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The nature and extent of weight loss and energy utilization by shad

(AlS%a sapidissima, Wilson), which do not feed in freshwater, was studied

-~

in three Atlantic coast rivers. The significance of geographical differ-

ences in tisbsue weight dynamics and bioenergetics was evaluated 1in terms

of adult mortaliﬁy and of adaptive shifts in the pattern of energy .

.,‘ 4
utilization in vesponse to the environment of the home river. Intra- foe

a . »

population differences in energy utilization were also examined in
relation to timing of migrations.

The variables influencing the rate avd extent of energy utilization
were distance to spawning areas, water temperature and current velocity,
and extent of gonad’developmenh in freshwater. Distance was the most
important determinant of tot?l energy demand associated with the fresh-
water migration. The long migratian to the.spawning grounds in Florida
regulted in extensive htiiization of energy reserves (70-80%) and complete
postspawning mortality. Reduced depletion (30-60Z) and postspawning
survival were associated with the shorter migrations iﬁ Connecticut and
Virginia. The greater migration efficiency (kcal expenépd/kg body weight/

|

km of upriver displacement) in Florida and Virginia (average of 4.5 vs.

X
€

6.8 in Connecticut), despite generally higher water temperatupes\in these
| .
southern rivers, was due to.reduced current velocities encountered. High
i

water temperatures did account for the reduced migration efficiency of

o
R s Wk s

©

late migrants within the Connecticut population (average of 8.8 vs. 5.7

! . -
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for earlier migrants) and thus a éreater depletion and higher postspawning
mortality among these individuals. Extensiv; gonad development of
Connecticut and Virginia shad during active oceanic feeding reduced’
energy demands fo; this.purpo;e during the freshwater fast. Conversely,
significant increases (20-80%) i; the gonad energy content of Florida shad
in freshwater clearly taxed the availaﬁfé reserves of these migrants and
con;ributed tg complete postspawning mo¥tality. .
Shad appear to be highly adapted bgéhﬁengfgetically and reproduc-~
tively to their sﬂﬁbific home rivers. Lafger body size and later mean

age at maiur?ty of Connectiéut River shad may be an adaptation to increase

energy reserves and thereby enhance p 4tspawning survival necessary for
3 [

population stability in a fluctuating environment. Florida shad maintain

a &ﬁ%b reproductive potential, despite small body size and complete

pos tspawning mortality, by greatly increasing relative fecundity.

Higher fecundity is possible by 4 reduced allocation of energy per ovum
. ‘o / :

(0.4 cal vs. 1.3 cal for the Vitrginia and Connecticut populations). Further-

more, the migration rat4 of shad, near the speed of maximum metabolic
efficiency (one body length/sec), may be an adaptation to maximize spawning

success and postspawning survival by reducing the energetic cost of

swimming. o o

Extension of the Connecticut River migration to the historical range

v

of the 'species in the, river will significantly alter the population
structure. Shad spawning in areas above existing sites will experience
significantly higher energy costs and proportionately higher postsﬁawning

mortality. Thus an increasing proportion of virgin fish in the Connecticut
!
population is #redicted as the restoration program proceeds. .
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RESUME !

- . - : "- ™~ . -~ .
L'auteur a &tudié dans trois riviéres de la cOte atlantique la n%ture
et 1'importance (1) de la perte de poids corporel, et (2) de 1'utilisation

des réserves énergétiques, chezil'Alose (Alosa sapidissima, Wilson), qui

«

ne s'alimente pas au cours de sa migration en eau douce. Les changements

observés dans le poids des tissus du poisson et dans la bioémergétique

2
o

de ceux-ci varient d'ume riviére 3 l'autre; la signification de ces
différences géographiques a &té &valuée en rapport avec la mortalité des N
aduléés et les modifications adapta@ives (déterminées par les conditions

de vie de la riviéré natale) dans le patron d'utilisation des réserves
énergétiques. Les différé%ces qui apparaissent %galement au sein de

chaque pOpulat%gn dans 1l'utilisation des réserves énergétiques ont &té \
analysées en relation av%c la période d'amorce des migrations. ) |

* i

Le taux et 1'importance de 1'utilisation des réserves énergétiques
sont influencés par les-facteurs suivants: 1'éloignement des frayérgs,
la température de 1'eau et la vitesse des courants, le degré de maturaLion
des gonades en eau douce. La distance 3 parcourir pour atteindre les
frayéres est le plus important des facteurs qui déterminent le cofit
éneréétiqueetotal de la migration en eau douce. La.longue migration
vers les frayéres de Floride entra&ne une importante utilisation des
réserves énergétigues (70-80%) et une mortalité post—reproductriée qui
atteint la totalité des géniteurs. \Dans le Connegticut et en Virginie, :

la dépense énergétique réduite (30-60%) et 1l'existence d'une survie post-— o ¥

reproductrice sont 3 associer aux migrations plus courtes qui s'y déroulent. &t
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La vitesse réduite des courants rencontrés par 1'Alose en Floride et en

_ Virginie explique que 1'efficacité migratoire (une moyenne de 4.5 en

.

comparaison de 6.8 dans le Connecticut, exprimée. en kcal dépensées/kg de .
. - \ ~ ,
poids corporel/km de déplacement en amont) |est plus grande dans ces riviéres

t

méridionales, bien que les températures y soient généralement plus &levées.
Dans le Connecticut, ce sont les températdres 8levées de i'eau qui sont 2
1'origine de la diminution dans 1'efficacité migratoire des migrateurs /

: .
( tardifs de 1la populatzon (8.8 en comparaison de 5.7'chez les migrateurs
les plus en gvance)% dégerminant ainsi chez ces individus une plus grande
G ‘} éépense énergétique et une mortaditd post-reproductrice plus &levée. Un

important développement des gonades se produit\au cours de la période

> »

d'alimentation en mer de 1'Alose du Connecticut et de Virginie; cette ‘

|

- maturation océanique réduit d'autant le colit énergétique de la migration

en eau douce au cours de laquelle 1'Alose ne\s'alimente pas. Par contre

-

on- observe chez 1'Alose de Floride des augmentations significatives
(20-807) dans le contenu en énergie des gonades pendant la migration en
. eau douce; cette maturation continentale gréve d'une fagon évidente les

réseryves énergétiques disponibles chez ces migrateurs et contribue 3 leur .

-

o) .

importante mortalité post-reproductrice. -
O L'Alose apparait profondément adaptée 3 la\tiviére natale qui lui

est propre, tant d'um point de vue énergétique que reproducteur. L'Alose

de la riviére Conmnecticut présente en effet une taille plus grande et une

moyenne plus élevée de 1'dge & maturité. <Ces caractéres ppurraient &tre

des adaptations assurant 1'augmentation des réserves énergétiques, et de '’

ce fait l1'accroissement de la survie post-reproductrice, celle-ci &tant

' 1
nécessaire 3 la stdbilité de la population dans un milieu changeant. Chez

;
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1'Alose de Floride, de plus petite taille et dont la mortalité post-

reproductrice est totale, l'augmentation adaptative considérable de la

-
3 c

fécondité assure malgré tout un potentiel reproducteur &levd. Cette
fécondité accrue s'explique par une mise en réserve énergétique réduite
au niveau de chaque ovule (0.4 cal en comparaison de 1.3 cal pour les

populations des rivigres York et Connecticut). Les vitesses de migration

"

de 1'Alose sont par ailleurs proches des vitesses d'efficacité métabolique

e

1
maximale (une longueur de corps/seconde). On peut donc considérer qu'en °
I

N

réduisant ainsi le céﬁt énergétique du déplacement gufpoisson, la vitesse ’
de migration pourrait &tre une a]aptation‘qui maximise le succés. de la
reproductiéﬁ et la survie post—reproductrice.v /////////// |

Permettre 3 la migration de la riviére Connecéicut qu'elle s'dtende ’
i 1'ensemble de 1'aire de dispersion historique de 1'espdce dans cette
riviére va entrainer d'une fagon significative 1'altération de la struc-
ture de la population. L'Alose amenée 3 se reproduire dans des frayéres
situées en amont des sites présentement occupés & cette fin vont suﬁlr

!

des dépenses énergétiques significativement plus grandes et une morﬁalité

.

post-reproductrice propdrtionnellement plus élevée. Par voie de consé-—

3 /

quence on prédit qu'une proportion foissante de pﬁissons adultes mais
n'ayant encore jamais frayé doit apparaitre au sein de la pdﬁulation de
la rividre Connecticut, au fur et 3 mesure de 1'avancement du programme

«

d'aménagement de 1l'espdce.
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4, The study offers the first' evidence that population specific x
a

J
reproductive adaptations by shad may in fact be elaborations of

ener%etic adaptation to local environment. B
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PREFACE
o

This thesis has been written to conf&rm to section 7, .«

Iﬁformation Concerning Theses, Faculty of Graduate Studies and
|

Research, McGill University./ A paperl, based on research for

@

this degree and submitted for publicatibn, has been incorporated

into the main body of the. thesis.
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Introduction ,

Several anadromous fish species make ektensive freshwater migrations
1
without feeding. Concomitant high adult mortality frequently occurs and
v
! .
is often associated with extensive wei@ht loss and energy depletion

(Pacific salmon, Idler and Clemens? 1959; Atlantic salmon, Greene, 1926;

]

I Belding, ﬂ?34; steelhead, Robertson.gﬁ._él., 1961, Withler, 1966; lamprey,

McCay, 1931). American shad (Alosa sapidissima, Wilson) consume little

or no food during their extensive freshwater migrations (Leim, 1924;

Leach, 1925; Moss, 1946; Atkinson, 1951) and, too, they Buffer high, and

N
in some populations complete, mortality .at this time. Reported weight

v

losses (Chittenden, 1969; Leggett, 1972) ranging from 30 to 50%, levels
associated with death in other species (Belding, 1934), suggest depletign
of energy reserves may-be a major facter in this mortality. If so,
latitudinal variation in spawning mortality, indicated by the flinal
change in the proportion of repeat spawners (Leim, 1924; Mansugti aﬁd

Kolb;.1953; Leggett, 1969), may also result from differential weight loss

—

and energy expenditures during the freshwater migration.

In this study the natPre and extent of weight loss and energy utili-

zation by shad during the freshwater migration was determined at three
. ,

latitudes (Fig. 1) and its siggificance evaluated in terms of adult
mortality and of possible adaptive shifts in the pattern of energy utili-

zation in the three%populations. Temporal intrapopulation differences

"

—
in energy utilyzation were also examined in relation to varying environ-

3

mental conditions consequential to the timing of-migrations.
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Figure 1. Sampling locations and schedule. Total channel distances L4
(round trip distances to Holyoke for spent migrants in the Connecticut
B
River) travelled by shad to each station are given. Collection dates
are indicated in parentheses (e.g. (1, 18-23) = January 18-23).
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Materials and Methods

SAMPLING LOCATIONS . .
In 1972, 348 shad were collected at eight Comnecticut River stations

(Fig. 1C) ~distributed along the freshwater migratory route from Saybrook

x
13 .
>

at the river mouth to Holyoke Dam, the approximate upper limit of the 3\
migration for the majority of the population (Marcy, 1972). Gill nets ‘
(11.4 and 14.0 cm stretched mesh) were utJ':lized to collect unspent
specimens at Saybr~ook, Salmon River, Rociky Hill, Wilson, and spent
~downriver migrants at Wilson, Rocky Hili and B;:ockway Isla’n'd. Unspent
‘lfish collected at Holyoke were takeln from a fish li}t ope;rated by the
,H’czlyoke Water ,Pow—er Com{:any. In addition 24 spent shad were 'sampled from
;’,haul seine (7.6 cm stretched mesh) operated at Wilson by ‘the Connecticut
ID'eiS:;\rtmgnt of Environmental Protection.

In 1973, 367 \shad were collected at five Connecticut River stations
(Saybrook, Rocky Hill, Wilson, Holyoke\and Brockway Island). Collection
methods we)re identical to those employed in 1972,

In the St. Johns River, Florida, 268 shad were collected in 1974 at
five stations distributed along the migratory route (Fig. 1A) from Mayport

g . ‘
at the river mouth to Lake Poinsett, the upper limit of the spawning

migration (Williamstand Bruger, 1972). Methods of collection varied from

%
-

A

-
RN re

station to station and are summarized below:

Station Gear
Mayport - gill nets (11.4, 12.7, and 14.0 cm stretched
.o > nmesh)
1
) \ -




4,
Welaka ) ' - commercial haul seine (6.3 cm stretched
{" . mesh) “
Lake George ) ~ gill nets (11.4 and 12,7 cum stretched mesh)
Lake Poinsett ~ gill ne%s (11.4 and 12.7 cm stretched mesh)

- tramel net (25.4 cm and 5.0 cm square
, meshes)

- angling

A In 1976, 83 adult shad were collected at two stations ifn the York

River system (Fig. 1B) with 12.7 cm (stretched mesh) gill nets.

\\

¢

SAMPLING SCHEDULE \
" In the Connecgicut River discrete collections of male and female

shad were made at the peak of the migration (1972) and early and lake in

the run (197;). This temporél separation was achieved gy plotting the

daily catch per unit effort (C/UE) of males and females in an experimental

drift gill net fished at the river mouth (Connecticut River Ecological

Study (CRES)) during the years 1967 to 1971. Comparison of these trends

o with the daily C/UE of the same gear fished in 1972 allgwed the prediction
of the timing of the peak entry of male and female shad into the river in
1972, 1In 1973, sampling of early male and female gigrants at the river _
mouth goincided with their first appearance in the CRES catches. Sampling
for late migrants was initiated when C/UE began to decline rapidly,

i indicating the approaching termination of the run. The same segment of

the population (associated with peak, early and late migrants) was

sampled at upriver locations by calculating average rates of upriver -

s

|




migration for males and females from CRES tagging data and timing sampling
J o

to this movement. The upriver migration rate was calculated as the slope
\ ] ~

of the least squares relationship between the average number of day§”

tagged shad were free and the distance travelled to specific upstream

recovery sites for the years 1967 to 1971. ﬁheutiming of the peak entry

o
of shad into the river in 1972 and the realized upstream migration rate€s

for1972 and 1973 were determined and checked for agreement with pre-

dicted values used to determine the sampling sequences.

