
1.14 68% 5,205 162,500 110,000 52,500 14.5 221,800 2.016 43 0.852 36.04
1.35 74% 6,164 157,300 116,500 40,800 n.7 233,020 2.000 38 0.895 34.01
1.77 831 8,082 150,500 125,000 25,500 7.6 247,200 1.978 3N 0.950 29.45
2.2] 891 10,091 146,300 130,100 6,200 5.0 255,400 1.963 25 0981 24.52
2.66 93% 12,146 143,800 133,200 10,600 3.3 260,300 1.954 21 1.000 21.0C

1/ values rounded to the nearest hundred
*+ denotes the fishing rates which produce an optimum yield per SFu
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Table 37. Estimates of yield / and other parameters using the Thompson-Bell model at various fishing rates
with natural mortality increasing by 25 percent for age VI females and onward (M = 1.4).

(1) (2) (3) (44 (s) (6) (7) (8) (9) (10) (1) (12}

Ftotal Us otal Fishing Size of Catch in Escapement % repeat Yield kg Av.weight Yield/ Yield/ Optimal

effort female numbers spawners per female effort yield efficiency
(SFU) run (kg) max.

4an 178,500 15,800 162,700 . 32,700 . 0.128
868 174,300 29,200 145,100 . 60,400 0.236
1,233 170,600 41,130 129,500 . 84,400 : 0.330
1,689 167,300 51,500 115,800 . 105,.00 % 0.412

2.100 164,500 60,200 104,300 . 122,500 .479

3,151 158,700 78,400 80,300 . 158,000 .618

4,201 154,400 91 80O 62,600 . 183,600 .78

6,164 148,600 109,700 38,900 : 217,000 .849

8,082 145,000 120,300 24,700 . 236,400 .425

0
0
0
5,205 151,100 101,900 493,200 202,500 . 2.792
0
0
0

10,09 143,000 127,000 16,000 " 248,300 9N

12,146 141,600 137,100 10,400 . 255,600 ' 1.000

1/ values rounded to the nearest hundred
** denotes the fishing rates which produce an optimun yield per SFU
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Figure 13. Eguilibrium yield (kg) at various combinations of fishing (F)
and natura) mortalities (M increases in magnitude by 25% for
age VII and onward).
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wmbers of older and heavier females (age VII and VI1I) owing to high natural mortality:
and 4) overall reduction in the size of the female populetion from 210,400 to 171,000
individuals (Column 4),

Of course, these predictions are valid only 1f spawning in the Holyoke pool
from 1975 and onward does not increase progeny production beyond historical levels
(1940 - 1971). Though the above condition is possible, it is more 1ikely that
substantial spawning from above the Holyoke Dam will result in greater recruitment
in future generations, and that the predicted loss in yield of 23 percent should be
mitigated accordingly. In the following sectfon, an analysis is conducted to determine
the relationshio between equilibrium yield and hypothetical increases in pri-eny
production due to spawning in the Holyoke poo!l.
b) Case 2 - increase in natural mortality with age

Following the same procedures as used in Case 1, we now examine the second
05s51bility, namely, that natural mortality (1) increases by 25 percent for each
age group following age VI. Tables 35 - 37 show the estimates or the eight key
parameters at di fferent combinations of fishing (F from 0.09 to 2.66) and natural
mortality (M = 0.4, 0.8, and 1.4) However, unlike Case 1, the M values applied
here are actually greater than those as stated above since the fish from age VII
and older are reduced from natural causes more quickly. As a result, the proportions
of repeat spawners (Column 7), catch in numbers (Column 5), average weights of individual
fish (Column 9), and equilibrium yields (Column 8) are somewhat smaller than those
from Case | (Tables 32 - 34). PResults from Case 2 also demonstrate that as natural
mortality increases, equilibrium yields (Column B) and yield per effort (Column 10)
should decline regardless of fishing rate (F). Though the yields are slightly smaller
than those from Case 1, the optimum yields (Column 12) occur at the same fishing rates.

Figure 13 reveals the relationship between equilibrium yield (kg) and fishing
orta.ity (F) at each of three levels of . The curves are almost identical to those
from Case | (Figure 12), and we note again that no maximum yield is discernable from

the curves.
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At the present rate of fishing (F = 0.27), results from Case 2 show that
pquilibrium yields from both fisheries should decline from 109,100 kg to 84,400 kg
(Column #, Tables 36 and 37) with an increase in natural mortality from 0.8 to
. 4 (a 73 percent reduction). The rmode)! also indicates (Tables 36 and 37) that
the following parameters of the population should decline: 1) repeat spawners from
13.2 to 18.5 percent; 2) average weight per fish from 2.148 kg to 2.054 kg; and
3) the size of the female population from 208,100 to 170,600 individuals.

After examining the relationship between equlibrium yield and fishing mortality
(Figures 12 and 13), it is apparently immaterial which of the two assumptions
concerning natural mortality (Case 1 of 2) fs employed. Both analyses lead to the
same conclusion that an increase in natural mortality (") will result in substantial
losses in yield unless progeny production emanating from the Holyoke pool enhances
virgin recruitment beyond the historical levels (1940 - 1971).

Because the results of this analysis are consistent with our present knowledge
regarding the theory of fishing, the application of the Thompson-Bell model to estimate
equilibrium yield sppears justified. As mentioned earlier, the yields and all other
parameters computed are valid only at low and intermediate rates of fishing (F 0.09
to 0.63) since yields at higher fishing levels could not be sustained in future
generations due to reductions in both the parent stock and recruftment. Moreover,
| should reemphasize that the conclusions from this model apply to steady state con-
ditions which assume among other things that virgin recruitment, growth, and natural
mortality remain constant, or if variable only moderately so and without trend, Though
the level of virgin recruitment was essentially constant from 1966 - 1974, this
condition has clearly not prevailed during the period 1940 - 1977. Indeed variations
in virgin recruitment have occurred, and the factors which influence progeny survival

should be examined before management strategies are contemnlated.

136



STOCK-RECRUITMENT AND DENS1TY-DEPENDENCE

In the previous section, the use of the Thompson-Bell model for computing
equilibrium yield assumes that virgin recruitment is constant and maintained by
relatively low egg production. Though fish populations in general, and Connecticut
piver shad in particular, exhibit variations in year class abundance, it is generally
true that fish populations maintain themselves within relatively narrow limits.

This is remarkable, especially after considering that many teleost fishes have

the potential for producing tremendous numbers of progeny due to their high fecundity,
which is quite unprecedented among other vertebrates. Thus stable recruitment even

at low pecent stock can occur only if survival of larvae and juveniles is inversely
related to the size of the parent eta-%. Pccordingly, some type of compensatory
mechanism must become opera’ ive when stock abundance is below or above some critical
level. This mechanism has been referred to as density-dependent mortality (Micholson,
1954). In any natural population, the processes governing growth and mortality

must act in a compensatory manner if the population i< to remain within reasonable
limits; that is, neither proceeding toward extinction nor completely overrunning

its habitat. For marine and anadromous fishes, certain investigators (Gulland, 1965;
Hempel, 1965; Dragesund and Nakken, 1971; Cushing, 1974, Daan, 1975) have reported
that compensatory limits on abundance and growth occur during the larval and juvenile
stages. Once a fish has matured to the adolescent and adult stages, it is commonly
believed that natural mortality no longer varies with density (Beverton, 1962;
Cushing, 1977). For this reason, the problem of density-dependence is concerned

only with the size of the spawning stock and the resultant progeny, a fixed proportion
of which become adults in the filial generation under average environmental conditions.

An important aspect in management of Connecticut River shad is the close

requlation of fishing effort to ensure that enough adult shad reach the spawning
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Table 38, CEstimates of the total run of females, adjustec commercial catches, adjusted
sport catches, female parent stock (P), and female recruitment (R), 1940
through 1971,

(1) (2) (3) (4) (5)
. : (2] 1/ R
fear Initial Adjusted Adjusted Female Fstimated
population commercial sport escapement female
of females catch catch recruitment
(female) (female)

1940 273,000 55,901 5,149 211,950 193,312
ram 365,500 73,107 7,980 284,413 188,187
1942 308,000 64,556 6,277 237,167 156,009
1943 331,000 94,225 7,585 229,190 134,504
1944 336,000 125,050 11,321 199,629 112,747
1545 261,000 129,869 7,856 123,275 R8,306
1946 282,000 176,142 5,102 100,756 102,889
1947 210,000 128,713 6,148 75,139 128,502
1948 193,000 102,366 4,337 86,297 113,688
1949 157,500 77,316 5,312 74,872 9€,589
1950 115,500 46,986 3,946 64,568 79,660
14951 156 ,000 60,714 5,943 R9,343 84,528
1952 199,000 74,092 4,860 120,048 128,228
1953 155,500 75,522 6,207 73,7N 163,347
1954 137,500 56,130 a.2n 77,099 165,716
1955 107,500 42,430 6,278 58,792 168,668
195¢ 120,500 40 ,6P4 6,342 73,474 169,092
1957 202,500 53,930 10,698 137,872 157,083
1958 246,000 82,080 12,457 151,463 122,957
1959 237,500 73,381 14,762 149,357 119,251
1460 246,500 84,379 7,905 154,216 133,141
1961 246,000 91,609 5,074 149,317 129,287
196¢ 227,000 82,275 9,877 134,848 125,072
1963 162,000 60,987 ‘6,585 R4 ,428 104 ,953
1964 174,000 53,604 19,401 100,995 112,424
1964 200,000 60,391 9,942 129,667 T 17,782
1966 183,500 51,467 11,346 120,687 143,752
1967 184,000 42,522 8,763 132,705 108,623
1968 140,000 33,025 7,138 99,837 110,780
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Table 32 continued

(1) (2) (3) (4) (5)
Year Initial Adjusted Adjusted Femate '/ Fstimated
population commercial sport escapement female
of females catch catch recruitment
(female) (female)
1969 166,500 45 "33 6,409 114,758 127,920
1970 209,500 43,534 5,967 159,999 168,162
1971 214,000 45,578 8,315 160,107 227,310

|/ Female escapement = initial population of females - (commercial and sport catches).
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grounds. This objective can be attained only after we obtain a more thorough under-
standing of the shad's stock-recruitment relatifonship. In practice, the relationship
between escapement of adults and subsequent recruitment in the next generation is
not constant, but may be highly variable. This variation is due to a combination
of biotic (predation, interspecific and intraspecific competition for food,
territoriality) and abiotic (water temperature, discharge rates) factors. At present,
owing to our superficial knowledge regarding the growth and mortality of post-larval
and juvenile shad, it is impossible to arrive at a conclusion as to which of the
above factors are most influencial.

One form of the stock-recruitment relationship has been developed by Ricker
(1954):

. pea(l.’/pr) (27)

where P = numbers of recruits

n

P = numbers of spawners
a = constant from the regression of P on loge (R/P)
Pr = constant from the regression of P on loge (R/Q),
and another by Beverton and Holt (1957):
R = 7apes (28)

nurbers of recruits

where R
P = numbers of spawners

a = constant from the regression of P on °/P

"

8 = constant from the regression of P on P/R.