Upstream migration rates of Florida and Virginia shad are unknown. |

Therefore, no attempt was made to sample ths same segment of these

4

populations at each station. Concurreht sampling of males and females

was initiated at the river mouth in late January (Florida) and late March

(Virginia) when peak numbers of shad historically enter these rivers

(Leggett and Whitney, 1972). Upriver stations were then sampled without

delay. Later, the Poinsett Lake station (Florida) was resampled for

spent shad. WNo effort was made to sample spent fish in the York River.

. . //

*

SELECTION OF SHAD FOR SAMPLING
To assess the relationship between weight loss, energy expenditure
and body length, shad sacrificed at each Connecticut and Florida location

“M
were sglected according to predetermined length categories based on

repqrted length ranges (Carlander, 1969). Connecticut River categories

-

) B

were 43-45 cm, 46-48 cm, and 49-51 cm for malesland 44-47 cm, 48-51 cm,
]

and 52-55 cm for fepales.x Approximately eight shad were selected in'each

size category at most stations. Difficulty was experienced in procuring
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" York River shad migration.

<

adequate numbers at the Salmon River, Wilson and Rocky Hill stations in o

—

1972, and these %tations were dropped from the 1973 sampling schedule.
Only unspentinsb from catches of upriver migrants, and 6nly fully spent

shad from catches of downriver migrants were used in the analyses. The

o

Florida length categories were 33-35 cm, 37-39 cm, and 41-43 cm for males

FUN

and 38-40 cm, 40-42 cm, and 42-44 cm for females. Approximately ten

ripening shad were selected in each size category. However, all spent
F]

?had collected at Lake Poinsett were kept because of their scarcity,

L

In tﬁe York River, only one size class of males (37 + 1.0 cm) and

females (42 + 1.0 cm), representative of the most frequent size class
{

in the population, was sampled. Approximately twenty individuals of each

] r
sex were collected at each statiom.

°

, Water temperatuxe was recorded coincident with sampling in the

Connecticut and St. John's Rivers. The Virginia Institute of Marine ¢

\\ 3

Science provided water temperature data for the period encompassing the

¢

The magnitudeé of angular displacements during upriver migrations

(%halturin, 1967) were used to indicate relative current velocities
Q\"s

e&periénced by migrants in the three study rivers.

\. t
\

"TREATMENT,OF SACRIFICED FISH

o

I%mediately after capture all fish were sealed in polyethylene bags.

9

Removal to the laboratory was ' generally ai;ompkfshed within six hours of
‘1 N
capture. For longer delays (maximum 12 hours) the bags were packed in

ice. In the laboratory, fork length was determined to the nearest 0.5 cm.

-

°
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were determined to
the nearest gram. Somatic tissue was homogenized|in a onelgallon Waring
blender. Approximately 400 g of somatic homogenafe, and the entire
gonad and viscera were individually sealed in evacuated polyethylene bags
and stored at -34°¢ unt%l chemical analyses were performed. Total. age,
age at maturity and spawning history were determined by scale reading

(Cating, 1953; Judyy, 1%61).

BIOCHEMI&AL ANALYSIS OF TISSUE SAMPLES

Proximate anaiyseé of total protein, fat and moisture were performed
on the gonad, viscera and somatic tissue of all Florida shad and Connecticut
shad collected in 1972. These analyses indicated somatic constituents
supplied over 907 of the migratory energy requirements. Therefore only

the somatic tissues of the Connecticut samples obtained in 1973 were

analyzed. Prior to the analyses, gonads and viscera were homogenized and

L4 ‘o

somatic tissues re—hohogenized (to incorporate water separated during

frozen skorage). Moisture was determined by drying 5~20 g samples

. /
(depending on the amount of tissue available) to.a cqnstant weight at

90°C. Fat conteﬁt of the dried viscera and somatic tissue was quantified
by the method of KSrn and Macedo (1973). Gonad fat was extracted with
diethyl ether in a Soxhlet appardtus. Total nifrogen was determined by
the nesslerization of Kjeldahl digests (Middleton, 1960) of 1.5 g wet
samples using selenium as a catalyst (Strickland and Parsons, 1972).

|
Intensity of the Nessler colour complex was measured on a Unicam SP 600

K

o

spectrophotometer using a 4 cm cell. Protein content was estimated by
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\ ,

multiplyTng total nitrogbn values by 6.25 (Dowgiallo, 1975). Ash content
N Il -~ v
>
of all Connecticut River shad tissues collected in 1972 was determined

by combusting 1-5 g dry samples to a constant weight (approximately 24

-

hours of combustion time) at SSOOC in a muffle furnace (Horwitz, 1965).
All tissue constituent analyses were performed in duplicate.
Energy expenditures and reallocations by Florida and Connecticut

shad were determined by applying caloric equivaleﬂts (5.7 kcal/g for
h

protein; 9.5 kcal/g for fat) (Kleiber, 1975) to changes in the energy "

Is
—yiel?ing constituents of the gonad, Wiscera and somatic tissues. Similar \
data was obtained for York River shad by combustion vf one gram dry samples
(no replication) of gonad, viscera and somatic tissue in a Parr non-

\

adiabatic oxygen macro~bomb calorimeter. The equivalence of estimates of

/

tissue’ energy content using the heat of oxidation method and caloric
equivalents of tissue fat and protein content was determined by chi-square

analyses of estimates using both methods on 12 tissue samples.

TISSUE WEIGHR DYNAMICS

Gonad, Giscera, and somatic weight changes during the migration <in
the St. Johns and Connecticut Rivers were studied by comparing reg;ession
equations expressing\the relationship between these parameters and length
at subsequent sampling locations. Simple linear regressions on length

| were used because logarithmic transformation and polynomial regressions
<

\

-

failed to significantly reduce residual variance. Tissue weights (pre~ . -
dicted by regression equations) of shad collected at upriver sampling

sites were expressed as percentages of the predicted tissue weights of
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fish of identical size at time of entry into the river (0 km) and the
resulting relationships were plotted. Significant differences in temporal
and interpopulation changes during the freshwater migration were deter-
mined by comparing appropriate pairs of regression equations for equality
of slopes and adjusted means by analyses of covariance (énedecor and
Cochran, 1967).

Percentage‘change in gona@, viscera and somatic weights of York

'

River shad during the migration from the river mouth (km 16)' to the

spawning grounds was calculated using mean values at each station. The ‘P
significance of changes was determined using Student's T test (Snedecor

and Cochran, 1967) . \

1

The extent of gonad development at the time of entry into freshwater
was determined by expressing gonad weight as a proportion of somatic
weight for shad collected at the river mouth (Vliadykov, 1956). 1In the
calculation of this gonad maturity index for Florida and .Connecticut
shad, gonad and somatic weights predicted from’the appropriate regression

equations were used. F

»

TISSUE ENERGY DYNAMICS
2

Simple linear regressiong of tissue energy content on fork length
were used to calculate propoxtional and absolute changes {; tissue energy
content during the migration in the Connecticut and St. Johns Rivers.
Pr:;ortional changes were determined by comparing the energy content of

gonad, viscera and somatic tissues in shad of varying lengths sampled at

the river mouth with corresponding energy values for fish of equivalent~




10.
\

lengths sampled at uprivér«locations, Changes in tissue energy content
were expressed as proportions of the initial (river entry) energy content.
Absolute tissue energy changes duriﬁg the freshwater migration were
calculdated only for the "standard" frsh (mean length) in the populations.

The significance of temporal and betweeﬁ population differenéés in
tissue energy changes during the freshwater migration were determined b&
comparing appropriate pairs ofEregression equations for equality of slopes
and adjusted means by analysis of covariance as was done in the analysie
of tissue weight dyqamics. Because variability in energy content increased
relative to tissue weight variability (due to compounding variation by
sdpming proteiﬁ and fat energy components) fewer length/tissue energy
content regressions were significant. HoweveF, analysis of covariance

i
remained valid for comparison of non-significant regressions. Only the

I

robustness of the comparisons was lost. Thus, some sﬁgnificant differences

in slope and elevation may not have been detected.

Proportional and absolute energy changes in the gonad, viscera and

" | |

somatic' tissues of York River shad were determined in a manner similar
to that used in the assessment of energy changes in Florida and Connecticut

shad tissues except that sample means for each station rather than pre-

\

dicted values were used in the calculations.

3

Results

Ny

\

o

UPSTREAM MIGRATION RATES AND SAMPLING SCHEDULE
Upriver migration rates (slopes of regression lines) calculated from

the relationship between distance traveled and corresponding days free
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for tagged migrant shad did not vary significantly from year to year.

{ Therefore a single regression line was fitted to the combined displacement
data for the years 1967 to 1971 to determine overall migration rates
(5.9 and 6.1 km/day) for males and females respectively (Fig. 2). These
rates were(used to determine sampling times at successive Connecticut
River stat&ons in 1972 and 1973. A posteriori determinatzons of migra-
tion rates indicated that the realized rates &ére 5.7 and 5.7 km/day for
males and 6.8 and 8.2 km/day for females in 1972 and 1973 respectively.

-

i Sampling of male shad in the Connecticut River in 1972‘Vas initiated
on May 4. A posteriori analysis of C/UE data indicated the median C/UE

_actually occurred on May 6. \Sampling of females was delayed nine days
(May 13) in accord with the average nine day separation between peaks
during 1967 to 1971. The calculated median C/UE for females in 19}2
coincided with the predicted date (May 13). In 1973 sampling of early

and late run fish commenced on April 20 and May 21 respectively.

Sampling dates in all three rivers are given in Figure 1.

\ \ .

J GONAD MATURITY AND WEIGHT CHANGE
Regression relationships used to analyze changes in gonad weights and

relative maturity are given in Table 1.

'S IS

Significant intra- and interpopulation differences in the degree of
gonad development at the time of river entry were found (Fig. 3; Table 2).

Within rivers, the ovaries of Jdlarge Florida and smal& Connecticut shad were

less developed than those of other individuals in their respective popula-

!
tions, while differences in the degrée of testes development were small. {

J
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Figure 2. The relationship (sexes separate) between days free after

tagging (X) and distance “ravelled (Y) for the years }967—19§l combined.
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Tabile 1 Linear tegression coefficients for body leagth/tissue wetghc uhum\smpls for Cotnectitul snd St Johas River ahad \*auatlann take the foro
Y « C ¢ bX vhere Y 1s predicted tissue weight and X s lo(z lengeh (* p>0 0%) "
\
Connecticut River lt = St Johns River
Sex and  Reprod stage Km along Peak (1971) Early (1973} Late (1973) Sex and Meprod stage  Ka along (1974)
tinsue »ig'n route ¢ » ¢ b c N tissue mig'n route ¢ b
.
Male Maturing o -212 66 12 =306 59 5’99 ~177 68 &n Male Maturing [ - 7387 2%
gonad - 20 ~179% 76 & 42 - - - - gonad " 168 - 6969 264
. 50 -263 39 8y -309 05 921 - 82 01 118 » 249 -~ 3% 37 242
" 83 -16233 5 97 -259 25 311 - 25 7% 191 ° » 370 *-’ 76 48 ‘ 1 n
. "o 17 -137 40 5 01 -121 40 4 86 -125 o 4 07
Spent 191 - 8461 295 - L - - i - Spant 370 1126 0 43e
" 224 -134 2% - - - - -
" 265 -7021 225 -125 05 348 -2313 101
Terale Maturing [ -750 50 21 18 -549 §5 16 24 -612 67 16 9% Fevale  Maturing [} -9 N 4 R
gonsd " 20 <1000 63 26 28 - - - 2 gonad " 148 ~293 28 9 83
" 50 -436 33 14 36 -572 06 17 04 -197 99 7 18% " o 259 -200 58 8 &%
" 83 -630 59 18 93 ~838 57 24 04 -652 70 18 09 ” 170 -B47 34 13 16
v 137 -190 35 915 ~-756 78 2117 ~245 31 8 63n ¢
Spenr . 19 -469 65 11 03 - - - - Spent 170 S144 20 4 89e
‘ " 2% - 6813 2 a2 - - - - °
" 25 -3025 166% - 62 84 231" - 27,59 1.4 4
Male Maturing 0 -106 N1 l.u\ -8 2 403 -143 25 497 Mala Maturing o ~ 8896 344
viscera " 10 -97 10 3 % o - - - - viscera - 148 - 7911 306
» sa -138 8% 4 89 - 85 02 146 - 69 92 256 - 259 - 11 65 1 02+
" 83 -6258 211 -106 24 191 -992) in - 170 - '7 10 o 78*
" 137 -6335 238 ~ 91 61 305 -111 074” 11
Spaat 191 T TR 1Y - N . - Spant 8 - 108 ©Sir
" 224 -103 67 327 - - - - o
" 265 -117 46 3 54 -117 37 1587 -105 43 318 '
Female Maturing 0 -111 16 & 62 - 75 48 379 ~106 26 & 40 Female  Maturing [ -12398 4 23
vistera . " 10 -151 83 5 2% - - - - viscera » 148 ~ 4811 33%
" 30 -262 77 7% ~158 73 516 -119,27 19 " 59 -5330 229
" a3 -143 96 4 61 -5‘14 20 8 62 -151 27 & b4 " 70 - 7553 (266
" 137 -141 40 4 02 -19) 27 S 42 ~172 31 & 66 ’
Spent m 140 59 b 05 - - - . - Spent " e S Tk6 244 -
" 224 -150 50 4 % - - - -
N 265 -150 % A2 ~212 19 \s 70 -104 71 jaz \
1
Male :hzurhg [ -2617 85 90 22 -2809 11 91 92 -2707.45 88 6) Male Macuring [} -1762 T4 68 12
somatic " 20 -275251 93 97 - - - - Somatic " 148 -1803 64 67 85
" 50 -2537 26 B7 58 ~2388 96 8219  -179) 34 64 89 - 59 -1089 30 47 1
¢ 4 (3} -2310 72 82 59 -2609 79 A5 89  -2008 22 68 S4 i 10 -1171 88 43,03
b 137 -1638 25 63 76 -2078 71 7154  -2078 01 68 1}
Spent 191 ~1818 30 63 79 - - - - Spent 370 ~699 29 33 66
o 224 -2178 80 70 89 .- - - - -
" 265 ~1999 48  67.36 -1432 42 52 89 -1357 31 51 3
Feaale Maturing 0 ~3581 54 111 04 ~27157 86 90 B -2833 74 92 86+  Female  Maturing o -1333 4% 87,9
somatic : 20 ~3144 29 102 78 - - - somatic " 148 -2106 46 17 &b
" 50 ~4566 22 131 18 ~289) 62 92 58 ~1467 14 60 24 " 259 -1250 37 51,74
» 83 -360% 57 106 68 -3726 61 110 62 -2161 57 73 64 * 370 -1815 03 63 39
N 1317 -3368 28 100 83 ~3085 09 9335 -2319 08 7) 82
Spent 191 -3327 56 96 12 - - - - Spent 7o ~846.70 35,28 \
" 2% -2697 21 81 66 - - - -
" 265 -2602 21 80 01 -2516 30 76 75 4 -1474 31 51 77
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the ratio of gonad to somatic weights.
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' Figure 3. Relative maturity of gonads at river entry as indicated,/by
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Table 2. F values for analysis of covariance of length/gonad weight regressions for fish sampled at the river mouth, at the

spawning areas and following spawning,

(+) or (~) indicates slopes and elevations of the -regressions on the hori-

zontal are significantly greater (4+) or less (~) than the slopes and elevations on the vertical (p<0.01).

- Male Female
Florida Conn, Peak Gonn, Early Florida Conn, Peak Conn. Early
slope elevation slope elevation slope elevation slope elevation slope elevation slope elevation
RIVER MOUTH (0 km.) 5

Conn. Peak 6.2 104,8(=) ' 24.5(=)  50.6(-)

Early 14.3(-) 50.6(-) 0.9 5.0 9.8(-) 43.0¢) 07 7.1 '

Late 1.1 44,2(-) 1.3 10.6(+) 3.4 2,2 17.6(-)  33.0(~) 0.7 25.8(+) 0.0 4,2

’ . MAJOR SPAWNING ARFAS (370 km. Florida, 137 km. Conn.)

Conn, Peak 1.3 37.7(=) 2.3 1.4

Early 1.8 56.1(-=) 0.0 2.4 0.0 0.1 2.1 0.5

‘ Late 0.5 Kk7 0.2 29,.3(+) 0.1 62f5(+) 2.8 2.4 0.0 12.5(+) 1.8 14.4(+)
% X SPENT FISH (370 km, Florida, 265 km. Conn.)

Conp, Peak 1.5 13.5(%) 1,2 2.8

Early 3.1 11.6(;>\ 3.0 0.6 1.0 5.8 0.1 0.0

9 \ a »

Late 0.1 8.2(~) 2,6 12.5(+) 6.3 9.4(4) 1.1 2.5 0.0 0.5 q.l- 1.0
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In the Connecticut River only females showed a marked temporal variation
Jn gonad development. Ovaries of females entering the river late in the

run were significantly less develgped than those migrating at the time

of peak abundance or early. Between river comparisons revealed that the

° \

gonads of Florida shad were significantly less developed than those of

Connecticut migrants (Table 2). The maturity of gonads of Virginia shad

was similar to that of Connecticut shad (Fig. 3).

N

-During the upriver migration of St. Johns and York River shad a

~

signi£>cant increase in the gonad weighf of both males and females
occurred (Figs. 4, 5). The maximum increase in testes weight in Florida
; " =

ranged from 40 to 1007, depending on the size of the individual. The

smalleA, less mature males experlenced the greatest proportional increases.

The 217 increase in Virginia shad tested weight was considerably less than

testes weight increases of even the smallest Florida males. The maximum
observed increase in ovary weight was 207 in Virginia and ranged from 40

to 1007 in Florida. The greatest increases were exhibited by the “largest

2
St. Johns River females (whose ovaries were least developed at time of

o -

entry into the river). In Florida the continued fﬁ%rease in ‘the gonad
weight of both sexes to 259 km indicated that little or no spawning .
occurred below this point. A subsequent significant decrease (covariance

=21.0, p < 0.01 (males); = 13.4, p < 0.01 (females)) in

F
(1,56) F(1,48)
the length/gonad weight relationship at 370 km suggested some spawning

had occurred between km 259 and 370. This finding is consistent with

the reported distribution of spawning areas in the St. Johns River

[4
1]

(Williams and Bruger, 1972). Visual comparison of the testes of these




Bl

‘Figure 4. Proportional 'changes in testes weight (relative to weight at

the river mouth) at various distances (km) from the sea. Analysis of
covariance F values for differences between slopes and elevations of

IS

linear regression lines used to generate the curves (Connecticut and

i

Florida) and t values for comparisons of mean weight at river mouth and

spawning grounds (VirgiLia) are given (>, p < 0.0l; -, comparisons not

o

made), * indicates % weight change/body 1eng£h trends were estimated

from one non-significant (p > 0.05) linear regression (see¢ Table 1).

N
These curves were included to indicate relative elevations which are

meaningful. - :
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Figure |5. Proportional changes in ovar weiéht during the freshwater
y

migration. Changes associated with specific‘distances (km) are relative

1

\ to initial ovary weight. See Fig. 4 for explanation of symbols and

terminology.
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male shad with those of fully spent males sampled later at the same
location (370 km) ‘indicated Spa;ning in the former group was incomplete
at the time of sampling. The proportional decrease in ovary weight of
females less than 43 cm beyond km 259 and the significant reduction
(covariance F(l,47) =5.9,'p < 0.05) in slope of the length/ovary weight
felationship at km 370 indicated the émaller females (which were more
mature at time of entry into freshwater) were spawning earlier and further

1
downstream than their larger counterparts.

In contrast to the patte;n observed in Florida and Virginia, the
testes weight of Connecticut River males did not increase during the
upstream ﬁig;ation regardless of time of entry into rthe river (Fig. 4).
gLr feﬁéles, the pattern of ovary development varied with the time of
entry into the river. Early and late migrants exhibi;ed significant
;ﬁhreases in ovary weights (ranging from 357462) during the miétationato
the lower limits of the main spawning areas (50-83 km) (Fig. 5). No
in;tgases in ovary weights occurred in females entering at the peak of

the run presumably because the ovagges of these fish were more fully

developed at the time of entry into freshwater.

~
i
Spawning of individual Conhecticut River shad appeared to be proJ

tracted and to occur over a large area. Late migrant males and females
i
experienced sjgnificant reductions in gonad weight (Figs. 4, 5) as little

iﬁ 50 km from the river mouth. Gonad weight losses (indicative of

spawning) ipfearly and peak run migrants first occurred approximately

83 km from the river mouth (Figs. 4, 5) and continued to km 137.
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_The significant inq¢ease'in gonad weight of Virginia shad between !
the river mouth and km 80 suggested little or no spawning occurred
downstream of km 80. This finding agrees with the reported limited

’ f

distribution of spawning activity in the York River system (Massmann,

1952).

VISCERA WEIGHT LOSS

Significant interpopulation differences in viscera weights at the
time of entry into freshwater were observed. The length/viscera weight
relationship of Floridé shad was significantly below that of all
Connecticut migrants (Table 3) indicating they enterjfreshwater with
smaller viscera energy reserves. Viscera weight los;es (approximately
35% (Fig. 6) of initial levels) in females duQing the upriver migration
in the St. Johns River were similar to viscera weight losses experienced
by early migrant Connecticut River females but were substantially less
than viscera weight losses occurring in Connecticut River females .
migrating at the peak and late in the run (40-607). The smaller pro-
portional weight ioss of Florida females apparently was a comsequence of
the reduced viscera reservef carried into the river because the slope and
elevation\of the length/viscera weight relationships of the Connecticut \

and Florida shad do not differ at the spawning grounds (Table 3). For

males, the viscera weights at entry to both riyers were more similar than v

the viscera weights of females (Table 3). Cons%quently, viscera weight

loéses associated with upriver migration were §{milar\(Fig. 7). The lack %

of significant decreases in viscera weight after spawning (Figs. 6, 7) a
)
¥
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Table 3, F values for analysis of covariance of length/viscera weight regressions for fish sampled at the river mouth, at the
spawning areas and following spawning. (4) or (-) indicates slopes and elevations of the regresaions en the hori-
zontal aée significantly greater (+) or less (-) than the slopes and elevations on the vertical (p<0.01),

' Hale Female
. - S
Florida Conn, Peak Conn, Early Florida Conn. Pesk Conn. Early
alope elevation slope elevation slope elevation slope elevation slope elevation slope elevation
- RIVER MOUTH (O km.) ]
Conn. Peak 0.4 21.9(=) o 0.1 24.9(~) ¢
Early 0.2 27.2(-) 0.0 0.1 0.1 32.3(~) 0.2 1.0
Late .. 0.7 1.7(-) 0.1 1.6 0.2 2.6 0.0 - 18.0(-) 0.0 * 1.0 0.1 0.0
MAJOR SPAWNING AREAS (370 km. Florida, 137 km. Conn.) -
Conn, Peak 1.8 6.8 0.9 1.2
Early 3.8 3.6 0.5 0.1 4.9 0.5 1.5 22.8(-)
Late ‘ 8.1(=) 0.3 0.7 3.8 0.1 4.5 4.8 5.1 0.3 0.1 0.6 35.9(+)
- SPENT FISH (370 km, Florida, 265 km. Conn.)
Conn, Peak 1.9 0.0 - ' 1.7 0.4
Early 3.6 0.4 0.0 0.2 ) 6.0 0.2 2,0 9.7(-)
Late 6.6 0.2 . 0.1 1.5 0.2 5.3 0.5 0.3 0.7 1.1 4,1 16.7(+)

“1¢
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Figure 6. Proportional changes in female visce\ra weight during the
. , .
‘ freshwater migration. Changes associated with specific distances (km)

are relative to initial viscera weight. See Fig. 4 for explanation of

Vo
symbols and terminology. : \\
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Figure 7. Proportional changes in male vfscera weight during the

freshwater migration. Changes associated with specific digtances (km)

!

are relative to initial viscera weight. See Fig. 4

symbols and terminology.
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in males and females Suggests they exploited viscera reserves maximally
during upriver movement. Proportional viscera weight losses duriﬁg totaf
i
freshwater stay in Connecticut and Florida were comparable €%0—6OZ).
Mean viscera weights at entry to the York River (48 g, SD = 9 for

el

males of mean length 37.0 cm, SD = 0.6; 67 g, SD = 10 for females of mean
\

lengtﬁ 42.3 cm, SD = 0.6) are intermediate tq}viscera weights predicted \
for Connecticut and quridé shad of equiva}ent lengths at the river mouth\
(Table 1). Subsequént viscera weight losses (Figs. 6, 7) incurred during
thé migration to the York Rivegzspawning area were substantially less
tﬂan losses by either Florida or Connecticut shad during travel to their

respective major spawning sites. Viscera reserves may thus be available

for the downstream migration of York River shad,

SOMATIC WEIGHT LOSS

Covariance analysis revealéd 1o s;gnificant‘differences in the slope
or‘elevation of the length/somatic weigK{ relationship of males and
females from the Florida and Connecticut populations at the Time of entry
into the rivers (Table 4): Similarly, mean somatic weights of males
(790 g, SD = 71) and females (1202 g, SD‘; 76) entering the York River
system approximated the predicted weights of Florida males/(758 g) and
females (1165 g) of comparable lengths entering the St. Johns River
(Table 1). éubsequent somatic weight losses experienced in attaining the
spawning grounds were similar in Florida and Connecticut (15-25%; Figs. 8,

|
9) in spite of the greater distances travelled by Florida fish. 1In E

Virginia, where the spawning migration is shortest, the magnitude of




5
Te—
e
Table 4, F values for analysis of covariance of length/somatic weight regressions for fish sampled at the river mouth, at
the spawning area and following spawning. (+) or (-) indicates slopes and elevations of the regressions on the
horizontal are significantly greater (+) or less (-) than the slopes and elevations on the vertical (p<0.01).,
Male Female
Florida Conn. Peak Conn. Early Florida Conn-. Peak Conn. Early
glope elevation slope elevation slope elevation .slope elevation glope elevation slope elevation
RIVER MOUTH (0 km.)
Conn. Peak 6.4 2,3 - 3.7, 0.1
Early 4.8 0.2 0.0 19.9(+) i 0.1 3.8 - 1.6 14.,5(+)
Late 2,5 —2.3 0.0 28,9(+) 0.1 1.3 0.2 1.4 1.1 9.6(+) 0.0 0.4
i MAJOR SPAWNING AREAS (370 km. Florida, 137 km. Conn.) ki
Conn, Peak 1.0 17.5(~) 3.3 2.3
Eaxrly 4.9 2.3 0.5 6.2 2.7 0.8 0.2 2.9
La\te 2,8 2.9 0.1 38.4(+) 0.1 32.2(+) 0.4 0.1 2.8 43,6(+) 2,1 25,6(+)
SPENT FISH (370 km. Florida, 265 km. Conn,)
Conn, Peak  4.0° 0.5 11.3(-) 5.5 -
Early 2.9 0.2 4,6 21w.2(+) 7.0 2,4 0.1 4,8
Late, 1.5 © 4,0, 2,5 20.8(+)

48,2(+) 0.0 19.1(+) 1.0 1.9 5.0 ° 59.1(+) —2.8

Y
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“ ’ Figure 8. Proportional changes in male somatic weight during the

freshwater migration. Changes associated with specific dggtances{(km)

are relative to initial somatic weight. See Fig. 4 for exﬁlanation of

L]
symbols and terminology.
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éigure 9. Proportional changes in female somatic weight during the

freshwater migration. .Changes associated with specific distances (km)
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. are relative to initial somatic weight. See Fig. 4 for an explanation ! -
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of symbols and terminology.
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somatic weight losses associated with attainment of spawning sites was

less (approximately 8%; Figs. 8, 9). Significant differences in somatic

7 1

weight losses béetween the Connecticut and St. Johns Rivers occurred during

the postspawning period. Spent shad sampled at the spawning grounds in

Florida experienced proportional weight losses as great (males) or greater

-~

than (females) spent fish sampled at the river mouth just prior to the

1 .
return to sea in Connecticut. Florida males and females consumed iO—3SZ

—

and 40-50% respectively of their somatic tissues (Figs. 8, 9).€/Connecticut
Riyer shad weight losses during the entire migration rang?d from ?O to
AOZL No comparable data was available for York River migrants. Signifi-
cant temporal differences in the length/somatic weight relationships of
. Connecticut River shad occurred at the river mouth (Table 4). Shad
migrating ;t the '"peak" of the run entered the river with significantly

) d
larger somatic reserves, however the length/somatic weight relationships
of shad entering early or late 1in the runkaid‘n?t differ significantly.
The con%istently }ower length/somatic weight reiationships of late run

shad at 137 km (spawning area) and 265 km (spent shad leaving the river)

(Table 4) indicates these fish utilized a significantly greater proportion

/

°
|
° '

of their body reserveﬁ during the migration.