However, it should be emphasized that these models are simply two members of a
general family of extinction curves that have been developed to analyze reproduction
in fish populations

Both models will be fitted to the parent stock and recruitment data from 1940

through 1971 (Table ). Virgin recruitment (Column 5) was computed previously
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(see page 108 ), whereas parent stock (Column 4) was determined by subtracting

the adjusted commercial (Column 2) and sport catches (Column 3) from the initial
population of females (Column 1). Leggett (1976) found that the total sport

catch was on the average 2.327 jreater than that from the Enfield area. Thus,

the sport catches from Enfield (Connecticut Department of Environmental Protection,
unpublished data) were multiplied by 2.327 so as to provide an estimate of the

tota) sport catch. The parent-progeny relationship shown here is in equivalent
units (number of mature female shad). This technique is somewhat of a compromise,
and may be considered by some as not the most effective approach, since progeny
production may relate more to adult biomass and fecundity than to adult numbers.
Yot . these alternative techniques also have their limitations, because stock biomass
and average fecundity will themselves change with corresponding alterations in the
age composition and spawning history,particularly in response to fishing and natural
mortality. Thus,! contend that stock numbers will provide an adequate representation
of stock-recruitment.

A curve of the Ricker mode)! (equation 27) was obtained by fitting a linear
regression to 109, (R/P) against P (Column 4 Table 38). [lurther deiails of this
computation are presented in Appendix 2. The empirical curve of stock-recruitment
using the Ricker model is illustrated (dotted 1ine) in Figure 14. The mathematical
expression for computing recruitment is
R 990.8586(1—P/162).

The correlation coetficient (r = 0.754) for the Picker model was significant
(t = 6.29, d.f. = 30, p<0.001), indicating that the observed data was well approxi-
mated by the empiricsl expression.

A reproductive curve of the Beverton-Holt type (equation 28) was obtained by

regressing P/N against P (see Appendix 3). The empirical curve is presented (solid
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(P) Mature progeny (females x 1000)
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Figure 14. Emperical curves of stock-recruitment using both the
Ricker (-=---) and Beverton-Holt ( ) models,
1940 - 1971,
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line) 'n figure 14, and the model when fully developed i

p = 1/(0.00488 + 0.2981/P).
The correlation coefficient ( r = 0.803) of the regression was also significant
(t = 7.38, d.f. = 30, p<0.001).

Because the parent-progeny relationship developed from either model is depicted

in equivalent units (rnumbers of mature females), it is justified to draw a 45°

transfer line in Figure 14 to determine surplus production. Recruitment above
this line is in excess of that req.ired to replace the parent stock, and this
surplus represents the number of female shad which can be harvested if the shad
run is maintained at an equilibrium. For a single-age stock like that of the

Pacific salmon, where the 45° transfer line intersects the curve, the stock will

just replace itself in the absence of fishing. However, in a multi-age stock like
that of the American shad, annual variations in adult natural mortality (M) will
produce deviations in the replacement level. Moreover, the presence of repeat
spawners will influence not only the position of the replacement stock, but also
the amplitude of the reproductive curves and the amount of surplus production that
could be harvested annually. For example, 1f repeat spawners comprise on the average
30 percent of the run, the total run in the filial generation will be 30 percent
greater than that predicted by the model. As a result, maximum sustainable yield
cannot be computed directly from the reproductive curves in Figure 14 without
additional information regarding repeat spawning rates and natural mortality rates.
It should be pointed out, however, that the general shape of the reproductive
curve is unaffected by the presence of repeat spawners, because the curve is thought
to be species specific and related to the fecundity of the stock (Cushing, 1971).
Using the parameters of the Ricker model, Cushing and Harris (1973) compared the
stock-recruitment relationship for the cod, Gadus morhua; and for certain species

of salmon, herring, and flatfish. They concluded that related species have very
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similar reproductive curves, and that the dome of the curve becomes higher as
average fecundity increases. For example, the cod, being a highly fecund fish
with an gva capacity in the order of 7 - 10 million eggs per fema' =2, was shown

to have the highest dome, whereas, the calmon species, wit: an average female
fecundity of between 3 and 6 thousand ova, were fou.d to have the lowest. In
addition, they examined the reproductive curves for the Atlantic herring, Clupea
harengus, and Pacific herring, C. pailasi and reported that both species had
moderately low-domed reproductive curves with (a) values ranging from 0.45 to
1.06. The (a) value (0.8586) computed here for the “.erican shad, is well within
the range of values determined for other clupeids thereby substantiating the findings
by Cushing and Harris (1973) that reproductive curves are similar among related
species.

In spite of the fact that the empirical curves for the shad cannot provide
direct estimates of optimal escapement and maximum sustainable yield, a ciose
examination of these curves is justified because they do show some interesting
contraste and sfmilarities. According to the Beverton-Holt curve (Figure 14),
progeny production in the succeeding generation begins to level off as the numbers
of female spawners ecxceed about 125,000. In addition, when parent stock is less
than the theoretical replacement level (145,000 spawners), recruitment never
exceeds the replacement level. Assuring no repeat spawners, maximum surplus
production of recruits occurs at the greatest vertical distance between the 45°
line and the empirical curve (as indicated by the solid vertical line in Figure 14).
Thus a female stock of about 60,000 individuals will produce about 100,000 virgin
females in the filial generation resulting in a surplus yield of some 40,000 virgin
females annually. However, if female escaoement drops to below 50,000 individuals,

recruitment in the next generation would decline rapidly as evidenced by the steep
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ascending limb of the curve. The dome-shaped curve for the Ricker model (Figure 14)
shows that recruitment reaches a maximum at about 160,000 spawners then declines
trerpafter with increases in spawner abundance. Assuming no repeat spawners,
maximum surpius of recruits is attained by a female spawning stocx of about 80,000
individuals (as indicated by the dotted vertical line in Figure 14) which produces
about 125,000 virgin females in the filial generation resulting in a surplus yield
of about 45,000 virgin females annually. However, if the female spawning stock
declines to a level below 70,000 females, virgin recruitment in the next generation
wiuld diminish rapidly.

fs mentioned previously, variations in year class strength supporting the
American shad fishery have occurred in the Coraecticut River. VYear classes 1740
and 194 appeared to be strongers than those for subsequent years (Column 5, Table 38).
In fact, year class recruitment became progressi.ely weaker from 1942 - 1952 followed
by a resurgence in recruitment from 1953 - 1957. Fxcept for year classes 1970 and
1971, cohorts from 1958 and onward can be characterized as of moderate strength.
This illustrates the great importance attached to virgin recruitment as a variable
in the formation of the shad stock, and in developing a biological foundation for
fishery regulations,

Due to the fact that virgin females comprise between 70 and B0 percent of the
female run annually, variations in the magnitude of the run is clearly traced to
deviations in virgin recruitment which is (nought to be influenced by one or a
combination of two factors. One is density-dependent mortality (competition for
food, predation, territoriality) which increase in dimensions as the numbers of
ova, larvae and juveniles increase. The other is density-independent mortality
(random climatic and environmenta., factors - water temperature, discharge rates,
precipitation, etc.) which is thought to reduce the progeny numbers regardle:s

of density. The results of the stock-recruitment analysis for the Connecticut Piver
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Tatle 39. Juvenile catch/effort for year classes 1966 - 1972 and the numbers of
age V virgin females occurrine in the run five years later.

Year class Juvenile catch/effort‘/ Age V fenileszl

(x) (x+5)

1966 R.7 103,704
1967 9.1 66,663
1968 3.6 80,444
1969 7.9 90,136
1970 11.6 122,119
1971 30.9 179,302
1972 2.5 78,263

| /After Marcy (1976, Table 97, page 159)

2/ Taken from Column 4, Table 28.
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linear dependence of larval abundance on parent stock, and an asymptotic one of
subsequent recruitment upon larval abundance. In this study, similar evidence
exists for Connecticut River shad. Catch/effort data of juvenile shad from below
Holyoke for the 1966 - 1972 year classes (after Marcy, 1976, Table 97, page 159) and
the estimated numbers of Age V females occurring five years later are shown in
Table 39, These data were fitted by linear regression (Figure 16) and the results
revealed a positive correlation (r = 0.924) which was highly significant (t = 5.40,
d. f. =5, p <0.01). This finding clearly suggests that variations in juvenile
abundance is closely associated with fluctuations in the numbers of virgin females
of the same year class; thus, year class formation appears to occur during or before
the juvenile stage.

The density-dependence thesis for Connecticut River shad is further supported
by the ratic between the strongest (1971) and weakest (1950) year class (column 5,
Table 38). Year classes 1971 and 1950 are estimated in terms of female virgin-
as 227,30 and 79,660, respectively, resulting in a ratio in the order of 2.8:1.
This ratio 15 relatively small and suggests that the mechanism controlling year
class strength is surprisingly stable. The importance of this has to be considered
in relation to the total mortality rate (Z) occurring from egqg to virgin recruitment
Depend'ng on ovarian weight, an Age V female shad will produce annually from 200,000
to 280,000 ova (Leggett, 1969). Assuming no repeat spawners, for the shad run
to replace itself in the filial generation, each female would need to generate two
adults {one male and one female) out of say 220,000 ova. Owing to the relatively
nigh fecundity of a female shad, the population certainly possesses the potential
of producing millions of recruits in the next generation. Consequently, the
instantaneous rate of total mortality (Z) from egg to virgin recruitment must not

only be high, but very stable to account for the minor variations in year class
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Table 40 fExample showing the changes in female virgin recruitment with a 10 and 20
percent alteration in total mortality (Z) from ova to virgin recruitment.

During 1970, some 160,000 females (Column 4, Table 38) produced approximately
16#,200 virgin females (Column 5, Table 38). Assuming an average female fecundity
of 220,000 ova, total egg production in 1970 was 3.52 x 10'° ova (i.e. 220,000 ova
x 167,000 females). Survival (S) from ova to virgin recruitment was:

0.000048 = 168200/3_52 2 ]010 ove.

The instantaneous total mortality (Z) from ova to recruitment is:

12.25 = -1n(0.0000048).

Change in Z 2z Survival (S)]/ Numbers of virgin femaleszl
+10% 13.48 0.0000014 49,780
-10% 11.03 0.0000162 570,240
+20" 14.70 0.0000004 14,080
-20% 9.80 0.0000555 1,953,600
1/5=e?’

10

2/ Numbers of virgin females = 5(3.52 x 10~ ova)
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abundance. This is best illustrated by an example. According to Column 4 of Table

40, some 160,000 acdult females in 1970 had produced approximately 168,200 virgin fe-
males in the next generation. Assuming that the average fecundity of a female is
220,000 ova, total ova production during 1970 was 3.52 x 1010 (i.e. 220,000 x 160,000).
A-cordingly, female survival from ova to recruitment is:

0.0000048 = 168200/3 g5 | 1410

10
or approximately one virgin female per 22C,000 ova. In this example, the instantaneous
rate of total mortality (Z) was computed as

12.25 = 1n 0.0000048.
If 2 (12.25) was to vary annually by ¥ 10 percent (11.03 to 13.48), the ratio of
virgin female production would be about 11.6:1; that is 570,240 virgin females
are produced with a 10 per-ent reduction in Z, and 49,280 when Z is increased by
0 percent (Table 40). Moreover, fluctuation in Z of t+ 20 percent resu'ts in an
astronomical ratio of 138.8:1. It follows that deviations in natural mortality (Z)
in the order of 10 to 20 percent would generate dynamic fluctuations ir year class
strength, the magnitude of which is certainly not manifested in the observed data
(Column 5, Table 38). Due to the relatively high fecundity of Connecticut River
shad, the population produces ova greatly in excess of the ultimate recruitment to
the adult stock. This suggests the occurrence of very high egg and larval mortality
rates. Thus the factors affecting mortality from hatching to virgin recruitment
whatever they may be must occur regularly and with monotonous precision. If the
requlation of year class abundance was due primarily to climatic factors, the adult
shad population would then be expected to exhibit erratic oscillations in abundance,
since these factors are believed to reduce the population regardless of density.
fven 1f we assume for a moment that c!im&tic factors do directly influence recruitment,
it 1s difficult to comprehend the manner in which these factors confer stability to
a fish poputacion. It is more difficult to understand how a declining population

could ever recover to its former levels, if year class strength is controlled by
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- random processes.