L

INTERACTIVE CHANGES IN TISSUE WETGHES

o

°

A temporal sequence in tissue utilization was indicated by the

relative changes in the elevation of the length/viscera weight and length/
° e &
somaticwxeight relationships during the migration. In the Connecticut

River population significant decreases in the elevation of the length/
o § \
4
: \
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\ viségra weight relationships occurred between km 0 and km 50 (Table 3),
}r . the absolute decrease being greatest (30-45%Z) for late migrants (Figs. 6,
* 7). Slignificant reductions in the somatic weight of early and peak run
shad (Tableﬂé) occurred only %fter the viscera weight loss reached itS\
maximum, suggesting a preferential use of viscera tissues early in the
migration. In contrast, the viscera and somatic weight loss in late\run

e migrants occurred simultaneously throughout the early stages of the

o

-
migration. During the downstream migration following spawning somati

tissues were used exclusively (Figs. 8, 9).' Somatic weight losses during
the downstream migration were of similar magnitude to losses incurred

- \
guring the upstream migfation.

/
Florida shad were similar to late migrant Connecticut shad in that

~
5upriver migration. Significant declines in the elevation of the length/
£ ' ; '
somatic weight relationships of Florida shad occurred closer to (between

they utilized somatic and viscera reserves simultaneously during the\

0 and 140 km) or at the same distance from (148-259 km for females) the
river mouth as the decreas€s in elevations of the length/viscera weight \
’ relationsgips (Figs. 6, 7, 8, 9). Following spawning, like their
Con?ecticut counterparts, Florida sha% utilized somatic tiésues exclu-
. sively. ’ ) |

: “ ~ ‘\ A

The paucity of sampling locations prevented a definitive assessment

“

% of interactive changes in shad viscera and somatic weights during upstream
i

3

progress in the York River. However, reduced viscera and somatic weight

losses by Virginia migrants relative to losses experienced by_Conneéticut

—

d Florida shad during travel to spawning s;gﬁS/sﬁééested that, unlike

. p -
Yonginetinin W-t—;ﬁ-—b\.’ w2




Connecticut and Florida migrangs; Virginia shad may have both viscera and '

somatic energy reserves available for the postspawning downstream migration.

1

:\
BODY COMPOSITION CHANGES T

Fat dynamics Trends in gonad fat changes during the migration were

similar for Connecticut males and females, although absolute levels of fat

in the gonads varied between sexes. The ovarian fat content remained -

relatively constant (5-6 g for the hstandard" female (population mean \

length = 50 cm); Fig. lO)‘during the upriver movement. A subsequent sharp

decliné (85%) was associated with spawning. Similarly, testicular fat

content remained constant (range 1.2 té\0.8 g for the standard male

(45 cm)) during the upstream migration. Postspawning fat content feli

to 70% of prespawning 1eve%s. )
Trends ahd absolute changes in gonad fat content during the fresh-

water migration in Florida differed from those in Connecticut. Testicular

fqt reserves were greater upon entry to the St. Johns River, the smaller

élorida males (standard length = 40 cm) having reserves (1.1 g) equivalentu

to %ﬁat of the much larger (45 cm) Connecticutmales. Subsequent changes

in testicular fat levels/with distance were slight (fanging from 1.1 g x

at' 0 km to 0.6 g(a5;3767;m). Fat losses assSCiated with spawning' (687)

‘ /

were similé?ﬁisli sses in Connecticut. In contrast to the constant

' , - \
fat content of tieé Flor%da standard female (42\cm) increased by 357 during - -

\
upriver movementi (Fig. 10). Subsequent reductions of ovarian fat (907%)

shad.




o

Figure 10. Meahh fat content of gonad, viscera and somatic tissues at

various distances along the freshwater migratioA in the St.' Johns and
* 1

Connecticut Rivers. Mean shad lengths associated with specific river

locations did not vary more than 1.0 cm arqrnd the "standard" length.

"S" = spent shad; vertical bar = 1 S.D.
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Significant sex related differences 1in viscera fat content at the
time of river'entry occurred in both populations. Connecticut males,

.

despite their smaller size, had three times the viscera fat reserves of
females (Fig. 10). PDifferences in Florida shad were less extreme. At

the river mouth, male viscera fat content was approximately 40% higher

than that of females.

Viscera fat levels declined rapidly in both populations during
upriver movement. However, during the postspawning period in the river,
little change occurred.

Obvious differences in the somatic fat content of‘Florida males and

females existed at entry to the river. Despite their generally smaller

-
]

body size, males began- the migratiqn with absolute fat reéerves comparable
to those of females (Fig.@%@%; In contrast, the somatic fat reserves of
Comnnecticut females at initiation of ;he rivef migration was greater thén
that of males, as would be expectéd from the larger relative body size
of the females. ' ‘Ar

) A rapid decline in somatic fat content of all shad occurred during:
upriver movement \(Fig. 10). During this (period of the Connecticut River
migration, late run males and females suffer\d the most extreme reduction
(607%) in somatic fat levels. Losses of a similﬁr ?agnitude were exper—
ienced by St.\Johns River males apd females before the spawning grounds
weré attained. Postspawning losses by gll shad were small in comparison
to prespawning losses, Connecticut "early", ”;eak" and "late" migrant

males utilized from 10 to 207 of their somatic fat reserves during the

seaward migration. Flofida males uﬁilifed considerably more fat (37%)
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during the same period. The postspawning fat expenditures of early and
late run Connecticgt females and Florida females ranged from 10 to 35%.
Peak migrant females in the Connecticut River éaperienced %& reduction in
somatic fat Y%llowing spawning. \

The somatic tissue was the most important source of fat during the
Florida and Conngctiéut migrations, supplying up to 150 g for metabolic
purposes. In comparisgn, a maximum of 12 g of fat was utilized from
visceral sources.

Protein dynamics The protein content of the gonads of male and

female Connecticut River shad was relativaﬁy stable "during the upriver
N

miggatign (Fig. 11). An abrupt decl&ne of 717 for males and 877 for
females occurred during spawning. In contrast, the ovary and testes\
protein content of Florida shad increaseg approximately 307 during upriver
movement. Decreases iﬁ gonad<protein content associated with spawning
(50-73%) were of lesser magnitude relative to deLreases in gonad protein
content of Conneciicut shad.

The viscera protein content of shad declined rapidly during the
upstream migration with little or no decrease after spawning. In
Connecticut, the trends in initial protein depletion were simi{ar; the
viscera protein of both males and females being reduced approximately 457
(Fig. 11). No qecline occurred after spawning. The reduction in viscera
protein of,Florida shad was more gradual during upriveﬁ movement.,
Although, the proportional losses of Florida migrants were greater (507

for.males; 75%.for females) than those of Connecticut shad, the absolute

reduction in protein.content of 3 g over 370 km of river travel was far
§

J
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. i &
Figure 11. Mean protein content of gonad, viscera and somati%/‘tissues [
at various distances along the freshwater migration in/the St. Johns >
. ;
and Connecticut Rivers. "S" = gpent shad; vertical bar = 1 S.D. .
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less than|losses by Connecticut shad (6 and 10 g for males and females
respectively) over a comparatively s&orter migration distance. After

spawning, the viscera protein of Florida males and females decr?ased an
addltional 17 and 257 respectively. |
Somatic protein declined both prior to, and after spawning in both
rivers, with the declines being approximately equal in the two intervals
(Fig. 11). The decrease EP protein content of early migrant females
(147%) was comparable to 1os;es suffered by "peak" migrant females (17%).
ﬁaté migrints entered the Biver with reduced tissue protein leLels and
subsequent losses (30%) were greatest among Connecticut River migrants. |
The same temporal trends in protein Qoss existed for males, and the
absolute reductions in protein were similar despite their smaller size.

The average protein content of "ear&y"

and "peak” migrant males decreased

187 between 0 and 137 km and finally 6% between 137 km and 265 km. Late ‘
male migrant;, like late females, entered the river with reduced protein
reserves, Subsequent losses (237 and 147 between 0 and 137 km and between
137 km and 265 km”resbectively) were mote extensive than those of earlier
migrants. Florida males utilized less somatic protein both prior to

(347) and after spawning (157) than did Florida females (respectively

387 and 197 for the same intervals).

Moisture dynamics Ovary mgisture content increased steadily prior

to spawning in all rivers’tFig. 12) . In the Connecticut this increase

was_associated with ripening fascicules of ova (personal observation) on

[y

LAt T

the Wilson spawning grounds (83 km). In comparison, female shad sampled

o

at Holyoke (137 km) exhibited reduced ovary moisture (arcsine transformed

ol
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Figure 12. Mean percent moistur

»
at various-distances along the freshwater migration in the St. Johns,

? in gonad, viscera and somatic tissues

Connecticut and York Rivers. "s" =

' ) .o
spent shad; vertical bar = 1 S§.D.

Bt

Sk s

23
A

¥ S

el



et}

A

Aot

TS

o , ,
. . .
(wyt) IONVLSIQ . (wx} 3IONVLSIO - T
00¢ 002 oot - 0 00t " ooz ool 0
i ' 1 L. 4 A - A -l i A e " 1 i
. ._ \Oﬂ-% it . eruiBaip M_W.If{
| s " w—— - 3
F‘lﬂ.\ﬂ\\‘l\w* “RPIIO|] mme= : SUEW 'd\-\.\\‘"li
L _ UUOT) empmmren kN \\\\\ F0%
- _& . Pl .a_ «
- vY30SIA . otfoen
| \ B} T . ! \ [
o Pp——" L) . ’ ' \_JID\I|\|I I
L oc . N . wme” BT RWIY T
B v H _ \\ 0l
~ mOl‘lQ“\ °\g\ ﬁ m
. | 1 . A8
! E Y \\\\ s — _\ I — nIH.
- ' i o 1 e 2
L TITL] VI —p— _ -...Mn . L.Jk\\ m_o\\ _ ao_wEou’ e ~ m
« BPLOY smmarm [ ) ” N
o}
LIV TRV g R—— o8 ~ ' ﬁ
so = LY
INSSIL  JILVWOS ‘
1 ‘ —
— P— A A A - i Lq- oo P A m A e, Y - ° ON
- CIUIDI T m— v
¢ ‘ |I|\|I\| Fldes Ea\ 4 EPLIO|] mmawe i — ‘ 1)
2 \\ulll\|| "1 F_ LUOY) wa , \ _
. \\. : - * i | sajewsy
- .k__ \q 4 avNOD i Ju
» e
# * P\\\ g yeay | :_\ﬁ /
i .\.AL\&M\_ _T\ﬁ .
- - .
or.d | ‘s ; M
50 T ee »n
] . -t
7 g
] )
m
« EIUIDIIA o c—
se w  BPILO| eemwes
- s3jRWay Luo)
INSSIL JIUVNOS
L4
L
a <>
» -~

b




‘&

i ! |

- \ -
proportions, t(49) = 4,8, p < 0.001). Upstream movemeng was active at

this stage and no obvious ripening of the ova was occurring in this area.
o o

The-increase in ovary moisture during the 80 km.migration in the York

River system was similarly significant (arcsine transformed proportioms,
g N i .

t(383 = 5.5, p < 0.001). Ngqchange in ovary moisture was observed during
;h% early stagés (0-148 km) of upstream 'migration in Florida despite

increases in gonad weight. However, between 148 agnpd 359 km ovary moisture

increasg% dramatically suggesting a rapid maturation of ova (arcsiﬁe

-

transformed proportionms, =742, p < 0.001).

T(s5)

In Florida trends in testes moisture changes were similar to those a

°

observed for ouaries, /gestes moisture content increased approximately

5% (from 75 to SOZS between km 0 and 259, coincident with an increase in
k4

il
testes weight. A minor increase in testes moisture (1.3%7) accompanying
/}

o \ .
an increase in gonad weight.was also apparent during the migration,in
¢ K ° . .

Virginia. The percent testes moisture of Connecticut shad ‘remained
\ Lo

constant (approximhte;y,782) throughout the migration.

% o

. " N .
Reciprocal moisture and fat changes were apparent in viscera and ¢ §

somatic tissues in both the St. Johns and Connectikut Rivers (Figs. 10,

12). Increases in male viscera moisture of 8 and 147 .for Comnecticut

°

and Florida males respectively accompanied corresﬁondi;g fat depletions
of 75 to 937. In Florida, female viscera moisture increased 157 as fat

! v

content declined by 90%. Connecticut females, which-entered the river

with reduced fat reserves relative to those of Connecticut males, had a

[

much higher moisture conterdt (75%) and, as a;result, increases were

-

moderate (3%) and coincided with reduced viscera faq«losst The moisture

° i
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)
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N
content of the somatic tissue of Connecticut peak and early miérants

increased approximately 77 (from 63 to 707%) as fat content declined by . \
50%. The moisture increase was greatestn(approx1mately 8%) for late
migrants (from 64 .to 727%) and approximately 77 more fat was utilized by R
these fish.i The greatest moisture increase (17%) occurred in Florida
females and accompanied a decline in somatic {at conient of 95%Z. Among
males, the Connecticut "peak"”, "early" and "late" migrants experienced
similar somatic moisture increases (8%) associated with an average fat
reduction of 657. The highest moisture increase (157) and greatest fat; -

decrease (90%) occurred in the somatic tissue of Florida males. .

Ash dyrdamics Somatic and viscera ash content remained relatively

~

constant during the freshwater-migration (Fig. 13). Gonad ash confent >

» . ; \
decreased in concert with spawning activity as expected. .

o \ ’

ENERGY UTILIZATION
Chi square analysis (Xz =\21.1, ‘11 d.f., p = 0.025) indicated heat

of oxidation andﬁéﬁloric equivalents of fat and protein provided com;

parable measures of tissue energy content. Therefore, bomb calorimetry \

estimates of tissue energy content (Virginia shad) were compared directly

with estimates based on proximate composition (Florida and Connecticut

\ N <
shad) . \ \ )
Gonad energy change Despite increases in the gonad weight of both
/ ¢ ’
sexes during the upriver migration of Florida shad only the energy content

of the ovaries ing¢reased significantly (Fig. 14). Moreover, trends in -

. .
proportional ova energy increases suggested among females the large
14 | ,
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Figure 13. Mean ash content of gonad, viscera and somatic tissues at )
= v ®

| . .
various distances along the freshwater migration in the Connecticut

River. "S"\= spent shad; vertical-bar = 1:S.D. \
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Figure 14. Proportional changes in gonad energy content during the

2 °
freshwater migration. Changes associated with specific distances (km)

are relative to initial gonad energy content. See Fig. 4 for explanation '
' ‘
of symbols and terminologyk ’
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individuals were shunting more energy into tﬁe gonads. The increase in

ovary energy content during the early stages of migration (km 0 to km

148) was 30% for 48 cm females compared to 207 for 38 cm females. Because

this finding was consistent with disparate ovary maturity at river entry

and disproportionate increases in ovary weight with upriver movement, /

”

these trends in ovary energy increaies were accepted as reLl despite t“e
\
ise of nop~significant regression lines in their calculation '(Fig. 14).

Subsequunt spawning by the large individuals was apparently delayed, as|

|

indicated by the significant increase in the slope of the ovary energy

content/length relationship at 370 km., This increase reflected the

0y

earlier losses of gonad ?nergy resulting from spawning in small females.
The gonad energy content of Connecticut shad which W¥fre more mature

at time of entry into freshwater, did not increase during th?\migration

(Fig. 14). A significant decrease in testes and ovary energy content

between km O and km 137 suggested upriver migrants captured at Holyoke

o \
. AN
may have engaged in limited spawning activity before reaching this point.

No body si;e dependent trends in’ spawning were apparent for Connecticut
migrants.

The ovaries AEBVirginia shad which, like those of Connécficut females,
were at an advanced stage of maturity at river entry did not gignificantly
increase in energy ;¥ntént during 'the migration (Fig. 14). However, the
testes of -Virginia shad, intermediate in maturity to the gonads of

Connecticut and Florida migrants, did experience a significant increase

in energy contg%t. ’ 14\“
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i

A comparison of regression elevations at O km indicated Connecticut
p
-

shad entered the river with greater gonad energy reserves than Floridé
migrants (Table 5). Despite increases in the gonad energy o6f Florida
shad, this dispar'ity persisted at the spawning areas. Mean testes energy
content at entry to the York River (61 kcal, SD‘= 15) appfoximated the
calculated value for Connecticut River males of equivalent length (54
kcal). However, initiall ovary energy content (307 kcal, SD = 78) was 1167
greater than tHat of Connecticut femaﬂ;s‘of comparable length. In the

York River, only testes energy increased significantly with upriver

»

a |

S

movement (Fig. 14).
. i .
Viscera energy change ‘The viscera energy reserves of Florida shad

were equivalent to or greater than reserves of the Connecticut migrants
at the time of entfyAinto freshwater (Table %). The viscera reserveé ofﬁiy
Virginia shad at the river mouth (males: 125 kea}, SD = 19; ferlales: 109
kcal, SD = 18) agPrdkimated those calculated for Connecticut shaé of
equivalent lengthr(males: 123 kcal; females: 105 kcal). Subqequent
proportional viscerﬁ energy‘losses associated with *upriver migrationlwere
least in the York River (25-30%; Fig. 15). The extent of viscera reserve
depletion in the Connecticut and St. Johms Rivers was similar (60;80Z;

no statistical difference in regression elevation at upriver stations and
upon ;ompletion of the freshwater migration (Table 5)). The proportion-
ally greater viscera energy losses experienced by Florida females (Fig.

15) upon completion of the migration was a consequence of the greater

i%itial reserves.

e
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Table 5, F values for analysis of covariance of length/gonad enérgy and length/viscera energy regressions

- 2
for Connecticut (peak) and Florida shad sampled at the rivet mouth, at the spawning area and

I

following spawning. (+) or (=) indicates slopes and elevations of regressions for Comnecticut
Fnalcat

= v

migrants are greater (+) or less (-) than the equivalent regressions of Florida shad (p<0.01).

¢ -
X

Location Tissue Male Female
slope elevation “Blope elevation

River mouth gonad . 5.4 48.5(4) ‘ 28.7(+) 29.4(4) .

(0 km.) . viscera R 0.0 0.1 7.4(=) 11.2(¢)

. - o - :

Spawning area gonad 1.3 29,4 (+) 0.5 10.7(+)
(137 ¥m. Conn.) viscera 0.6 0.0 0.1 0.0
(370 km. Florida) ’ . —
Spent Fish gonad 0.0 2.1 L 0.7 C.5
(265 km. Conn.) " viscera 0.1 1.4 1.0 0.3
(370 km. Florida) o ) .
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44,

Figure 15. Proportional changes in viscera energy content during the

freshwater migration? Changes associated with specific di?tances (km)

are relative to initial viscera energy content.

»

of symbols and terminology.

i

See Fig. 4 for explanation
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\ of equivalent sizes and with reserves equivalent to those of Comnnecticut

45.

Greater total viscera energy stores were associated with the retarded
gonag developme#t of large Floridé females. These large individuals’had
reserves up to 1987 greater than the reserves of the smallest females. !
Sub;equent viscera/energy losses by the large females were greater early
in the migration (157 kcal were utilized by 48 cm females compared to an
expenditure of 25 kcal by 38 cm }emales betweenlkm 0 and 148) as more
energy was required for gonad maturation. ''Peak" rum Comnecticut females
did not transfer energy to the gonads duriﬁg upriver movement. In the

—_—

Connecticut River smaller fish utilized up to 127 more energy from viscera

sourcese. ©

Somatic energy changes Florida and Connecticut males begkn the
migration with comparable static energy reserves (Table 6). The mean
somatic energy content of Virginia males ‘at entry to the river (1933 kcal,
SD = 181) agreed qith the calculated somatic reserves of Florida males of w
equivalent lehgth (1994 kcal). Depletion of reserves during total
freshwater residence was greatest for Florida males (65-80% vs. a maximum
of 60Z for Conneciicut males; Fig. 16). Virginia males experienced the
least depletion during upstream movement (10%Z vs. a minimum of 257 for

Connecticut and Florida migrants). In the Connecticut River, "late"

migrants expended more energy in-reaching all uprivef locations than did

3

"early" and "peak' migrants.

i

Florida females entered freshwater wiqhﬁsignificantly greater somatic -

energy reserves than "early" and "late' run Connecticut migrant females y

A
S

\ -
"peak" migrants (Table 6§€? The mean somatic energy content of Virginia

. §
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: vertical (p<0.01).

a

at the river mouth, at the-spawning areas and following spawning.

3

Table 6. F values for analysis of covariance of 1eagthf;5;§tic energy regregssions for Connecticut and Florida shad sampleé
’ / -
#+) or (~) indicates slopes and elevations of

regressions on the horizontal are significantly greater (+) or less (-) than the slopes and eleéations on the

- - /Mﬁi; Female
f Florida Conn. Peak Conn. Early 4 Florida Conn, Peak Conn. Early
slope elevation slope elevation s8lope elevation slope elevation slope elevation slope elevation
RIVER MOUTH (0 km.) .
Conn. Peak 2.3 2.0 0.1 3.6
Early 0.2 4,5 0.8 4.1 22.5(+) 3.1 6.8
3
Late 0.0 3.6 2.3 p.1 0.2 1.7 8.5(+) 1.6 6.8 0.2 ° 2.1
N6 AREAS (370 km. Florida, 137 km. Conn.)
rT Conn., Peak 0.9 9.4(=) 3.2 0.1
~ —
. Early 0.3 5.3 . 0.4 2,6 0.0 2.0 4,6 B8.6(+)
Late 5.0 0.6 3.4 2.4 5,0 0.0 | 0.6 2.1 2.6 37.5(+) 2.5 0.0
SPENT FISH (370 km. Florida, 265 km. Conn,)
, Conn, Peak 0.0 2.1 7.0 4,3
Early 0.5 7.8(-) 2.4 Y 2,8 0.3 8.7(-) 6.2 7.1 '
Late 0.4 0.0 0.0 5.9 3.7 0.0 9.6(~) 10.9(+) 54.8(+) 0.5 0.7

0.9

‘9%
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-Figure 16. Proﬁortional changes in male gomatic energy content during

q '

the freshwater migration. Changes associated with specific distances ‘ :
(km) are relative to initial somatic energy content. See Fig. 4 for
explanation of symbols and terminology. ’ . .
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females (2879 kcal) was intermediaze to calculated reserves of Florida

? °© ] R -
’ females (3024 kcal) and Connecticut females (mean = 2628 kcal) Pf equi\;a—

4l

lent lengths. Subsgquent energy losses associated with upriver migration

\ \r

were gré;test among Florida females (up to 507). Losses by Connecticut
. 7
and Virginia shad approximated 30 and 137 respectively (Fig. 17).

Makimal within river depletions during total river residé7pe were 637

/ (late Connecticut River migrants) and 7387 (Florida).
A TR
[ N \ ' e B - 3
Within the Connecticut River, peak run females entered with signi-
x ’ { )

P ' v
ficantly greater somatic energy reserves than "early" and '"late con-
AN .
i .
specifids whose energy reserves were approximately equal (Table 6).
« i

\\ a
' B - \ J

. " ~ These differences were maintained at the spawning areas. Howeve¥ after

spawning, late migrants were significantly more deg;g£é§wthan earlier o

~ ¥
5

! \ t
migrantis. Proportionate losses indicated late run females utilized
\/ 1
approximately 107 mofe energy (Fig. 17)¥than early or peak run shad.

Comparisons of somatic energy content between the river mouth and

upriver stations in(Conneeticut revealed a significant depletion hoth
* H Ad

\ préceding and following spawning for all shad (Figs. 16, 17). Since

. o o
I3 —

v 5\_)Vi3ggra energy was osignificantly reduced only during the prespawning 3
L “ °

§ period, the 15-307 degrease in somatic reserves following spawhing

represented the total cost of seaward migratijon. X »

Changes in the slopes of the body 1;¥ h/somatic energy relationships

.
— (_ < 4

during the freshwater migration indicafed\diéproportionate energy expen- o

»”
o - ’

diture according to body size. The slopes for "peak" and "early":

A7 Comnecticut male migrants and for all Florida shad %ecreased with dis- >
s » . | ° - v
r \ Q e

”_tahce (Figs. 16, 17) indiéating,a gre;tér en%;gy expenditure by larger
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. : Figure 17. Proportional changes in female somatic energy content during
- N \
) the freshwater migration. Changes associated with specific distances
\ \ r N !
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(km) are relative to initial somatic ene‘t\:gy content.  See Fig./4 for an
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\
individuals. Consequently, proportlonal energy losses tended to be

' greater for tﬁese fish. Where the flope did not vary s1gn1f1cantly with

distance, disproportionate expenditures with body size did not exist.

Comparative energy expenditures The [comparative costs of migration

\
for the average shad (deée*ﬁined by summing ViScera and somatic expen-

ditxres; viscera expenditures of "early" "late" Connecticut migrants

«

were assumed to equal those of '"peak' migrants) indicated the cost per

kilogram of wet body weight per kilometer of upriver displacement
varied both between rivers ané temporally in Connecticut (Fig. 183.
qurida shad, migrating at the highes§ water temperatures, expended the

|
1egbt energy per kilometer; the cost varyiag f;;;~4.l to 4.4 kcal/km.
The comparative costs for Virginia shad were sim%}ar ﬁor males (4.1
kcal/km) and slightly higher for females (5.2 Lcal/km)z The energy
expenditures of Connecticut shad, ranging from 4.6 to 9.1 kcal/km, tended

o . -

to be the highest among all shad. Within the Comnecticut River, the
¢ ¢ / N
[ i

energy ‘cost of migration increased as the spawning migration®progressed.

.

Late migrants, which experienced the hiéﬁggb-wqger temperatures, utilized \

-
-

becween 8.6 and 9.1 kcal/km Between sex differences QE?E also apparent.

1 -~

-~

Connecticut . males expended more energy per km than females. This pattern
\ was reversed in Florida and Virginia.
The proportion of total viégtra and somatic¢ energy utilized td

complete the migration was greatest in Florifa (70-757; Fig. 18). Losses

o

experienced by Virginia migrants (26-327), estimated by _doubling the ' \

proAPrtionél lgsseilassociated with upstrean migration, were considerably

less than those of both Florida and Connecticut shad. The assumption

et AT o I
el 0 - -

L} - »

Fad

é

Wi

i
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Figure f@. Caloric expenditure per Eg wet body weight (somatic tissue
- &

o~ o

and viscera only) per km of upriver displacement (no. above histo ram)

”» -

and percentage of total en

to complete the migration.