Though the available evidence is circumstantial, the formation of year class
sbundance in Connecticut River shad appears to occur during or before the juvenile
s age. ‘latural mortality between hatching and virgin recruitient was shown to be
high, yet the variance of recruitment to the shad stock was relatively low. This
certainly implies that a compensatory mechanism must exist to stabilize recruitment
at the observed levels.

Because shad are broadcast spawners, neither territoriality nor the competition
for nesting sites can be considered as valid factors in the regulation of recruit-
ment. In addition, predation by piscivorous fishes and invertebrates, as well as
intraspecific competition for food are known to regulate numbers in a density-dependent
manner.

for predation to be solely responsible in controlling year class strength,
one must imagine a chain of predators each appearing in sufficient numbers and
at the right moment to reduce the ova, larvae and juveniles at the rate of about
5 to 10 percent per day. This could occur only if the abundance of predators
was instantaneously linked to the number of prey. Such a mechanism nowever, 1S
unrealistic since there is usually a time lag between increases in predator abundance
to that of their prey.

The second factor, intraspecific competition for food, in combination with
predation appears to provide a more workable hypothesis. In the first place,
large numbers of female spawners are expected to produce dense concentrations
of larvae. following yolk sac absorption, these larvae will require an i‘mmediate
cource of zooplankton. Thus, the degree of intraspecific competition may be a
function of the larval and zooplankton densities. When larval abundance is high,
competition for food may be severe enough to either eliminatc larvae outright,

or greatly weaken them 50 that they become more vulnerable to predation.
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Because shad larvae grow rapidly, and because they can do little but drift
in the current, their mortality rutes are thought to be high. If the regulation
of numbers is a density-dependent process, then the only simple 1ink between
larval mortality and growth is the availability of food. Thus, intraspecific
competition for food during the post-larval drift (following yolk sac absorption)
may be the primarv mechanism that determines year class strength in the shad
population. The duration of the so-called “"critical period" (Hjort, 1926) may
last for a few days, or until the post-larvae have fully metamorphosed into the
Juvenile stage.

[f the zooplankton production cycle, the source of post-larval food, deviates
randomly in periodicity, amplitude and duration, the shad should spawn at some
time 11terval near the height of the production cycle. In an evolutionary sense,
the American shad may have developed into a spring spawner to take advantage of
the spring production cycle. In a given year, highest survival of larvae and
the strongest year-classes may be produced by the best match of shad larvae and
that of their food. Conversely a mismatch between the production cycles would
generate greater competition for food and poorer survival of larvae. Therefore,
according to the hypothesis presented herein, variations in year class strength
are primarily a function of intraspecific competition for food during the post-
larval drift, the magnitude of which is modu'ated by a match or mismatch of the
larval production cycle to that of their food.

in most temperate lakes and rivers, spring maxima generally occur among
crustacean zooplankton and in particular among cladocerans (Birge, 1898; Brooks,
1946 ; Greenburg, 1964; Hall, 1964; Cummins et al., 1969; Cramer and Marzolf, 1979).
According to Hall (1964), abrupt increases in cladoceran abundance during late
spring are believed to reflect a food-limited system in which phytoplankton

become abundant due to increases in the concentration of nitrogen and phesphorous it

154




Herbivorous cladocerans
grazing extensively
rate apparent
arkedly increase
plankton, c cladoceran abundance ensue

cladoceran an

addam, Connectic
the major spawning areas, th

iod

ten times greater than tha

Afeo 1 ¢ rin that
\fter considering tha

learly much stronger than
in the amplitude of the

rmatio




regard.ng growth and mortality of larvae are assumed true. Firstly, it is

assumed that larval growth rates are genetically predetermined and thus are
unalterable. Mortality will then occur whenever the post-larvae fail to obtain
enough food to sustain this innate growth rate. This postulate is an essential
element to this hypothesis, since during the post-larval stage, intraspecific
competition for zooplankton must somehow result in substantial mortality either
from starvation or predation. Although I have been unable to locate any published
accounts conclusively demonstrating that larval growth is genetically predetermined,
or that post-larvae actually starve in the natural environment, observations by
various researchers are at least consistent with this postulate. For instance,
Blaxter (1971) determined the condition factor (Fulton's coefficient) for Atlantic

herring larvae, Clupea harengus, taken from the wild, and compared them to herring

larvae hel s in aquaria for a few days at various zooplankton densities. He found
that the condition factors for most wild larvae greater than 12 mm. (post-larvae)
wore most similar to those kept in a starvation state. This implies that many

larvae in the natural cystem may actually starve to death. Further support comes

from a study by Riley (1966' who kept larval plaice, Pleuronectes platessa, in

aquaria with low zooplankton densities. After a few days, he reported that many
larvae became progressively more deformed as they approached metamorphosis

suggesting that post-larvae maintained at low food abundance may be sufficiently
weakened as *o become more vulnerable to predation. 0'Connell and Raymont (1970)

examined the mortality of anchovy (Engraulis mordax) larvae during the first 12

days of life at various food densities and found containers of larvae receiving
1000 copepod nauplii/l/day or less showed drastic mortality on the 6th and 7¢
days after hatching, while containers receiving 4000 nauplii i/day or more showed
no such trend. Thus, 0'Connell andgRaymont concluded that food concentration

could influence larval survival and ultimately year ¢.ass strength of the anchovy.
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Furthermore, Lasker et 3l. (1970) examined the effect of delayed feeding on

the survival of newly hatched anchovy (E. mordax) larvae. They found that feeding
could be delayed up to 1.5 days after yolk sac absorption without enhancing mortality.
Yet a delay of 2.5 days resulted in catastrophic mortality even if food were mzde ‘
available.

As opposed to larval growth, juveniie growtnh is believed to be density-dependent |
and whenever a juvenile shad fails to procure sufficient food it simply grows more
slowly. This is reasonable because juveniles are mobile, possess a much greater
searching capability, and thus possess more omnivorous food habits than the larvae.
Hence, mortality resulting from starvation is not expected to occur during the
juvenile stage. Unlike the previous pcstulate regarding larval and post-larval
growth, compensatory growth of juvenile shad is much less speculative. For
example, given in Figure 17 is the relationship between the average fork lengths (mm) |
of juvenile shad collected during October form above the Holyoke dam, and the size
of the parent stock annually transported over Holyoke from 1965 - 1976 (Dr. Roger
Peed, personal communication). Linear regression analysis was performed to
determine whether an association existed between juvenile length and the abundance
of adult shad. Results revealed a significant inverse correlation (r = -0.797, }
t =417, d4.f. =10, p <0.01); that is, as the parent stock annually passed at
“alyoke increased in abundance, the ‘verage fork length of juveniles measured
in October diminished in size. This illustrates that juvenile growth rates are
inversely proportional to their density suggesting some type of growth compensation.

Secondly, zocplankton organisms are distributed in patches (Hutchinson, 1961;
Cassie, 1963) so that some larvae encounter a multitude of food while others obtain
much les., and die either from starvation or from predation. Thirdly, an individual

larvae will spend only a short length of time within a given patch of zooplankton.
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This 15 because both the larvae and zooplankton will be continuously changing
their position in space and time, so that few post-larvie and early juveniles
obtain enough food for survival to full juvenile status. Llastly, climatic faztors
are expected to influence year class strength by directly affecting the perio“icity
and amplitude of the spring pulse of algae and zooplankton. Thus an apparent

positive correlation between mean June water temperature and year class strength

would be censtrued here not as a cause and effect relationship, but rather as evidence

of an indirect casual connection; the real dependent variable being the algal
and/or zooplankton production cycles. In other words, year class strength is in-

directly dependent on conditions in the external environment during the transition

to active feeding by the post-larval shad. Thus, fluctuations in the biomass of the

zooplanktor community are considered here as being directly related to algal pro-

duction, the water temperature regime, the force and direction of current, and to

other yet unknown processes affecting the interaction beiween air and water.
In addition to intraspecific competition for food during the post-larval dri ft,

predation of juvenile shad may also be important in determining year class strength.

For example, let us suppose that most chad larvae exhaust their yolk sac near the

peak of the zooplankton production cycle. Under these conditions, more larvae would

survive to full juvenile status. But because juvenile abundance is high, intraspecific

competition for food should be magnified, thus resulting in a compensatory deciine

in growth rate. As a consequence, these slower-growing juveniles would be subjected

to a greater rate of predation, since they are exposed longer to a predator's range
of interest. Conversely, if larvae reabsord their yolk sac near the end of the

production cycle, intraspecific competition for food would be greater, and fewer

larvae would survive to the juvenile stage. These surviving juveniles would be

exposed to less intraspecific competition for food, and thus would grow more rapidly

and suffer less predation.




predation of juveniles is viewed here as a subsidiary mechanism in the
stabilization of year class abundance. This is because the intensity of predation
upon juvenile shad will vary not only as a function of prey growth and abundances,
tut as a function of predator abundance as well. During certain years, when
predator abundance is low, density-dependent predation on juveniles may oe a minor
source of regulation,

In summary, the density-dependent mechanism proposed here is a two-fold
process: first, the progeny are drastically reduced during the post-larval drift
by intraspecifir competition for zooplankton. The growth rate of larvae is rapid
and assumed to be genetically pre-determined. Thus post-larval shad suffer mortality
whenever they fail to acquire enough food to sustain their innate growth rate.
Secondly, compensatory growth during the juvenile stage arises from competition
for food, but density-dependent mortality is mainly the result of predation.
Density-dependent mortality in the form of predation should decline with age,
because as the juveniles grow to the adult stage, they become vulnerable only to
the larger and less numerous predators. Furthermore, the development of dominant
year classes (i.e. 1971) is probably a random chance phenomenon; this occurs when-
ever the larval shad exhaust their yolk sac near the peak of the zooplankton production
cycle. Moreover, variation in the amplitude, periodicity and duration of the zoo-
plankton production cycle are most 1ikely influenced by climatic factors (i.e. water
temperature, precipitation, discharge rates etc.)

This theory is biologically attractive because it provides, at the very least,
a working hypothesis, as to the mannar in which density-dependent mortality could
occur in a broadcast spawner such as the American shad. In addition, it offers
an explanation of how climatic and environmental factors can influence year class

strength.
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Because of the obvious importance of recruitment to the size of the annual
shad run, a ciearer understanding of the stock-recruitment relationship is of
critical importance to -yccess ful managment of the Connecticut Piver shad. Due
to the apparent complexity among the bigtic an abijotic factors associated with
the formation of year class recruitment, | contend that a great dea)l more research
will be required before the theory of stock-recruitment becomes as useful to
fishery management as the theory of equilibrium yield. Hhot only are the processes
enormously complex, but the data base regarding post-larval food habits and
juvenile growth and mortality rates are either non-existent or very fragmentary.
For Connecticut River shad, these major deficiencies are partly due to the inherent
problems in obtaining unbiased estimates of ova and larval abundance, and partly
due to an unwillingness 1o alter our present research emphasis from the adult to
the sub-adult stages. Problems in obtaining quantitative estimates of shad ova
occur because adult shad are known to spawn after dusk so that the distribution of
eggs in the water column may change dramatically between day and night sampies.

As for the larvae, sampling problems will occur due to net avoidance, di fferential
clogging of the plankton nets, and to a protracted spawning season. In addition,
the distribution pattern of shad larvae may also exhibit some form of diel variation.

To comprehend the density-dependent mechanism for the American shad or for
any other species, it may become necessary to embark into fascinating depths of
fundamental physiology. ecology, and other aspects of biology. Furthermore, the
relationship between post-larval abundance and zooplankton density are considered
as amo)g the least stable, yet perhaps the most decisive process determining year
class strength in the shad population, and the dynamics of this relationship
ought to be extensively examined in future research. Hence more information is
needed on the biology of the algal and zooplankton communities in the Connecticut
River, as well as on the chemical and physical variables which influence the spring

production cycle, even though such research has been traditionally outside the
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The foregoing has necessitated the development of a self-regenerating model
based upon the mathematical elements of both the Ricker stock-recruitment and the
Thompson-Cel) yield models. The new model is essentially an equilibrium yield type
with variable recruitment, and is very similar to the one developed by Beverton and
Holt (1957). The self-regenerating model provides, in my judgement, a more realistic
appraisal of the stock's fate during many generations and under various levels of
fishing mortality, since it attempts to relate escapement and subsequent recruitment
to fishing intensity. This interrelationship has long been recognized as decisive
in problems of fisheries exploitation.

Following the Thompson-Bell model, the new model incorporates size specific
fiching (F) mortality, constant or age specific natural (M) mortality, and age
specific growth. The underlying assumptions implicit to the self-regenerating model
are also the same as those for the Thompson-Bell model (see page 114)with one notable
exception; that is, the magnitude of female recruitment (R) in the filial generation
is no longer constant, but varies according to the size of the parent stock (P). From
the previous section, the emperical relationship between stock and recruitment was

computed using the Ricker equation as:
p - pel-B8586 (1-P/162),
and for the Beverton-Yol!t type as:
R = '/(0.00488 + 0.2981/P.
The P value in the above expressions refers to the spawning stock of females and R
symholizes the production of virgin females 4, 5 and 6 years later. Because each
year's run is composed of virgins from three year classes, the numbers of virgin
females (R) emanating from a particular year class were assumed to be sexually mature
at the following proportions: 23.7 percent at age IV, 70.2 percent at age V and 6.}

percent at age VI. These percentages were used because they are identical to the
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average values as determined from age compositon data from 1966 - 1977 (Table 27},
Though either the Beverton-Holt or the Ricker reproduction models are easily in-
corporated nto the self-regenerating model, the Ricker type was employed in the
forthcoming analyses because I believe that it's dome-shaped curve better exemplifies
the consequences of density dependent recruitment,

The self-regenerating model is designed to examine changes in the equilibrium
<ize of the female run, equilibrium yield (kg), equilibrium catch in numbers,
average weight (kg) of a female shad, percent of repeat spawners, and the equilibrium
escapement of female shad at various combinations of natural (*) and fishing (F)
mortality during a specified number of generations. Because most female shad
attain sexual maturity at age V, the duratfon of each generation was adjudged to
be about 5 years. Thus, for any combination of F and ¥, 5 generations is equivalent
to about 25 years.

The computation begins by using the Thompson-Bell model to determine the eight
equilibrium parameters (see pagell5) at a particular rate of fisting (F) and natural
(M) mortality. The equilibrium escapement of female shad (Pt) is *hen substituted

into the Ricker stock-recruitment expression
R=Pe 0.8586 (1 - pt/‘62)

to produce the numbers of mature virgin females (R) to the next generation. The R
value is multiplied by the proportions 0.237, 0.702, and 0.061 to obtain the numbers
of virgin females at ages Iv, vV, and VI respectively. The age-specific levels

(R,, - R, ) of recruitment are reentered into the Thompson-Sell mode) (equation 27)

v vl
and the new estimates of the equilibrium parameters are obtained in generation 1.

The level of female escapement (Pt) as determined in generation 1 is again reentered

into the stock-recruitment model yielding the numbers of virgin female recruits in
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Figure 18. Flow diagram depicting the various biological processes of the self-regene

~ating model.



generation 2. In the following analyses, the model 1is permitted to continue through
a number of generations either until the size of the shad run and yield reach an
equilibrium, or until these parameters approach extinction., The entire program

for the model is presented in Appendix 4 , and the various biological processes

are illustrated by a flow diagram in Figure 18.

U-e of the model is illustrated for four scenarios. The first: equilibrium
yield is computed at various combinations of fishing mortality (F from 0.09 to 2.33)
each at three levels of natural mortality (v =0.4, 0.8, and 1.4). The parameters
of the Ricker reproductive curve were maintained at the historical (1940 - 1971)
level (a = 0.8586, Pr = 162). This scenario depicts the shad fishery from 1940 - 1971
and is identical to that previously evaluated using the Thompson-Bell model (Tables 32
- 37).

The second scenario examines the potential consequences on equilibrium yield
of a 50 percent increase ia virgin recruitment during the 1980's due to spawning
in the Holyoke pool from 1975 and thereafter. Fishing mortality (F) was allowed
to vary from 0.09 to 2.33 at a natural mortality rate (M) of 2.0. The higher level
of adult natural mortality was employed to reflect substantial post-spawning
mortality resulting from entrapment in the canal systems at Holyoke. This is
reasonable since from 1975 - 1978 approximately 25 to 60 percent of the parent
stock had been transported over Holyoke and since down-stream migrant facilities
were not in operation during that period. A 50 percent increase in female recruit-
ment beyond historical levels (1940 - 1971) was achieved by adjusting the parameters
of the Ricker equation (a = 1.2648, Pr = 238.6). For further details refer to
Appendix S .

The third scenario is based on the same circumstances as the second except

that virgin recruitment is now allowed to expand by 100 percent beyond historical
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Table 41.

Estimates of key parameters (Columns 5 through 14)

natural mortality (1 = 0.4).

for the shad population at various leveis of fishing (F) and at a constant rate of

() (2) (3) (a) (5 (6) (7) (8) () (10) (11) (12) (3)  (a)
Initial Sumder of Yeotal F total Percent of Predicted size VYield in Ay, weight Yield in “quilibrium Fishing Yield Yiels/ Optirum
escapewent  generatfons g repeat of female run vumbers of fish kg escapement effort T yield yield

spawners (kg) (SFU) at effort wmax coef-
F ficient
total
313,600 2 9 0.09 60.0 348,800 32,300 2.492 80,500 316,500 411 19¢ 0.33? 66.4
253,990 4 17 0.19 54.8 333,200 58,500 2.410 140,900 274,700 868 162 0.595 9% .4
209,400 4 24 0.27 50.0 317,%0 79,600 2.343 186,407 238,400 1,233 151 nes 1)
175,490 2 3 0.37 4.8 281,400 100,000 2.315 231,500 181,400 1,689 137 0.977 13>
149,000 3 3 0.46 41.6 279,300 105,800 2.241 237,%0 173,500 2,100 113 1.0 1.0
103,930 2 50 0.69 33.1 211,500 107,220 2.1l 231,500 104,300 3,151 1 0.277 n.a
75,500 10 60 0.92 26.3 113,900 69,100 2.107 155,700 44,800 4,201 3 0.€15 21.8
* maximum sustainable yleld
'
** optimum yleld per SFU
.
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Table 4. Estimates of key parameters (Columns S through 14) for the shad population at various levels of fishing (F) and at a constant rate of
natural mortality (M = 0.8).
(1 (2) (3) (9 (5) (6) (7 (r) (9 (10) (1) 2 3 (1
Initial Nuster of Yeotal F““‘ percent of Predicted size Yield in Ave. weight Yield in tquilibrium Fishing VYield field/ Moiimum
escapement  g2nerations S 0” ren repeat of female run numbe rs of fish ky escapement effort (kg)/ yield vield
EE spawners (kg) (SFU) effort  max. coeffi-

at clent
'tota‘

213,600 * 9 0.0% 40.9 266,900 24,90 2.245 54,400 242 ,600 411 132 316 8.7

183,600 k] 17 0.19 ra 258,500 44,700 2.208 38,600 213,90 R&R 114 512 65.2

159,000 3 24 0.27 33.8 247,500 61,100 z2.An 133,100 186,400 1,233 1ca 1 £y .4

138,600 4 3 0.37 30.8 233,700 73,500 2.151 158 ,100 160,200 1,689 94 e S

121,%00 3 37 0.46 28.1 216,100 8(,000 2.129 172,300 135,200 2,100 82 1.000 82.0*

90,100 5 50 0.69 22.3 157,800 79,400 2.086 165,700 78,400 3,151 53 .92 51.0

68,200 15 60 0.92 17.8 66,200 40,000 2.056 82,200 26,200 4,201 20 A7 9.5

* maximum sustainable yleld

** optimum yield per SFU
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a constart rate of

** optimum yield per SFU

maxioum sustainable yleld

170

Table 43. fstimates of key parameters (Columns 5 through 14} for the shad population at various levels of fishing (F) and at
natural mortality (¥ = i .4).
() (2) (3) (4) (5) (6) (n (®) (9) (10) (iy (2 0w (18)
Initial Number of Yootal 'uul Percent of Predicted size VYield in Ave. weight Yield in fquilibrium Fishing Yield Yield/ Coptirum
escapement generations o repeat  of female run  numbers of fish kg. escapesent  effort (kg) yleld  yield
spawners (kg) (SFU)  rporr ™% coefli-
at cient
'totll
163,800 2 9 0.09 22.4 211,200 18,900 2.098 29,700 192,300 411 97 309 3.0
145,500 2 17 0.19 20.5 204,300 34,800 2.085 72 ,600 169,500 868 84 566 a.5
129.%00 k] 24 0.27 18.6 195,600 47,700 2.072 98,900 147,900 1.233 RO m 61.7
116,000 K} 3 0.37 17.0 183,300 57,100 2.060 117,700 126 200 1,689 70 918 64.3%*
104,200 k1 0.46 15.5 168,200 62,500 2.050 128,200 105,600 2,100 61 000 §1.9*
80,400 9 S0 0.69 12.3 113,500 56,700 2.032 115,300 56,700 3,188 » 899 3.3
62,600 20 60 0.92 - - .o .- -- .- 4,201 - -- .-
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generate substantial reductions in both the size of the female run (Column 6] y
and equilibrium yield (Column 9) within 10 to 15 generations at natural mortality
rates (M) of 0.4 and 0.8 (Tables 4) and 42). But at a natural mortality rate of
1.4 (Table 43), the parent stock of females is unable to produce enough recruits
to replace the losses at a fishing rate of 60 percent (4201 SFU) due to substantial
reduction in the numbers of repeat spawners. As a consequence, the shad run
(column 6) and equilibrium yield (Column 9) should proceed enexorably toward zero
after some 20 generations. Any increases in fishing to levels greater than 60
percent (4201 SFU) would eventually reduce the shad population to extinction re-
gardless of the natural mortality rate. In reality fishing effort would be likely
to stabilize at some level less than 4201 SFU since the economic constraints of
increasing costs of fishing effort per unit catch should force many commercial
fishermen either to leave the fishery outright, or tu greatly curtatl their efforts,
In addition, an alarming decline in yield and in the size of the run would provoke
the management authority into some type of conservation measure,

At the pre 1975 ievel of natural mortality (M=0.8, Table 42), the results clear-

ly suggest that an annual fishing rate [u ]) in excess of 50 percen: (3151 SFu)

tota
would reduce nct only the size of the parent stock (column 6), but perhaps the rerro-
ductive capacity of the shad population as well., For instance, by annuzlly removing
better than 50 percent of the adult females, the population fecundity would be diminish-
ed resulting in a lower probability of good recruitment. A decline in virgin recruit-
ment could ensue in successive generations due to intensive fishing in combination with
less than optimal conditions (both bfotic and abiotic) prevailing in the river during
post-larval and juvenile development. These findings are of particular interest, since
they support my previous contention (see pages 35 ) that heavy fishing pressure during

the period 1745-1949 was at least partially instrumental in reducing the size of the

skad runs from 1950 - 1955 (Figure 1). Though recruitment failure resulting from over-

exploitation has not been conclusively demonstrated for any fish population, results
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from various investigations on marine clupeids are at least consistent with this
hypothesis. For example, Murphy (1966) used graphic illustrations and sho.ad that
the California sardine, Sardinops caerulea, collapsed during the 1950's coincident
with heavy fishing. VYokoto (1951) showed similar results for the Japanese sardine,

Sardinops melanosticta. In the North Sea, Cushing and Bridger (1966) reported that

the Atlantic herring, Clupea narengus, declined in abundance under heavy fishing
pressure from 1955 - 1965. Aside from being clupeids, all of the above fishes are
also similar to American shad in that they are fast-growing and short-lived species
with low-domed reproductive curves (Cushing, 1973). This suggests that clupeid
fiches are parti-ularly vulnerable to recruitment overfishing.