™. respectively; Florida males and females of 40 and 42 cm

—t =

Virginia males and

¢ water temperatures encountered by migrants are shown.

F -

)
b

\

0

| »
Values given ﬁ?g for the average shad (By

respectively;

females of 37 and 42 cm respectively).‘ Average

gy (viscera and somatic combined) utilized

'

&
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that downstream costs equalled those associated’with the upriver migration
in Virginia p;évented an underestimate of total energy expenditures
;edﬁired to complete the migration (maximal energy expenditure after
spawning did not exceed 607 of upstream losses in Florida and Connecticut).
Total prqporiional energy expenditures varied between sexes. The magni-

tude of this variance reflected differences in sex specific costs per km

of upstream displacement.

Discussion

\
Adult shad do not feed in freshwater (Atkinson, 1951). There is, \

therefore, a rapid decline in energy reserves, accumulated at sea, during

I

the ‘freshwater phase of the spawning migration. This rapid and extensive
use of energy reserves is reflected in the extreme weight los£ suffered

\
by shad duriné the migration (Chittenden, 1969; Leggett, 1972; this
°

study). The use of tissuq weight change as a morphophysiological index
y s

Jfor the evaluation of the enexrgy dynamics of fish populations has been
~ . v

criticized in the past (Shulman, 1974; Gerking, 1952). However we found

that, for shad, changes in tissue mass closely p%rallel changes in tissue
l

energy content and for this reason tiésﬁ@ weight change is co&gidered to
be a reliagle index of the extent of energy utilization.

The important variables inflﬁenciné the rate and extent of energy \3/[“
utilization by shad are body size, sex, water temperature and current velocity

: ?%
at the tzmg of migration: stage of gonad development prior to entry into o %
»w "

freshwater and distance to $pawning ’areas. The lixge number of ﬁontri—

butkﬁ% factors resulted in high variability in measures of ﬁissue welght

) -

&




change and energy depletion both within and between the Connecticut, York

and St. Johns River popu1§tions. There were, however, important differ-

ences in the paﬁterns of tissue weight dynamics and energy use in the
i

three populations which appe%& to be important in determining. individual
survival and, ultimately, the life history cbar?cteristics of the

populations.

»

GONAD DEVELOPMENT .

.. , There was a clear latitudinal trend in the state ofsdevelopmeqt of

the gonads at the time of entry into the rivérs. Gonads of the St. Johns

\

4
River shad were the least devequed, those of the Connecticut River the

most fully developed, while gonads of the Virginia population were
. 3}

intermediate in condition.- In the St. Johns

&hd energy content iWcreased 40 to 70% in .Aés\and 20 to 307 in males

during upriver migration to the spawning grounds. This energy was drawn

from somatic and viscera reservés. The transfer of energy to the gonads
}
of York River shad during the migration was smaller, averaging appro&i—

mately 57 for both males and females. In the Conmecticut River, those

shﬂd which entered E%gshwater at the peak of the migration exhibited

virtually no change in gonad weight or gonad energy content during the

»,

migration/to the spawning grounds. In this group gonad development was

Ed .
completed .at sea. There was, however, a temporal variation in the state

v

%
of,maturity of the gonads of Connecticut River shad. In contrast to

those shad migréting at the péak of the\run, the gonads of early and

late mjgrant shad were less manre at time of entry and small but signi-

ot

ficant increases in gonag\weight occurred during\the freshwater migration.

’

53.
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River population gonad weight
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\ The pésitive r%latiqnship beéween gonad,déveloﬁment at the time of
river entry and latitude of the home river leads us to hypothesize that
gonad development commences at approximately the same time in all Atlantic
coast stocks. Shad from all Atlantic coast .populations migrate togetxer,
north and south, along- the Atlantic coast betweeq Florida and New Brunswick
in response to seasonal chaﬁges in the location of preferred water
temperatures (Leggett and Whitney, 1972). Conseqﬁently, shad frow all R&
4€lantic coast populations experience virtually -identical environmental |
conditions while at sea and areikear the southern extreme of their
geographic range in December (Leggett and\Wﬂitney, 1972; Leggett and
Carscadden,  1977). Assuming synchronous initiation of gonad devélppment,
possibly in response to—Igcreasing day length (Baggerman, 1957), Florida
sh;d wo&ld arrive at Eheir home river with theirhgongés in an eTrly stage
of development relative to gonad developmeht in shad of more .northern
populations which enter their home rivers to spawn later if the spring.
The orderly south-north sequence of river en*ry (Walburg and Nichols,

) \

1967; Leggett and Whitney, 1972) would produce theclatitudinal trend

\

observed. .

The Eemporal vari;:ion in gonad maturity in the Connecticut River
popglatign is believed to re%uft, in part, for the same reason. Assume
the initiation of gonad maturation is synchronous in all stocks. Ear
migrant Connecticut River shad would have 2-4 weeks léssvtime to de_eldﬁ

their gonads than shad migrating at the péak of the run. This time

difference is similar to the difference in the timing of the peaks of

[
¥

migratory activity between. the York and Connecticun\RiVers
+ N ! \ N

Leggett and j)
Whitney, 1972). The gonad development of early run Connéeticut River

\\‘ S
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»
; o
‘ \
and peak fun York River shad is also similar. The retarded gonad develop-

ment of late migrant Connecticut River shad does not fit this hypothesis.

\ 3

It is important td note however, that late run shad in this population
\\ &

°

. also enter the river with sdmatic fat and protein reserves that are

i

significantl§ lower than the early and peak run migrants, The late run
'componenf\ﬁgy thus repreFent a portion of the stock hating inferior \
oéerall growth during the marine life phase. Delayed river entry may
facilitate the development of additional energy reserves in this grgup in
preparation\for migration and spawning. O
A considerable portion of the ehergy utilized for the develgpment
]

of the gonads while at sea is drawn fom' somatic and viscera reserves.
. 4 v -

This contlusion is based on our finding that the somatic énd viscera
) reservés of female Virginia and Connecticut ﬁiver shad were proporfionally
) lower at the time of rivir entry than thyse of feﬁale Florida shad, iA
spite of their longer ocean residenée. Thus the transfer df energy to

the gonads is apparently faster than t@% fate of acquisition of energy

from twe environment. Similar patterns of energy transfer have been

reported for herring (Clupea harengus; Blaxter and Holliday, 1963; Channon

and- Saby, 1932) and Sardinia (Clupeidae; Hickling, 1945).

- : In shad, the total energy content of the testes is much less than

4

that of therovaries (128 kcal versus 385 kcal for the,standard 2ength

ol '

‘nale (45 cm) and female (50 cm) gonad respectively) and the relatfve
energetic cost of gonad development appears to be réflected in the| Somati

-
\ stores of the two sexes. \Males, which require less energy for the \
| - - §
. maturation of the gonads, ‘have higher somatic and viscera energy resetrve

4




—
2

than females at the time of entry into freshwater. The testes of male
York and Comnecticut River shad are virtually mature at the time of river
entry, while those of St. Johns River males require a relatively smgll
transfer of energy (10 kcal for the average (40 cm) shad in theipopulation)
during the migration. This explains the absence of a latitudinal treﬂd

in somatic and viscera energy reserves in males\sampled’at the mouths of

their respective rivers.

©

Tlansfer of energy to the gonads prior to, and during the freshwater
migration significantly influericed the total energy available to meet the

requirements of the freshwater migration. . -

MIGRATION ENERGETICS

The energétic cost of migration to the spawning grounds differed

both within and between populations and was -dependent on body size, w;ter

temperature and current velocity at the time of migration, and distance

v

to spawniﬁﬁ areas. In the Connecticut River, male shad migrating at the
beginning and at the peak of the migration expended more energ& (7 kecal/

kg/km of upstream displacement) éman did females (5 kcak/kg/km of upstréam

-

displacement). This appears to résul§ primarily from the difference "in

average size of males and femaies since conditions experienced during \

4 o

the migration and the average rates of upriver migration were similar for

the two groups. Size related differences in metabolic rates are'common

+
in fish and appear to result from both physiological and hydrodynamic

\

factors (Winbewg, 1956; Fry, 1971; Brett and Glass, 1973; Webb, 1975).

The higher energy cost in smaller shad is Aonsistent with the results of
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these laboratory studies. Late migrant male and fevale Connecticut River g\

shad expgrience approximately equivalent energy expenditures (9 kcal/kg/km

of upstream displacement) during the\migracion. The increased rate of

energy expenditure in females, relative to the smalle*, less efficient

males, reflects the transfer of energy to the ovaries in late migrating \
females and does not imply a reduction in locomotory efficiency in females

as the season progresses.

In the St. Johns Rive; population, somatic and viscera energy losses
were higher in females than in males (4.4 and 4.1 kcal/kg/km of upstream.
displacement respectively) and are higher for large females than for
small females. Similarly, Virginia females exhibited greater energy
losses (5.2 kcal/kg/km) than did males (4.1 kcal/kg/km) but no comparable
data is available on differences in energy expenditure with variation in
female body size. The%e disparitﬂes in the typical boﬁ& size, migration
efficiency relafionshi} appear to result from differences in the rate of
transfer of energy to the,gonads within and between populatious. Females e
of the St. Johns and York River populations enter thevriver at earlier -
stagLs of gonad development and large females are congiderabiy less
mature than smaller fish in the St. JOWFS population. .JThe resulting
transfer of energy reserves from’somat{c to gonad tissue during the
freshwater migration produces a ;reater rate of energy loss in fegales
than males énd,yin Florida, a higher loss among large females relakive )
to smaller’indiVidpals of the same sex. [The éomatic energy loss for
gonad development thus overrides the metabolic advanfage of size in these P

' -

populations. Idler and Clemens (1959) reported similar trends in energy

[ '
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utilizatiom by sockeye salmon. Female sockeye expended 207% more energy
.per kilometer than males. They attributed this disparity tglthe greater

demands of gonad maturation in females.

H
o

The higher energy utilization of large maleé compared with small
fish of the same sex, in"both the Florida and Connecticut popﬁlations,

a

is inconsistent with the general pattern of increasing locomotory effi-

¢
ciency with increasing size, Since malfs do not transfer significant

quantities of energy to the testes during migration, large individuals

I
should have a metabolic advantage but do not. The burden of spawning for
1

large males may be greater than that indicated solely by changes in gonad .

energy content. Hickling (1930) reported the cost of gpgwning in male

*Merluccius merluccius doubles for every 10 cm increase in body length.

fhe reasons for this disparity are, however, unknown. .
’ ‘ L) \\ ~
~ The average cost of the migration for the Florida and Virginia- -

~

- o

population was 4.2 and 4.6 kcal/kg/km of upriver displacement. This was

significantly less. than that recorded for peak andilaté&run segments of
i

the Connecticut population which migrated at températures approximately

'

[ 3 P

equivaﬁent to these experienced by St. Johms and York River shad. Reduced

current “velocities in the St. Johns and York Riyers, indicated By dimin-

o

ished anéular displacement to the spawning areas (approximately 5 m deg

compared to 20 m deg in the Connecticut River)- are believed to apcounté?
\ /’f; « g

in part, for this difference. It 1is also pdésible that the lower ﬁvgra—

IS
[

tion costs per -unit distance in southern rivers resulgs,from differences

in migratory behaviour. Leggett (1976) reported that considerable

meﬁngering and downriver movement occurs gluring the spawning run of shad-.
- £
- . 3

A

o
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in the Connecticut River. Perhaps the migration is more direct in,
o

southern riVvers. Unfortunately no information 1s available to!test this

’
Iy

possibilaity. ‘ ) . - .
§ N L0 8
In the Connecticut River the sggnificant increase in energy expended

’

per kilometer of upriver migration by both late migrant males and females,
. .
relotive to fish migrating earlier in the season, reflects the effects

of higher averagé water temperatures on~migratlon energetics. Late

5 / AY
migrant males and females expend 2.7 and 4.0 kcal more enérgy/kg/km of

9 C ‘
upstream displacement than equivalent size early migrant males and females

respectively. This corresponds well with expected metabolic respo%ses
. . o. .
to, temperature (Prosser, 1973), the related increases for the 5°C increase

in average migration temperature experienced by late migrants, as pre-—

N

dicted by the QlO lawglbeing approximately 3 kcal/kg/km.
In spite of thé lower energy expenditure/unit distance travelled,
shad from the St. Johns River population experienced significantly greater

total reductions in body weight and energy reserves than did Connecticut
1
\

and York River shad. These fish experienced somatic weight losses of '

20 to 507 and utilized 70-807 of their combined somatic and viscera
energy to reach the spawning grounds and complete the spawning act. In

contrast, Connecticut River shad experienced bod§ weight losses of 25-35%

\ B

and utilized 40-607 of their combined somatic and viscera energy reserves

3

during the complete freshwater migration from the sea to.the spawning

»

grounds and bgck to the sea. Extrapolation of the energy utilized by

13

York River shad to reach the lspawning arealindicates these fish utilize
4

approximately 327 of their total energy reserves to complete the freshwater

Y

L.
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migratign. "The higher total energy expenditure in Florida rgsults from
' ) *
!

the comRination of greater’ energy transfer to the gonads .during the
freshwater Wigration and the longer freshwater migration required to

A !

reach the spawnjng areas in the St. Johns River.

- LIFE HISTORY CONSEQUENCES

; »
The high body weight loss and energy expenditure experienced by the

St. Johns River shad during the freshwater migration to the spawning .
: ) . Il

. area precludes a succeséful.;eturn migration to sea. Tnergy expenditures
"“.