At the present rate of fishing (24 percent) and with increases ‘n natural mor-
tality from 0.8 to 1.4, equilibrium yield (Column 9 Tables 42 and 43) to both the
commercial and sport fisheries should decline from 133,100 kg to 98900 kg. This will
ensue as a result of the following alterations in the shad population: 1) reduction
in the percentage of repeat spawners (Column 5) from 33.8 to 18.6 percent; 2) decline
in the equilibrium size of the female run (Column 6) from about 247,500 to 196,600 in-
dividuais; and 3) decline in the average weight of a female shad (Column 8) from 2.177
to 2.072 kg. These estimates could become a reality unless the passage of spawners
over the Holyoke Dam produces additional numbers of recruits to offset the loss of
repeat spawners. Hence, the results of this analysis presents us with the important
conclusion that equilibrium yield to the commercial and sport fisheries will decline
in magnitude as natural mortality of adult shad increases in dimension.

Though the maximum sustainable yield occurs at a fishing rate of 37 percent
(2100 SFU), optimum yield per SFU is achieved by annually harvesting ubout 31 percent
(1689 SFU) of the female run (Tables 41-43). This occurs at all three leveis of natural
mortality examined (M = 0.4, 0.8, and 1.4). This estimate is smaller than those pre-

viously derived from the Thompson-Bell model (Tables 3237 )which exemplifies the dan-

ger of using a simple yield model to formulate management policies without knowledge

of the stock-recruitment relationship.
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[f the natural mortality rate had been maintained at levels less than 0.8

(Table 42) commercial fishing effort could have been expanded from the present
levels of between 1050 aa 1200 SFU to approximately 1689 SFU without undue harm
to the shad population. Such a modest expansion of the fishery could have been
sccomplished by permitting the commercial fishermen to harvest shad for six
nights a week rather than for five. This would allow the sport fishery to harvest
about 5 percent of the females, and the commercial fishery Setween 25 and 30
percent, resulting in a sustainable yield of about 158,100 kg (Column 9) and
an equilibrium escapement of 160,200 females (Column 10).

it should be noted, however, that the determination of an optimum fishing
strategy for Connecticut River shad is presently confounded by the marked reduction
in the numbers of repeat spawners during 1976 and 1977. According to this analysis,
an increase in natural mortality from 0.8 to 1.4 will generate a 27 percent decline
'n equilibrium escapement from 160,200 to 126,270 females (Column 19, Tables 42
and 43). Since natural mortality of adult shad has increased in dimension during
the period 1974 - 1977 presubably due to substantial spawning from above the Holyoke
Pam, 1t would be prudent not to expand commercial fishing effort beyond the present
tevels of between 1050 and 1200 SFU unti) it fs clearly shown that virgin recruitment
during the 1980's has greatly exceeded the historical (1940 - 1971) estimates.
™is would ensure an equilibrium escapement of some 147,900 females (Column 10,
fable 43) and a sustainable yield (Column 9) of 98,900 kg. Using this management
strategy, any apparent reductions in recruitment during the 1980's could not be
ittributed to excessive fishing.
Scenario 2 - 50 percent increase in recruftment at M of 2.0.

As mentioned previously, this scenario presupposes that virgin recruitment

will expand by S0 percent relative during the 1980's as a consequence of substantial

“pawning from above the Holyoke Dam from 1975 - 1978, The computed parameters for
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Table 34, Estimates of key parameters (Column 5 through 14) for tne shad population at various levels of fishing (F) and at a constant rate of
natural mortality (M = 2.0); virgin recruitment increased by 50 percent.
" @ o (4 (5) (6) (n (8) (9) (10) () 02y () (e

o Rt Gy Sesmeer  Pefandet vl e DS Sk rimies: St el

spawners (SFu)at  effort max. coeffici
Frotar

217,000 Al 9 0.09 12.3 269,900 24,000 2.04} 48,900 245 .900 an 1a 202 240

195,700 3 7 0.19 1.3 272,600 46,200 2.034 94,000 226,200 468 108 380 420

176,800 2 24 ‘ 0.27 10.3 272,900 66 ,300 2.027 134,400 206,700 1,233 109 .556 60.6

159,900 2 3 0.37 $.3 271,400 84,000 2.022 169,700 187,400 1,689 100 J02 0.2

144,500 3 37 0.46 8.5 267,200 98,800 2.017 199,300 168,400 2,100 95 L8268 78.3™

113,700 3 S0 0.69 6.8 242,000 120,600 2.006 241,900 121,400 3,151 ” 1.000 77.0*

89,800 5 60 0.92 5.4 192,900 115,700 1.997 231,100 77,200 4,201 55 .95 S2.5

71,300 12 68 1.14 4.3 105,500 71,700 1.990 142,800 33,700 5,205 F .590 15.9

* maximuym sustainable yield

** optimum yleld per SFU
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this scenario are depicted in Columns 1 through 14 of Table 44. Results reveal
that a 50 percent increase in adult progeny production will modify the fishing
rate (Column 3) that produces MSY (denoted by a single asterisk) from 37 percent
(2100 SFU) to 50 percent (3151 SFU) due to sfzeable increases in virgin recruit-
ment , [n addition, by intensifying the le 21 of fishing to 50 percent (4201 SFU),
equilibrium yield (Column 9) remains close to that at MSY, but both tne female run
(Column 6) and equilibrium escapement (Column 10) exhibit a drastic decline in
abundance with n 5 generations. By annually harvesting some 68 percent (5205 SFU)
of the female run, the shad population (Column 6), equilibrium yield (Column 9), and
equilibrium escapement (Column 10) shculd dwindle to dangerously low levels within
about 12 generations, and if the fishing rate (Column 3) was expanded to lev%;§‘M
greater than 69 percent (5205 SFU), then the shad population would be pushed toward
extinction within 5 to 10 generations., Hence it is clear from this analysis that
as virgin recruitment increases in magnitude, the shad population becomes better able
to tolerate higher levels of exploitation.

According to this analysis, the level of fishing which produces an optimum
yield per SFU should increase from the previous level of 31 percent (1689 SFU)
to 37 percent (2100 SFU) with a 50 percent increase in recruitment. This will
result in an equilibrium yield of 199,300 kg. (Column 9) and an equilibrium
escaoement of about 168,400 females (Column 10). ([t should be noted, however,
that if adult natural mortality continues at the 1976/1977 level (!* = 2.0),
then equilibrium yields (Column 9, Table 44) are only slightly greater than those
(Column 9, Table 42) at an M of 0.8 even though virgin recruitment may increase
by 50 percent. This is due to the inevitable loss in stock birmass resulting

from a decline in the numbers of older, repeat spawning females. Thus, to compensate
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Table 45. Estimates of key parameters (Colums 5 through 14) for the shad population at various levels of fisring (F) and at a constant rate of
natural mortality (M = 2.G); virgin recruitment increased by 100 perceont.

tm (2) (3) (4) (s) (6) (n (R) (%) (10) (m) 2) (13) (14)
Inftial Number of Ypotal totel Percent of Predicted Yield in  Ave. weight Yield itn Equilibrium Fishing VYield Yield/ Optirum
escapement generations $ of run repeat size of numbers of fish (kg) kg escaperent effort (kg), yield yleld

spawners female run (SFU) at effort max coefficient
rtoul
289,400 6 9 0.09 12.3 328,600 29,200 2.04) 59,600 299,400 a 145 453 2.2
261,000 6 7 0.19 n.2 336,800 §7,100. 2.004 116,100 279,700 868 14 .29€ 9.9
235,800 . S 24 0.27 10.3 344,100 83,600 2.027 169,400 260,600 1,233 137 435 59.6
213,300 3 n 0.37 9.3 342,800 108,200 2.0¢2 218,800 241,600 1,689 130 .562 713.1
193,200 3 37 0.46 8.5 352,700 130,500 2.0m7 263,100 222,200 2,100 125 676 84.5
151,600 3 S0 0.69 6.8 349,800 174,300 2.00% 349,600 175,500 3,151 m .899 99.8**
119,700 il 60 0.92 5.4 324,700 194,800 1.997 389,070 129,900 4,200 93 .000 93.0*
95,000 5 68 1.4 4.3 268,700 182,800 1.990 363,800 RS 900 5,205 70 935 65.5
75,500 13 74 1.3% 3.5 165,600 123,300 1.98% 244,600 42,400 6.164 40 629 25.2

** optime sustainable per SFU

*maximum sustainable yleld
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(1) (1

NOES | SN i) ¥ | -

Percent Predicted size Yield in Ave 1 it 14 in Equilibrium Fishing Yield Y

repeat n numbers of fish (kg escapement effort (kg)/ yreld
spawners (SFU) at effort max

F
total

200,000 ¢ 0.0 2.3 112,30 20,300 102,300 LA
200,000 S | y .03 34,400 82,900
41,300 63,600
200,200 3 . 42,200 46,500
200,000 ) J N 38,000 32,100

200,000

* maximum sustainable yleld

** optimum yield per SFU




for losses in stock biomass, and to restore equilibrium yield at the pre 1975
levels, progeny production emanating from above the Holyoke Dam rmust enhance

virgin recruitment by at least 50 percent during the 1980's. In the event that
virgin recruitment increases fn magnitude by SC percent or more, then the potential

exists for an expansion of the commercial fishery from the present levels of between

1050 and 1200 SFU to about 2100 SFU.

Scenario 3 - 100 percent increase in recruitment at an M of 2.0.

The computed parameters for the above conditions are presented in Column 1
through 14 of Table 45. Results indicate that MSY is attained by harvesting about
60 percent (4201 SFU) of the female run, and that optimum yield per SFU occurs at
a fishing rate of 50 percent (3151 SFU). Thus by allowing the fishing effort to
expand from the present levels of between 1050 and 1200 SFU to about 3151 SFU,
equilibrium yield should be about 349,600 kg (Column 9), leaving some 175,200
F females (Column 10) to spawn annually.

At the present rate of fishing (24 percent), a 100 percent increase in virgin
recruitment will generate an equilibrium yield of about 169,400 kg (Column 9,
Table 45) which is 27 percent greater than the 133,100 kg determined for the jre

1975 era (Column 9, Table 42). This clearly represents an optimum situation for

any fishery manager, since a 100 percent increase in the level of virgin recruitment

during the 1980's would more than compensate for the loss of repeat spawners
resulting in great financial benefits for the commercial fishery. In addition,
increases in virgin recruitment as stated above would produce sizable increases
in the shad runs during the 1980's thereby enabling the population to endure a
greater fishing rate.

Scenario 4 - 30 percent decline in recruitment at an % of 2.0.

The computed parameters for this scenario are shown in Columns ) - 14 of
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Table 46. Results clearly demonstrate that a 30 percent decline in female virgin
recruitment relative to the historical levels (1940 - 1971) would result in a
cubstantial decline in both equilibrium yield (Column 9) and the size of the

shad runs (Column 6) in future years. For instance, MSY of 42,200 kg (Column 9)

is attained by annually harvesting 31 percent (1689 SFU) of the female run
resulting in an equilibrium escapement of only 46,500 females (Eolumn 10). In
contrast, the optimum yield per effort (Column 14) is achieved by annually harvest-
ing 17 percent (868 SFU) of the run resulting in an equilibrium yield of 34,400 kg
(Column 9) and an escapement of 82,900 female shad (Column 10).

At the present rate of fishing (u of 24 percent), equilibrium yield to

total
the commercial and sport fisheries should decline from 133,100 kg (column 9,
Table 42) during the pre-1975 era to 41,300 kg (Column 9, Table 46) with a 30
percent decline in virgin recruitment. In adéition, the female run is expected
to decline in abundance from 247,500 fish (Column 6, Table 42) during the
pre-1975 era to 84,000 fish (Column 6,Table 46) under the prescribed conditions.
[f this scenario becomes a reality during the 1980's, the shad run would decline

to between 100,000 and 200,000 shad of both sexes thereby requiring the implement-

ation of stringent conservation measures.

180



CONCLUSIONS AMD PRECOMMENCATIONS

at this concluding stage to summarize the resu..s of the
ince these findings should assist in the development of
trategies for Connecticut River shad. Before continuing, I
ise that the intent of the previous analyses was to examine a number
regarding the fate of the shad runs during the 1980's and to determine
;ation the level of commercial and sport fishing that would provide

pawning

y stock and the greatest equilibrium yield per SFU. Because the

a7¢L

ity at the Holyoke Dam became fully automated in 1975, a

large portion
lasses had been produced between the HOlyoke Dam and the
Moreover, in 1980, the fishway at Turners Fall
n allowing shad to spawn as far north as the next dam at Vernon,
,se speci fic down-stream migrant facilities are presently absent
ve Dam and not planned for the Turners Falls facility, juveniles
Holyoke can emigrate only by passing over the dam, through the turbines,
canal system. Since no relative index of juvenile abundance
for the 1975 - 1978 year zlasses, it is impossibie to determine
jown-stream facilities at Holyoke had affected the abundance
It follows that any indication of recruitment failure can
1

these cohorts a75 - 1978) become sexually mature and enter

\

Hence, the size of the shad runs and the types of management

1

juring the 1980's wil largely depend upon whether juvenile mortality
emigration through the Holyoke and Turners Falls facilities had been intense
levels of virgin recruitment four and five years later
an array of fishing strategies based upon the results (Tables

sel f-regenerating model. Because effective management of Connecticut




after the abundance of the 1975 -
the various fishing strategies presented shoulc ye considered

intil those year classes have entered the
y

ruitment
average female recruitment continues at the

of between 100,000 and 175,000 virgin females, and

) |

s maintained at a rate of 1.4 or greater, then
permitted to increase beyond the present levels (1050
the sport and commercial fishery to annually harvest

ectively, of the female run resulting in a sustainable

Table 43) and a spawning stock of approximately

Although the results (Table 43) of the sel f-regenerating

sield per SFU would occur at a fishing rate (u,

total’

is not recommended because female escapement

to about 126,200 individuals (Column

ent with the maintenance of an adequate parent

ealed that \ o ' ichina rate [
veaied tha { F sent S ] rate | total
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were nctructed by 19¢§ at ‘_i;‘ MO",IQ;(- dn:‘ "rner—, rd‘!'_; L,}—v-(“ then ddg\t F\at.,"(‘:‘l

nortality ;14 perhaps De restored to the pre 1975 level (M n.8), thereby enhancing

|

the numbers of repeat spawning females in future years. Under these conditions, it

would be appropriate to expand fishing effort to 1689 SFU and annually harvest

about percent of the female run This should result in an equilibrium yield
f .bout 158, kq (Column 9, Table &
§ the above scenario becomes 4 reality by 1983, one of the 7ollowing statements
regarding reproduction and subsequent recruitment from above Holyoke must be true:
t venile survival from above tne dam is similar to that from below, and
venile mortality resultirg from emigration at the Holyoke facility had only a

nimal influence upon year class strength; or 2) ova to juvenile survival from
’ hove Holyoke 1s greater than that from below, but juvenile mortality due to emigration

't Holyoke was suff) jently high as to otfset any increases in year class abundance.

ther of these statement would be valid interpretations provided that the formation
f year class abundance ocCCur before the juvenile shad leave the Connecticut River.
The gni ficant | +ive correlation between the juvenile index of abundance for the
16 1077 vear classes and the abundance of age V females of the same year class
rtainly supports the hypothese: Figure 16).
! mary, i1f female virgin re ruitment from 1980 - 1983 remains at the
*
' torica evel (1940 - 1971) of between 100.,M0 and 175,000 virgin females, then

fishing effort should not be permitted Lo 1ncrease beyond the present levels (1050 -

Sf ro reduce adult natural mortality, downstream migrant facilities should
e constructed by 1980 at Holyoke and Turners Falls. [If this project succeeded 1n
restoring natural mortality (F) to the pre 1975 level of 0.8, then it would be
yppropriate to expand fishing effort to around 1689 SFU therebdy permitting bot!
! herie ymbined to annua ¥ harvest about 3] pe‘ﬁ»@f"_ of the female run

woul ¢ emphasize, however, that an economic feasibility study should be conducted




prior to any proposed expansion of the commercial fishery.

scenario ? (Table 44) - 50 percent increase in virgin recruitment

1f during the period 1980 - 1983 average female recruitme t increases by at
least 50 percent relative to the historical levels (100,000 - 175,000 individuals),
and if adult natural mortality (I') remains at a level between 1.4 and 2.0, the shad
runs should increase by about 10 percent (Column 6, Table 44) relative to the his-
torical runs (Column 6, Table 42). IMuch greaier increases in stock abundance are
hindered by substantial losses of repeat spawners resulting from the absence of
downstream migrant facilities at Holyoke and Turners Falls. For example, with an
increase in adult natural mortality (M) from 0.8 to 2.0, few spawners are allowed
to return in the foilowing year thereby reducing both the number of age groups and
the average weight of a female shad from 2.177 kg (Column 8, Table 42) to 2.027 kg
(Column B, Table 44). Thus, although the size of the shad runs curing the 1980's
would be expected to increase slightly following a 50 percent increase in virgin
recruitment, the high rate of natural mortality (2.0) would prevent any substantial
gains in yield to both fisheries. For example, at the present fishing rate (utotal s
74 percent), equilibrium yield (Column 9, Table 44) at a natural mortality rate of
2.0 was computed as 134,400 kg; a level which is only slightly higher than that
(133,100 kg) for the pre 1975 era (Column 9, Table 42). loreover, the annual shad
runs should exhibit greater oscillations in abundance because the loss of repeat
<pawners should produce greater variations in the magnitude of the runs particularly
during years when weak year classes enter the fishery. Hence, to mitigate fluctuations
in the size of the shad runs, and to restore adult natural mortality (M) to the pre
1975 level of 0.8, .he construction of downstream migrant facilities at Holyoke and
Turnrrs Falls is essential for management of Connecticut Piver shad during the 1980's.
This should result in greater numbers of repeat spawners, in higher yields to both
the commercial and sport fisheries, and in larger and more stable shad runs during
future years.

184



scenariu also indicated that the greatest yiel

11

annually harvesting about 37 percent of the female run
1y feasible, fishing effort could be expanded from the present
00 SFU) to about 2100 SFI 0 harm to the spawning population

chinn
ng

effort should result in an equil

female shad (Column 10 to spawn annua
percent increase in virgin recruitment
1980 - 1983 average female recruitment shou

1

t or more relative to the historical level
i £ adult natural mortality (M) continues at between |
1d increase in abundance by about 39 percent (Column
pre 1975 levels (Column 6, Table 42). This would occur
of repeat spawners. loreover, if the annual fishing
d at the present level 24 percent), equilibrium yield
level of 133,100 kg (Column O, Table &42) to approx-
Though substantial post-spawning mortality
acilities would reduce the average weight of a
8, Table 42) to about 2.027 kg (Column 8, Tahle 45]
rease in the numbers of virgin females would more than compensate for
tock biomass Accordingly, cnhe size of *he shad runs during the 1980
vary between 500,000 100,000 individuals (both sexes) suggesting

iuvenile survival from above Holyoke was excellent and that juvenile
y :

1ting from downstream passage had 1ittle influence on year class strength,

onstruction of downstream facilities appears unnecessary under these

would nevertheless result in excessive




oscillations in both stock size and yield to the commercial fishery. Thus, even
under such optimal conditions, the construction of downstream facilities at Holyoke
and Turners Falls is still important for management of Connecticut River shad during
the 1980's.

The results (Table 45) of this analysis also indicated that the greatest yield
per SFU would occur by annually narvesting about 50 percent of the female run, which
would result in an equilibrium yield of 349,600 kg (Column 9, Table 45) and an
equilibrium escapement of about 175,500 females (Column 9). Thus, tk2 potential
would exist for a major expansion in sport and commercial fishing from the present
level (1050 - 1200 SFU) to approximately 3151 SFU.

Scenario 4 (Table 46) - 30 percent reduction in virgin recruitment

[f during the period 1980 - 1983 average female recruitment should diminish
by 30 percent or more as compared to the historical levels (100,000 - 175,000
ina.viduals), and if adult natural mortality (M) continues at between 1.4 and 2.0,
Loth the <ize of the female run (84,000 individuals) and the equilibrium yield
(41,300 kg) should decline to very low levels. Although this scenario is not expected
to occur, it is nevertheless conceivable, since downstream migrant facilities are
presently non-existent. Accordingly, in order for juvenile shad to descend from
above Holyoke during October and November, they must traverse either over the top
of the dam, through the turbines, or through the canal system. It follows that
substantial juvenile mortality (e.g. S0 percent or greater) could occur from abrasions
in the spillway, pressure changes through the turbines, and to other mechanical
injuries. Mechanical injury as described above could either ki1l the juveniles
outright, or greatly weaken them so that they become more vulnerable to predation.