IR .

of similar magnitude have been reporteé for Pacific salmon (Fig. 19;

y Greené, 1926; Pentegov et. al., l92f;‘Idler and Clemens, 1959) which, -

= 5 o

like St. Johns River shad (Leggett, 1969; Leggett and Carscadden, 1977)

)

suffer complete postspazping mortality (semelparous reproduction). At
~£:§§?Zroximate level, therefbre, the combined energetic costs of gonad *
development and the freshwater migration are the reason for the semel-
. .
parous reproductive character of the Florida shad population. Ever’ by
delaying ma;ﬂff'y ?nd thereby increasing the average body size .(and
. RN Y, , .

energy reserves) of fish in the population to that of the Connecticut /

-

2
stock, Florida shad would experience lethal energy expenditures preventing

a successful return migration to the sea. The lack of repeat spawners in

- other southern rivers (Qgeechee R., Edisto R.; Leggett, 1969), where
shorter migration distances (160-200 km; Walburg and Nichols, 1567) should
permit a return migration to sea, indicates that factors qther than

ymigration energetics regulate the life history Chd%ac eristics of these
} ~ .

i

| ‘ |
/ populations. LegFett (1969) and Leggett and Carscaddeln (1977) have
POV . B

t
i
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AN
Figure 19. Percentage of| total avaika&le body energy reseryes util%zgd
by five species éf anadrgmous fish to successfully spawn. ﬁepeat‘
spawning'(iferoparous) ard single spayning (semelparous)'populétions
are indic;ted. The experjditure by Atlantic salmon 1s estimated from

rep?éted weight losses (Creéne, 1926). Pacific salmon data are from:

Greene, 1926 (chinook); Hentegov et. al,, 1927 (chum); TIdler and

Clémens, 1959 (sockeye). "
. N

|

|/ \

/ <

; . .
i ' - o 1

| ‘ :

' [
|l '
i

i \
-~ ) -
/5 . - o

’ !

- A} ‘




s v\i‘/\

% OF TOTAL ENERGY UTILIZED

.
o

O
O

i

W
o

~
o

7
o

D
o o

L

SEMELPAROUS

CHINOOK . ITERO?:AROUS i
%
CHUM . ]
— SOCKEYE o C
v FLORIDA -
SHAD :
ATLANTIC -
- SALMON ..
== CONN ~
, 1 - SHAD N
R |
N | l B —
I
I
o VIRGINIA
-
1

SHAD



At
T

’analysis of life history strategies (Cole, 1953%4; Cody, 1966;

*has_been achieved by a significant reduction in the

l

suggested that the freshwater enviroament is rore predictable in the

; |

southern portion of the range of shad. This appears to be true for

\ .
temperature and flow conditidns during the spawning period (E. Shoubridge,

McGill Univ., pers. comm.). Since temperature and flow conditions at

. - . .
this time significantly influence spawning success, year class strength

and recruitment (Marcy, 1976; Leggett, 19779 densjity independent varia-
tions in year class strength should bé significagtly smaller in the

south, Such increased reprodﬁctive predictabildty reduces the selective
L4

fdvantage of repeat reproduction (Ricker, 1954; Beverton and Holt,  1957;

Y

Murphy, 1968) and may be the ultimate regulator-of the life history

characteristics in those southern shad populations where energy con-
&

straints are not limiting postspawning surviwal.

St. Johns River shad have compensated for the loss of reproductive
potential resulting from complete postspawning mortality by an approximate
doubling of the average number of eggs spawned per female relative to

those of northern populations (Leggett, 1969; Leggett and Carscadden,

1977). This adaptation is in accord with predictions based on theoretical

°

-
Charnov and Krebs, 1973; Mountford, 1973). This incre

verage energy content
zz - .
of the egg (0.4 cal/ovum vs. 1.3 cal/ovum for the York and Connecticut

) ®

N '
populations. This reduced energy content may be made possible by sgigher
g ‘f X
average survival (due to increased ehvironmental stability) and by shorter

»

S

development times caused bP the higher average water tewperatures in the

south (Ryder, 1887; Leim, 1924; Leach, 1925; Fig. 18).
-
£ ¥ -
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In the York River and Connecticut Rivers, where migratipn distances

a

are shorter than in the St. Johns River and the resulting utilization of

»

stored energy less severe, a significant portion of the population spawns

k@nwre than once (York 237; Connecticut 387%; Leggett and Carscadden, 1377).

D ‘
Estimated cnmergy consumption of Atlantic.salmon, an iteropagous species,

o

during the freshwater migration is similar to that of Cdnnecticut River

~

shad ‘and significantly less than that of semelparous Pacific salmon and

»

@k' St. Johns River shad (Fig. 19). This suggests a relationship between

relative energy expenditure duning the freshwater migration and post—
h

spawning survival in anadromous fish species. The larger body si%s/af

any given age (Fig.-20), and the later mean age at maturity/fg/;;;thern
= /

populations (Leggett, 1969) may represent adaptations to increase energy

reserves and hence increase the giobability of repeat spawning thereby
compensating for reduced population stability resulting from low environ-
mental ﬁ;edictabil%ty during the spawning period. Such adaptations are
known to exist in Atlantic salmon (Kalturin, 1957; Schaffer and Elson,
1975).

H Intrapopulation différences in total energy expendﬁtures experienced
by individual fish, as a result of differences in hydrologic conditioms,
migration distances, size related migration efficiencies, and the condition

of the gonads prior to the commencement of the freshwater migration, may’
also influence the repeat spawning characteristics q&,different portions
- P

of the stocks. The higher postspawning mortality experienced by late

14

migrating shad in the Connecticut River (Leggett, 19699 is positively

related to the higher tissue weight losses and energy utilization in that

- ‘ .
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group. Similarl&, the higher migration energy requirements of large

relative to small males may explain the tendency for males to mature

earlier and at a smaller average size than females.

The upriver migration of shad in the Connecticut River is currently

i

blocked by a power dam at Turners Falls (km 184), although historically

shadymigrated to Bellows Falls (km 270). Extrapolation of observed rates

\]
v

of energy consumption for the Connecticut River population (Fig. il),

and assuming lethal.energy expenditures to be equivdlent to the total
L/ . ~ ’ !

expenditures observed in the semelparous St. Johns River population,’
leads us to predict that the frequency of repeat spéwning/among shad
spawning between Turners Falls and Bellows Falls following completion of
'fish\lift facilities at Turners in 1981 wil} be significantly below that
reported for the lmwer,river. The reduced frequency of repeat spawning

among shad spawning above Holyoke (R. Reed, Univ. of Mass., pers. comm. )

supports this prediction.

These findings supporfwthe hypothesis of Carscidden and Leggett

"

(1975) that differences in the frequency of repeat reproduction ih shad
populations native to three tributaries of the St. John River, N.B.

result from differences in the length of the freshwater migration to the

*

gpawning grounds.. 'In these Aopulations,’as with that of the St. Johns
River, Florida, increased fecundity and earlier maturity were associated

with reduced frequencies of repeat reproduction.

¢

i
SWIMMING EFFICIENCY i

@y o
s

Extrapolation of Brett's (1965a,b) metabolic rate/boéy weight relation-
. ‘y

.

t
Lo . . . . . .
. Ships for salmon swimming at various speeds, and the resulting derivations
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of the relationship between energy efficiency (calories expended per

kilometer swum&, body- size and swimming speed (Fig]f22 A,B) indicate that
; , -
freshwater migration rates in American shad are nea® ﬁﬁe speed of maximum
. ) vl
efficiency. Similar migration efficiencies are reported for two other

iteroparous species, steelhead trout (S. gairdnerii) and Atlantic salmon

(S. salar) (Fig. 22 B). 1In sharp contrast semelparous species such as

chum (0. keta), sockeye (0. nerka) and chinook (0. tshawytscha) salmon

£ . )
migrate at higher, less efficlient speeds (Fig. 22 A). In the case of 1

o

i
shad, maximum efficiency is required in order to accomplish the spawning

migration. For Florida shad the increase in energy consumption/km at

speeds |below or above the optimum are great. Since thlLe fish use

L

virtually all their expendable energy to reach the spawning grounds, any

»
.

significant reduction in swimming efficiency would result directly in

o

reduced fitness.» For Connecticut River shad, which are larger, the

o change in migration efficienty is less abrupt. However, maximum swimming

efficiency is required to ensure that energy rgserves are adequate to
\ v . t‘ -
permit a successful return to thé -sea following spawning, and to ensure

= , |

\
a high frequency of repeat reproduction.

Summary X

o
'
o & 1\ H

1. This study has provided the first detailed inforhation on the
tissue weight changes and energy costs associated with the spawning
migration of American shad. :

ey

2. Tissue weight change is a reliable index of the physiological

state of shad. Inferences concerning energy expenditures associated with

4 ©
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the freshwater migration in other rivers can be made from measures of

gross weight change.

3. Extensive gonad development of Connecticut and Virginia—shad

during active oceanic feeding reduces energy demands for this purpose

[
A

during the freshwater fast. This may enhance the survival of individuals
in this population and permit repeat spawning: Conversely, significant
transfer of somatic and viscera energy reserves to the gonéds'by mémbers
of the St. Johns River population clearly taxes‘the available reserves of
these migrants and contributes to the complete postspawning mortality.

4, Distance’ to ﬁhe spawning grounds is the most important deter-
minant of total energy demand associated with the freshwater migration.
Florida sﬁad, despite encountering higher water temperatures durfﬁg the
freshwater migration, are more ?nergetically efficient than, Connesticut

- L

migrants in terms of calories expenig& per kilometer of upriver dis-

e,
<«

placement. 'However, the long migration to the spawning grounds in the
St. Johns River fesults in extensive utilization of energy reserves and
complete postspawning mortality. Reduced,depletion of energy reserves

and postspawning survival is associated with the shorter freshwater

l \ ’

migrations in Connecticut and Virginia. ' . ‘
5. Water temperdture, through its influence on metabolic rate,

influences the rate and magnitude of energy utilization during the
- i .

“spawning migration and appears to influence survival as a result. .

Significantly higher total energy utilization and higher mortalities

are indicated for ‘shad migrating late in the shad run. These fish |
' & . .

experienced average water temperatures 5% higher than those migrating

°

i o

fn o G e

&

e 6 PR -~ - [ PP e e e e -



/
v

’

-

at the peak of the run. Further in®reases i

—-a

70.

average river temperatures
] -

1

can thus be expected to directly influence the migration energetics of

shad in the Connecticut or other rivers.

6. Reduced angular displacements to spawning areas in the York and

|

St. Johns Rivers indicate migrants in these Yivers en#ounter reduced

current velocities relatiwe to those encountdred by Connecticut River
!

migrants. This may be a factor in the reducdd calorile expenditure per

unit distance of upstream movement in the sthhern study rivers.
1

»

J

7. Larger body size and later mean age lat maturity of Connecticut

S

River shad may be an adaptation to increase energy #eserves and thereby

enhance postspawning survival necessary for pppulation stability in a -

v

fluctuating environment. Energetic advantagejs for 'small Florida migrants

)

may ensure a higher spawning success and hence a selective advantage for

thése individuals. Florida shad have adapted

to small body size and

complete postspawning mortality by griatly increasing relative fecundity

thereby maintaining. a high reproductive poten'tial (Leggett 1969). Thig

implies that shad are highly adapted both energetically and reproductively, -

.

to their specific home rivers and that changes

in the characteristics of

o

i ‘
hese rivers could lead to significant alterations in population structure

nd reproductive success.

»

8. Extension of the Connecticut RivEr migration to the historical

|

range of the specied in the river will reatly increase the average
8 g b
o

energy expenditure of the Connecticut populatjon and shad spawning in

areas above the existing sites will experienﬁa

!
costs and proportionately higher postspawning

1
o h

b
significantly higher ede&gy

mortality.

It is unlikely
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- o

B
wy o

that shad migrating.tl the extreme upraiver areas (Bellows Falls) will
- J -
have sufficient resé ves to complete the freshwater migration to the sea.
. / { {
Thus an increasing proportion of virgin fish in the Connecticut popula-

tion is predicted ag the restoration program proceeds. The extent

. +

of changes in age structure and repeat spawning characteristics will .

depend on the relative contribution of these new areas to the total shad

»

production of the Connecticut River. However, in view of the importance

oé repeat spawniné shad for year to year population stability (Leggett
i
1976, Marcy 1976)/these parameters should be ‘carefully monitored as the -

»

restoration progfam continues. Some alteration of exploitation strategies
‘ /

may be required to maintain a proper balance between virgin and repeat

spawning shad if significant chanﬁes'resulp.