Such a c<ituation presents a very difficult management problem, especially
after considering that the formation of year class strength appears to occur
hefore the juveniles leave the Connecticut River. The decline in the shad runs

from 1980 and onward would be directly attributed to mortality which had occurred
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.nile abundance (catch/effort) 1s availabhle after
if the fish-1ift facilit at Holyoke and
hut-down after 1983, such action would have no
decline because a large proporticn of the parent stock
1d have already been transported over Holyoke. 1f juveniles
es suffered intense mortality while de scending from above
line in shad abundance would persist through 1988.
le to determine whether year class abundance has
of downstream facilities, management of Connecticut
be eifective only if it is carefully conceived and
dea) with an array of possible situations, particularly

h as scenario 4. Given below are two management recommend-

enario 4 which should be considered for implementation prior

safe passage of juveniles from above Holyoke and Turners

facilities should be constructed by no later than 1980.

ities should be included in the fishway passage facilities

1f the above measures cannot be implemented
then the only other alternative is tC regulate the
transported over Holyoke. Beginning in 1980, the
transported should be limited to less than 50,0(
1984 . when biologists can evaluate the abundance of virgin

[f the abundance of these year classes 15

e historical cohorts (1940 - 1971), then the




restrictions on passage chould be rescinded and full passage reinstated in 1984,

ynder these conditions, the fishing strategies for scenarios 1 - 3 should be con-
cidered for implementation. However, if the shad runs from 1980 - 1983 exhibit a
noticeable decline (i.e. less than 200,000 fish of both cexes) in abundance, then

this should be construed as evidence of substantial juvenile mortality from 1975 - 1978
due to the atsence of downstream facilities. Accordingly, in 1984, further regulations
would have to be employed in an effort to ameliorate the situation. firstly, we
should terminate any further passage of adult shad until downstream migrant facilities
are constructed at Holyoke and Turners Falls. secondly, fishing effort pertaining

+o the commercial and sport fisheries should be reduced from the present levels

(1050 - 1200 SFU) to less than 868 SFU to further protect the remaining parent stock.
According to the previcus ¢1alyses (Table 46), both fisheries combined would then
harvest about 17 percent of the female run. These additional regulations, in
combination with the 50,000 fish restriction at Holyoke from 1980 - 1983, should
produce favorable results in 1985 due to the following: 1) greater numbers of virgin
females in the 1985 run since most of the 1980 cohort would have been spawned below
the Holyoke Dam; and 2) greater numbers of repeat spawners in the 1985 run because

no sdult shad from the 1984 run would have been permitted to pass over Holyoke. Thus,
i § restrictions regarding fish passage at Holyoke were employed by 1980, and if
declines in the shad runs occurred during the period 1980 - 1983, then the enactment
of additional conservation measures should improve the situation by 1985. I recogniz
that a 50,000 fish restriction on passage of adult shad would undoubtedly cause some
political problems. However, if neither of these recommendations are adopted by
1980, and if later we discover that the shad runs have diminished in abundance during

the 1980's, the prognosis would be grim; there would be only remnants of &4 run by 19

and none of the fundamental objectives in fishery management could then be pursued.
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The second recommendation involves the development of a juvenile catch effort
program to determine an annual index of year class abundance some 5 years before
the cohort occurs in the fishery. This monitoring program should be initiated
ty 1979, and should be conducted annually from July through October. It is essential
that the choice of sampling gear and the location of sampling stations be patterned
after Parcy's (1976) survey 1966 - 1973, since according tu Figure 16, variations
in the relative abundance of juveniles for year classes 1966 - 1972 were highly
correlated with those of age V females from the same year class. Accordingly, the
relative abundance of juveniles derived for year classes 1979 and thereafter will
have immediate relevance because these estimates could be compared to those from
previous year classes (1966 - 1973). In addition, particular attention should be
given to secular changes in catch per effort from August through October, since a
sharp increase in juvenile abundance during October may provide evidence of success-

ful emigration from above the Holyoke Dam.
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APPEMDIY 1 - COMPUTER PPOGRAM USFD IM DETERMINING THE STATISTICS CF THE
THOMPSON-BELL YIFLD MODEL (CASE 1 AND CASE 2)

Computations of equilibrium yield and of all other parameters described
were facilitated by use of the Hewlett-Packard 97 Programmable Calculator.
A1 program steps and key entries for the Thompson-8ell model are presented
in Tables Ala and Alb, respectively, for constant (Case 1) and age-specific
(Case 2) natural mortality. Estimates of annual survival (S) and fishing
mortality (”total) were stored in primary memory registers 4 - 7, while average
weight (kg) for age groups IV - XI was stored in secondary memories SC -57.
Age-speci fic recruitment (age IV - VI) was retained in primary registers 8, 9,
and A. Repetitive calculations were performed quickly by employing a sub-routine
within the major program (program steps 112 - 129 for Case 1, and steps 112 - 144
for Case 2). For each combinations of F and P, estimates of parameters were

accomplished within a few secands.



Table Ala. Program steps for the Thompson-

Program step

001
002
003
nn4
005
006
007
008
009
010
on
012
013
014
015
016
017
018
019
020
621
022
023
024
025
026
027
028
029
030

mortality.

LBLC
PCLA
ST+0
ENT
RCLS
X
ST+2
ENT
PS
RCLO
PS
Y
ST+3
RCL4
ENT
RCLA
X
ST+1
ENT
RCLB
+
STOA
ST+0
ENT
RCL7
X
ST+2
EMT
PS
RCY 1

¥ey entry

Program step
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031
032
033
034
N3%
036
037
038
039
040
041
042
043
044
045
046
047
048
049
050
051
052
053
054
055
056
057
058
059
060

Bell yield model with constant natural

Key entry
PS

X

ST+3

RCL 6
ENT
PCLA

§T4+)
NT
RCLI

STOA
ST+0

ST0 1
RCL i
STOD
GSBB

STO 1
PCL i
STCD
GSBS

STO 1
PCL i
STOD



Program step Key entry Program step Xey entry

061 GSBB 096 <
062 1 n97 PPTX
063 5 098 RCL2
064 STO 1 099 FNT
065 (. 100 RCLO
266 STOD 101 :
067 GSBB 102 PRTX
068 | 103 RCLO
069 6 104 PRTX
070 STO I 105 RCLY
on RCL i 106 PRTY
072 STOD 107 RCL2
073 GSBB 108 PRTX
074 1 109 RCL3
07% 7 110 PRTX
076 STC 1 m R/S
077 RCL i 112 LBLB
078 570D 113 PCLA
079 GSB3 114 T
080 RCLA 1% RCL7
081 CHS 116 X
082 ST+0 117 ST+2
083 RCL1 118 ENT
N84 ENT 119 PCLD
185 RCLO 120 X
086 - 121 ST+3
087 PRTX 122 PCLS
088 RCLO 123 ENT
089 ENT 124 RCLA
099 RCL2 125 Y
o - 126 STOA
092 PRTX 127 ST+0
093 RCL3 128 ST+]
094 ENT 129 RTY
095 RCL2
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Program steps for the Thompson-Bell yield model with natural mortality
(M) increasing by 25 percent following age VI.

Program step Key entry Program step Key entry

LBLC 03 P S

RCLA : X

ST+0 ST+3

ENT RCL6

RCLS ENT
PCLA
X
ST+
ENT
RCLY
+
STCA
ST+0
1

5

STC 1
PCL i
STCD




Program step
061
0€2
063
064
065
066
067
068
069
070
071
012
073
n’a
075
076
077

078

0\} ]
094
095

Key entry

G588
1

5

STO 1
RCL 1
STOD
GSBB

STO 1
RCL i
STOD
GSBB

STO 1
RCL 1
STOD
GSBB
RCLA
CHS

5T+0
RCLY

ENT

RCLO

PPTX
RCLO
ENT

RCL2

PRTX
PCL3
ENT

rCL2

Program step
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096
097
098
099
100
101
102
103
104
105
106
107
108
109
110
i
12
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130

Key entry

PRTX
RCL2
ENT
RCLO
PRTY
RCLO
PRTX
RCLY
PPTX
RCL2
PRTY.
RCL3
PRTX
n/s
LBLB
RCLA
ENT
PCLY
X
ST+2
L hh ]
RCLD
Y
ST+3
RCLE
ent
PCLA
X
STOA
ST+0
ST+]
RCLE
ENT



Program step Key entry

131 1

132

133

134

135 .
136 STOE
137 ENT
138 RCLB
139 +
140 CHS
14) e*
142 ST06
143 R/S
144 RTN
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APPENDIX 2 - PETHODS USEC TO CALCULATE THE PARAMETERS OF THE RICKER STOCK-
RECRUITMENT CURVE.

The emperical curve cf stock-recruitment using the Picker model was estimatec
by linear regression of log‘o (p/P) against P (Columns 5 and 1, Table A2). The
slope (0.0023) and y-axis intercept (0.3418) were then converted to natural
logarithms (loge):
0.0023/0.4343 = 0.0053
0.3418/0.4343 = 0.7870.

The parent stock at replacement (Pr) was estimated using the expression
0.7870/0.0053 = 148.5.

Given extimates of parameters (a=0.7870 and Pr = 148.5), the equation of stock-

recrulrtment 15
pe:‘).7370 (1 - P/14R.5),

p -
«here P - predicted level of female virgin recruitment (Column 6, Table 3A)
p = size of female parent stock (Column 1).
fecause recruitment values shown in Column 6 were derived by logarithms and thus
are geometric means, it was necessary toO transform those values to the arithmetic
scale (Picker, 1975, p. 175) by utilizing the following expression:
2

lorc (
l0gy (AW g

where GM = geometric values of recruitment (Column 6, Table A3

) = 1.1518s (N2 )/

AN = arithmetic values of recruitment
¢ . Jariance of the linear regression of 1094 (R/P) on P

N = sample si1ze.
fy substituting my values into the above expression, the following information is

obtained:

‘0910 (AP/G") = 1.1518 (0.0283) 31/32 = 0.0316,
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so that
10g,, (AM/gy) = 0.0316,

and A"/GM = 1.075. »
A1l the geometric values (Column 6) were multipliec by the quantity 1.075 so as
to obtain estimates of the arithmetic means (Column 7). Parameters (a) and (Pr)
were then recomputed by linear regression, and the final equation became:

b - ped-8586(1 - P/162).
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Table A2. Calculations for the Ricker stock-recruitment curve.

(1) (2) (3) (a) (5) (8) (7)

Year P?gsnt Log10(P) Pr?gsny Loglo(ﬂ) Log‘o(R/P) R(X 1000) Adju;ted"

X 1000 X 1000 (x 100¢)

1940 212 2.326 193 2.286 -0.040 151 162
194] 284 2.453 188 2.274 -0.179 139 149
194? 237 2.375 156 2.193 -0.182 148 159
1943 ’29 2.360 135 2.130 -0.230 150 161
1944 200 2.301 113 2.053 -0.248 153 164
1945 123 2.090 88 1.944 -0.1486 140 151
1546 101 2.004 103 2.013 0.009 130 140
1947 75 1.875 129 2.1 0.236 M 119
1348 86 1.934 114 2.057 0.123 120 129
1949 75 1.875 97 1.987 0.112 11 119
1950 65 1.813 80 1.903 0.090 101 109
1951 89 1.5949 85 1.929 -0.020 122 131
1952 120 2.079 128 2.107 0.028 140 150
1953 74 1.8692 163 2.212 0.343 110 118
1954 17 1.887 166 2.220 0.333 113 121
1955 59 1.771 169 2.228 n.457 95 102
2.228 0.365 109 117
2.196 0.056 146 157
2.090 -0.089 149 160
2.076 -0.097 149 160
2.124 -0.064 150 161
2.111 -0-062 149 160
2.097 -0.033 145 156
2.023% 0.097 118 127
2.049 0.045 130 140
1.140 0.026 143 154
2.158 0.075 140 150
2.037 -0.087 144 155
2.0485% 0.045 129 139
2.107 0.046 138 148
2.225 0.021 151 162
2.356 0.152 151 162
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Table A2. continued

or

1/ P(Column

Initial regression equation

correlation coefficient (r) = -0.7541

slope (b) = 0.0023
y-axis intercept (a) = 0.3418
varfance sZ = 0.0283

Trans form to natural logorithms

0.0023/0.4343 = 0.0053
- 0.3418/0.4343 = 0.7870
= (0.7870/0.0053 = 148.5

Initial equation

. pe 0.7870 (1-P/148.5)

Final equation

. pe 0-8586(1-P/162)

€) times 1.075
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APPENDIX 2 - METHODS USED TO CALCULATE THE PAPAMETERS OF THE BEVERTON-HOLT
STOCK-RECPUITIMENT CURVE.

The stock-recruitment curve for the Beverton-Holt model was determined
ty linear regression of P/R (Column 3, Table A3) on P (Column 1). The slope

(0.00515) and y-axis intercept (0.3145) were then used in the Beverton-Holt

equation:
p = '0.00515+0.3185/P
where P = predicted level of female recruitment (Column 4, Table A4)
P = gize of parent stock (Column 1).

The sum of predicted levels of recruitment (sum of Column 4) is 4081 which is

. .5 percent smaller than observed (4304) levels ( sum of Column 2). This occurs
because the fraction (P/R) provides harmonic means which are known to be less than
arithmetic values. As a consequence, to transform these values (Column 4) to the
arithmetic scale, each datum was multiplied by a weighted factor of 1.055
{4304/438] = 1.055). Arithmetic estimates of recruitment are presented in Column 5,
and adjusted P/R values are given in Column 6. The final equation:

R = 1/0.0048 + 0.2981/P,

was determined by linear regression of adjusted P/P (Column 6) on P (Column 1).
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lations for the Beverton-Holt stock-recruitment curve.

(4) (5) (6)

1/ .
Predicted Adjusted ' Adjusted
R P P/p

333
.680
.454
422
274
.898

0.789
0.664
0.723
0.664
0.613
.730
.882
.661
.675
0.584
0.652
972

1.034

n Y
/




Table 3A continued

Initial equation: Fina! (adjusted) equation:
correlation coefficient (r) = 0.803 r = 0.803
slope (b) = (.000515 h = 0.00488
y-axis intercept (a) = 0.3145 a = 0.2981
R = '/0.00515+0.3145/P R = '/0.00488+0.2981/P

1/ adjusted R = predicted R(1.055%),

where 1,085 = 4304/4081
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COMPUTOR PROGRAM USED IN DETERMIMING THE STATI
REGENERATING MODEL.

of parameters from the self-regenerating model were per formed
Hewlett-Packard 97 Programmable Calculator. All program steps and key
tries are presented in Table A4, The Ricker stock-recruitment parameters (a)
Pr), respectively,were substituted into program steps 4 - 6 and 11 - 15,
female shad for each year class was assumed to attain sexual maturity at
|lowing proportions: 0.237 at age IV, 0.702 at age V, and 0.061 at age VI.

were inserted into program steps 22 - 25, 29 - 32, and 36 - 39,

The parameters of growth (weight-age), fishing mortality ';tota1}

{

(S) were stored in primary and secondary memory registers. Al
ations for age groups VI - XI were facilitated by employing a sub-routine
within the major program (program steps 161 - 178). The numbers of female shad
scaping to spawn (P ) were determined for each generation and stored in primary
memory register C This value {Pr) was later recalled from program memory and looped
to the beginning of the program, producing the numbers of virgins (P)
parameters in generation 2. The entire program scheme is sel f-regenerating

ontinue indefinitely until it is halted manually by a return command (RTN).




Table A4. Program steps for the self-regenerating yield model.

Program step Key entry Program step Key entry
001 LBLC 03 0
002 RCLC 032 2
003 PRTX 033 M
004 034 ST08
005 P 035 pCLE
006 036
007 - 037 0
008 CHS 038 6
009 1 039 1
010 + 040 X
on nal STO09
012 042 RCLA
013 a 043 ST+0
014 044 ENT
015 045 PCLS
016 X 046 X
017 e 047 ST+2
018 RCLC 048 ENT
019 X 049 PS
020 PRTX 050 RCLC
021 STOB 051 PS
022 . 052 X
023 2 053 ST+3
024 3 054 RCL4
)25 7 055 ENT
026 X 056 RCLA
027 STOA 057 X
028 RCLB 058 ST+l
029 . 059 ENT

030 7 060 RCL8




Table A4. continued

Program step Key entry Program step Key entry
061 + 096 1
062 STOA 097 s
063 ST+0 098 STO 1
064 ENT 0993 RCL i
065 RCL7 100 sToe
066 X 101 GSBB
067 §T+2 102 1
068 ENT 103 5
069 P S 104 STO I
070 RCLY 105 RCL i
071 PS 106 STOD
072 X 107 GSBB
073 ST+3 108 1
074 RCL6 109 6
075 ENT 110 STO I
: 076 RCLA m RCL i
077 X 12 STOD
078 ST+1 113 GSBB
079 ENT 114 1
080 RCLS 115 7
081 + 116 STO I
082 STOA 117 RCL 1
083 ST+0 118 STOD
0R4 1 119 GSBB
085 2 120 RCLA
086 STO I 121 CHS
087 RCL i 122 ST+0
088 STOD 123 ST+]
r 089 GSBB 124 RCLY
090 1 125 ENT
091 3 126 RCLO
092 STO I 127 <
093 RCL 1 128 PRTX
094 sToD 129 RCLO
095 5588 130 ENT



Tahle 4A, continued

P-ogram step Yey entry Program step Key entry
131 RCL2 155 STON
132 - 156 S$T02
133 PRTX 157 STO3
134 ST0C 158 SPC
135 RCL3 159 GTOC
136 ENT 160 RTN
137 RCL2 161 L3LB
138 - 162 PCLA
139 PRTX 163 ENT
140 RCL2 164 RCL7
141 ENT 165 X
142 RCLO 166 ST+2
143 2 167 ENT
144 PRTX 168 RCLD
145 RCLO 169 X
146 PRTX 170 ST+3
147 RCL1 in RCLE
14¢ PRTX 172 ENT
149 RCL2 173 RCLA
150 PRTX 174 X
151 RCL3 175 STOA
152 PRTX 176 ST+0
153 0 177 ST+1
154 STO 178 RTN
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APPLNDIY 6. COMPUTATION FOR PICKE" PARAMITERS (a) ANP (Pr) FOR SCENARIOS 2 - 4.

The computations for determining Ricker parameters (a) and (Pr) in scenarios
2 - 4, respectively, are shown in Tables A5 - A7. Etstimates of parent stock (P)
in Column ) were chosen arbitrarily and substituted into the Ricker stock-recruitment
equation for the historical scenario (1940 - 1971),

e Pe0.8586(1-P/162).

yielding the estimates of female virgin recruitment (R) in column 2. By multiplying
R values by 1.5, 2.0, and 0.7, respectively, estimates of virgin recruitment (P)
were computed for scenarios 2 - 4 (Column 3, Tables A5 - A7). Estimates

of parent stock (Column 1) were then regressed against log]0 (R/P) to provide

estimates of parameters (a) and (Pr) 1n the respective scenarios.
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Table AS. Calculation of Ricker parameters for scenario &

(1) (2) (3) (4) (€) (6)
1

$om§1e Fem:I: ' ZRiox log‘o loglo 10910 .
parent recryitment (P) (R + 50%) (R + 50:’/9
>LOCk

10 22.4 33.6 1.00 1.53 0.53

€ 60.4 90.6 1.48 1.96 0.48

50 90.6 135.9 1.70 2.13 0.43

75 119.0 i78.5 1.88 2.25 0.38
100 139.0 208.5 2.00 2.32 0.32
125 152.2 228.3 2.10 2.36 0.26
150 160.0 240.0 2.18 2.38 0.20
175 163.5 245.3 2.24 2.39 0.15
200 163.7 245.6 2.30 2.39 0.09
225 161.4 242.1 2.3 2.38 0.03
250 157.0 235.5 2.40 2.37 -0.03
275 161.3 227.0 2.44 2.36 -0.08
300 184 .6 216.9 2.48 2.34 -0.14

Linear regression

P(Calumn 1) against log,, (n+ 50!)/p Column 6
0.0023
0.5493

slope (b)

y=axis intercept (a)
Change to natural logarithm (loge)

0.5493/ = 1.2648

0.4343
0.0023/4 4243 © 0.0053

Ricker parameters
a = 11,2648

Pr = 1.2648/ = 238.6

0.0053

Final equation:
R = pel -2648(1-P/y3q o)

T T pel-£586(1-P/162)




Table A6. Calculation of Ricker parameters for scenario 3.

(1) (2) (3) (4) (5) (6)
’"N;"—m- R1/ R + 100% log log log
female Female (R) (P;O (P *]$00!) (n ,]?ooq)/
parent recruitment ‘ ek
stock
10 22.4 44.8 1.00 1.65 0.65
30 60.4 120.8 1.48 2.08 0.60
50 90.6 181.2 1.70 2.26 0.56
75 119.0 238.0 1.88 2.38 0.50
160 139.0 278.0 2.00 2.44 0.44
125 152.2 304.4 2.10 2.48 0.39
150 160.0 320.0 2.18 2.51 0.33
175 163.5 327.0 2.24 2.51 0.27
200 163.7 327.4 2.30 2.52 0.21
225 161.4 322.8 2.35 2.51 0.16
250 157.0 314.0 2.40 2.50 0.10
275 151.3 302.6 2.44 2.48 0.04
300 144 .6 289.2 2.48 2.46 -0.02

Linear regression
P(Column 1) against log]0 (R + 100%)/P Column 6
slope (b) = 0.0023
y-axis intercept (a) = 0.6727

Change to natural logarithm (loge)
0.6727/0.4343 = 1,5489
0/0023/0.4343 = 0.0053

Ricker parameters

a = 1.,5489

Pr

1.5489/0.0053 = 292.3

Final equation:
R = pel-5489(1-P/292.3)

pe0.8586(1-P/162)

1/ R =




Table A7. Calculation of Ricker parameters for scenario 4.

- -

(1) (2) (3) (4) (5) (6)

p R R - 30% \og]0 log‘o 10910
o e R P (R0 (R0
stock

10 22 .4 15.7 1.00 1.20 0.20

30 60.4 42.3 1.48 1.63 0.15

50 90.6 63.4 1.70 1.80 9.10

75 119.0 R3.3 1.88 1.92 0.04
100 139.0 W".3 2.00 1.99 -0.01
125 152.2 106.5 2.1 2.03 -0.07
150 160.0 2.0 2.18 2.05 -0.13
175 163.5 114.5 2.24 2.06 -0.18
200 163.7 114.6 2.30 2.06 -0.24
225 161.4 113.0 2.35 2.05 -0.30
250 157.0 109.9 2.40 2.04 -0.36
275 151.3 105.9 2.44 2.02 -0.42
300 144.6 101.2 2.48 2.01 -0.47

Linear regression

P(Column 1) against 10g,, (R-3C%)/p

slope (b) = 0.0023

y-axis intercept (a) = 0.2173

1/ R = Pe

T e o N i 2] (T ST et e o oy Ty

Change to natural logarithm (1oge)
0.2173/n.4343

0.0023/0.4343

"

Ricker parameters

a

Pr

0.5003

0.5003/0.0053 = 94.4

Final equation:

R =

PQO.5003(1-P/94.4)

J.8586(1-P/162)

0.5003
0.0053