9. Freshwater migration rates of shad -are near the speeds of
»

~

. Yo N
maximum metabolic efficiency. Therefore migration rate may be an adap- |,
.

tation to maximize spawning success anh postspawning survivdl by reducing

5 -

the energetic cost of swimming. -
)

il
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l Appendix A. The distance from location of tagging to upstregm recovery
locations and the average time, free before recapture for the
years 1967 to 1973, N represents the number of fish included
‘ in the average tige free for eaéh recovery station.
Year Distance Males Females
(km) Av. days free N Av. days free N-
1967 0 9.9 117 7.9 75
5.6 11.4 15 -— -—-
/ - 9.3 L1322 . 17 13.4 23
. 14.8 15.6 93 14.2 89
B 24.0 16.5 49 14.7 37
i 29.6 15.3 13 13.1 19
38.9 " 25.6 ’ 6 ---- T e
50.0 17 0 43 15.0 37
' 88.8 23.37 9 -—-- --
96.2 25.2 11 25.6 13
1968 0 9.7 61 6.6 95
5.6 9.4 12 57" 10
9.3 8.8 , 43 8.3 73
14.8 10.9 65 12.3 91
24.0 17.3 9 . 24.9-° 10
18.9 14.5 29 - 11.5 S0
r ‘500" 12.9 52 12.5 103
96.2 18.3 16 19.2 22
136.9 11.0 16 30.0 15
nﬁ“ 1969 0 9.6 Jo I 8.1 © 87
. 5.6 Y. 9.5 8 8.8 / 9
PR 9.3 7T12,5 25 8.6 / 40
- 14.8 12.4 36 12.8 , 63
" 24.0 < 12.9 20 12.0 57
s 29.6 11.7 11 ’ 11.4 34
38.9 15.6 9 | 10.0 26
. 50.0 19.3 62 ’ 15.1 105
' 96.2 28.0 8 18.8 22
o 116.9 29.2 \ 13 27.5 23
1970 0 10.2 78 7.6 51
9.3 11.6 17 9.1 19
14.8 14,7 41 11 2 64
20.4 10.6 14 11.9 21
24.0 d5.5 17 14.2 16
29.6 14.3 38 12.3 16
! 44 .4 18.2 "6 17.9 16
- 50.0 €737 37 15.8 65
96.2 19.9 21 15.9 25
136.9 : 34.0 43 | 24.3 51
1971 0 11.3 77 : 9.9 59
R 5.6 13.0 14, 13.7 | 7
R ! 9.3 ' 15.5 20 13.8 26
14.8 . . l6.4 57 13.8 49
4 20.4 14.6 22 9.7 23
24.0 16.2 11 11.3 17
29.6 16 5 22 16.6 26
44 .4 14.7 14 14.8 25
50.0 20.9 27 ° 17.3 50
88.8 ——-- - - 16.5 .6
96.2 25.7 22 19.3 t37
136.9 31.5 44 26.5 32

'
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Year Distance Males N Temales N
V (km) Av. days free Av. c'iays free
- / \,
1972 0 10.9 76 , 9.5 64
9.3 17.0 8 '15.0 18
14.8 14.0 42 112.5 51
20.4 16.1 14 j13.3 . 20
24.0 12.8 20 11.7 25
25.9 . ema- - . 12.0 8
v 29.6 15.2 42 . 11.9 . 40
44 4 15,1 15 11.0 13
50.0 19.5 20 16.4 62
96.2 2517 15 . 18.6 15
- 136.9 35.2 40 | 29.0 .55
1973 0 8.8 54 g§.0° 56 '
’ 9.3 12.0 10 8.3 .13
. 14.8 9.8 ‘46 11.2 53
20.4 11.4 10 12.6 19
24.0 10.9 14 10.6 26
29.6 13.2 21 12.1 32
b4 4 ——— - 12.7 7
50.0 13.5 28 13.5 52
88.8 2271 12 -—— --
96.2 25.6 9 19.4 . 5 i
-
(: .
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Appendix B. F values for analysis of covariance comparisqns of yearly

-}

: male and female shad mig#ation rates (regressions slopes)
B .

and delay before resumption of upriwer movement (adjusted

meagis), in the Connecticut River. Significant differencéds

=

(P <.05) are indicated by (+) or (-). The sign indicates

[l

whether the slopes and adjusted means for females are
greater (+) or less (~) than those for malisks
~ (*) indicate the residual variance (RV) is #€terogeneous -

(P <.05). All joint regression F values are significant at ' \
I

the .01 probabilitx;@@bel.

[y

. year RV . Siope Adjjsted mean _  Joint F
Y i ‘ 1] ) n

67 ) ‘0.1 - 1.1 43.3
68 | 0.3 / 0.0 48.7

- . 69 1.5 o D 10.8 (+) 222.7

| ] 70 2.2 | 7 4.7 (+) - 87.6 L
A 0.8 15.1 (+') , 68.7
72 . 09 g 5 6.7 (B 104.6
73 4.6 (+) ‘ 3.3 (4) 164.3
, ¥ ) "“
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- 13

S,

/ . {
)

h

."‘A" N a

RN

B, - o4 ol e S
o

a

Monthly mean Connecticut Riwer discharge into Long Island
Sound #Water Resources Data for Connecticut, 1966-1973.

o

U.S. Dept. Interior, Geological Survey, Hartford Connfﬂ

and average water tempera e (at Saybrook Bridge; \

’

Connecticut River Study dati) for the month (solid bar) T

. 4
when upstream movement of peak numbers of shad occurred.

-

Migration rates (slopes of days free after tagging/upstream

P - ’

'

distance travelledfegressions (Appendix A))are indicdted.
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Appendix D.

Daily catch per unit effort (C/UE
shad at the Connecticut River mouth
and 1973.

Arrows indicate dates bf

for males (m) and for females (f)

q

»f male and female
for the years 1972

sampling initiation

in these years.
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Appendix E.

.
+ B * ., -

F values for analysis of covariance of within river comparlsons of shad gonad weight/length regressions at the river mouth 70 km ) with
subsequent upriver sampling stations. Stations are indicated by chanmnel distances travelled after entry to freshwater. Significant
differences (p < .0l) are indicated by (+) or (~). The sign indicates whether the slopes and elevations at upriver stations are greater

(+) or less (-) than the slopes and elevations at 0 km. + indicates the résiéual variance (RV) of compared regressions is heterogeneous

?

at the .01 probability level. . .
Male ’
' CONNECTICUT ) FLORIDA o
Stations Peak 1972 Early 1973 late 1973 Stations . « 1974
compared - compared . =
RV  slope e}evi;ion RV slope elevation RV slope elevation RV slope elevation -
0 x 50 0.4 0.2 0.0 1.6 0.5 32.9(-) 0 x 148 0.0 6.9
83 0.9 1.6 0.2 1.0 1.6 39.3(-) 259 8.0 28.6(+) -
137 2.8- 20.9¢(=) 5.7 2,7 0.1 33.6(-) 370. 0.0 - 2.8
265 *  24,5(~) 512,1(-) 15.1(~) 382.4(-) ) * 3.4 180.2(-) 370(spent) 0.9 1.5
0 x 50 2.2 2.8 0.0 0.9 ¢ * 3,0 0 x 148 4.4 38.7(+)
83 * 0.1 0.1 0.6 12,4(+) . 0.0 259 * 1.3 93.6(+)
137 3.5 3.4 0.3 1.9 * 1,2 4.0 370 * 21.9(+) 51.0(+)
265 * 37.8(-) 606.8(-) *10.8(-) bi;6.4(-) 16.8(~) 319.1(-) 370(spent) 0.1 10.1(~)
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Appendix F.

’

F values for analysis of covariance of within river comparisons between shad viscera weight / length regressions at the river mouth (0 km ) and
regressions at sub.aoquent upriver sampling statlons and for comparisons between the viscera weight / length regressions for ripe shad at the

spawning areas (137 km. in Connecticut; 370 km in Florida) and regressions for spent shad (265 km. in Connecticut; 370 km. in Florida). Stations

are indicated by channel distances travelled after entry to freshwater.
indicates whether the slopes and elevations at upriver stations are greater (+) or less (-) than the slopes and elevations at 0 km

o slopes and elecvations for spent shad are greater (+) or Iess (-) than those of ripe-shad at the spawning areas.
variance (RV) of compared regressions isheterogeneous at the .01 probability level.

o

Significant differences are indicated by (+) or (-).

The s1g8n

and whether the

* {ndicates the residual

, Male
. Connecticut Florida e b~
Stations Peak 1972 Early 1973- late 1973 Stations 1974
compared ~ compared
RV slope elevation RV slope elevation RV slope elevation RV slope elevation <
R 0 x 50 * 0.0 7.5(=) 0.1 2"2.6(-) * 1.9 56.1(-) 0 x 148 ® 0.2 12
83 2.0 41.3(-) 0.0 20.6(-) 0.8 50.1(¢~) w259 7.3(-) 122.9(-)
137 4,7 146.6(~) 0.6 191.9(-) * 0.6 64.8(-) " 370 7.3(~) 224.6(-.)
265 0.7 178.0(-) ’ 0.1 206.4(~) * 6.9 70.1(~) " 370(spent) * 4.4 114.7¢-)
- 137x 265 2.5 0.5 0.2 0.1 0.0 0.0(~) 370(ripe x 370(spent) %;.1 6.2
£ Female ) -
0 x 50 o 2.5 12.9(-) 0.8 18.5(=) 0.0 46.!.(-) 0 x 148 - 3.8 1.8
83 0.0 51.0(=) 5.6 0.3 0.0 39.1(-) 259 3.7 29.17-) "
137 0.2 186.8(-) 1.4 101.5(-) * 0.0 161.0(-) 370 1.8 83 37-)
265 0.1 201,3(-) 1.8 ’ 112.5(=) * 0.4 152.6(-) 370(spent) N 2.6 61.9(-)
.137 x265 0.0 0.2 0.1 2.3 2.3 0.7(-) 370(1:ipe) x 370(spent) 0.0 4,8 -

i TR R R PR SR
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Appendix G. F values for analysis of covariance of within rié&r comparisons between shad body weight / length regressions at the river mouth (0 !m )
and regresgions at subsequent upriver sampling stations and for comparisons between the body weight / length regressions for ripe shad
R at the spawning areas (137 km in Conneccticut, 370 km. in Florida) and regressicns for spent shad (265 km. in Connecticut, 370-km. in Florida)
Stations are indicated by channel distances travelled after entry to freshwater. Significant differences are indicated (+) or (-) The
b s1gn indicates whether the slopes and elevations at upriver stations are greater (+) or less (-) than the slopes and eclevations at 0 km. and
whether the slopes and elevations for spent shad are greater (+) or less (-) than those of ripe shad at the spawning areas. * indicates the
residual variance (RV) of compared regressions is heterogeneous at the .0l probability level, -
~ <
- ’
- Male
Connecticut I Florida
Stations Peak 1972 P Early 1573 late 1973 ' Stations 1974
compared RV slope elevation RV slope elevation RV slope elevation compared RV sl¢ pe elevation
—
0 x 50 0.1 0.7 0.7 0.1 3.3 21.9(=) 0 x 148 0.0 T 10 3r-)
"83 2.0 1.9 0.3 5.6 2.1 36.6(-) " 259 T 4.8 62 2(-)
o137 * 10.8(-) 38.5(-) .3.8 ' 58.1(-) ’ 1.7 L39.7(=) y " 370 36 146 7(-)
L"265 15.8(-) 387.7(-) 18.5(~) 297.9(~) 6.3 131.1(-) " 370(spent) 6.2 128.1(-)
137 x 265 0.2 37.5(=) 6.2 98.4(=) 1.5 22.9(-) 370(ripe)x370(spent) 1.0 12,3(-)
: —
: =7
° Female
~ \
0 x 50 N ., 0.0 2.3 4,5 34,5(=) 0 x 148 ~1.1 0.9
" 83 B 2.1 0.1* 1.4 36.2(~) " 259 9.8(=) 79 _0(4)
L ¢ 0.0 30.34=F 1.7 131.3(ég/C1~ " 370 3.1 172.3(-)
v 265 - 1.3 161.6(-) 6.4 273,1(-) St 370(spent) 24,1(~) 303.2¢(-)
137 x 265 1.7 35.0(-) 2,2 41.7(~) 370(ripe)x370(spent) N 2,2 19. &)
- ® Ly
/ ‘ :
..

AT e

‘98

]



3 3 -

- 4
4 Appendix H. Linear regression coefficients for gonad energy—content/ body length regressions .of Connecticut and St. Johns River shad. Predictive equations

take the form Y = C + bX where Y is the predicted gonad energy content and X is fork length. Station is indicated by distance along the migratory

route. Those regressions not significant at the 5% probability level are indicated by an asterigk (*).

°

Y

» .

Connecticut River et St. Johns River
: SEX Reprod. stage Station Peak 1972 SEX Reprod. stage Station .
f C b c b
Male Maturing 0 -242.48 7.97 Male Maturing 0 -62.86 2.47
" 20 -202.79 6.96 " 148 -81.84 3.13
" 50 -227.51 7.54 , " 259 -12.13 1.41 * .
" 83 -121.00 4,98 " 370 « =61.37 2.33
" 137 ~150.,91 5.47 o .
Spent 191 - 71.88 2,57 \ Spent 370 -61.53. 2.16 *
oom 224 - 70.76 2,35 % \
" 265 - 67.72 2.19 \ L
\ )
\ \\ C
- \ ?
Female Maturing 0 =1174.74 31,12 Y Female Maturing 0 - 54,07 3.55 *
" . 20 * | -1255.07 32,68 . ° " 148 -328.96 11,11
" v 50 - 771,64 22,35 " 259 -152.77 7.20 * T
"o 83 - 622,17 18.33 " 370 -559.62 16.02
" 137 - 94.88 8.35 * \
Spent 191 - 474,62 11.10 * Spent 370 -118.35 3.98 * .
" 224 - 85.92 2,72 % " o
" 265 - 20.2 1.43 *
’ \
. ®
- \ &
- \ b m
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Appendix I, Linear regression coefficients for viscera energy content/body length regressions of Connecticut and St. Johns River shad. ,

& Predictive equations take the form Y = C +bX where Y is the predicted viscerd emergy content and X {8 fork length. Station @‘, ’
« {s indicated by distance along the migratory route. Those regressions not significant at the 57 probability level are indicated :
3 by an asterisk (¥). ) K
Comnecticut River St. Johns River T
SEX Reprod. stage Station Peak 1972 ’/‘/ - “SEX Reprod. stage Station © 1974
- c , b - o C b
Male Maturi'ng 0 -351,06 12,82 . Male Maturing ~ 0 -361.54 13.18 -
" +20 -485,71 15.45 " 148 -183.78 7.43
" 50 . 443,12 13.45 "o 259 86.12 - 0.50 *
" 83 -177.96 7.17 * " 370 - 41.36 0.34 *
. " 137 -102.02 3.93 .
: Spent 191 -200.03 6.14 Spent 370 - 58.51 1.97 *
3 S 224 -366.82 - 9.65 4 - ©-
" 265 -132.72 _%4.46
. 4 . ’
. Female Maturing 0 -116.38 5,24 * female Maturing 0 _-503.93 15.26
n 20 - 10.19 3.11 * " 148 18.62 1.87 *
" 50 -379.86 10,49 " 259 40.88 0.07 *
- " 83 -216.43 6.13 * " 370 -108.06 3.47
0 " 137 ~141.96 4,20 * -
3 Spent 191 - 74,22 2,75 * Spent ) 370 - 51.66 1.74 -
v 224 -156.98 4.38 )
R X " 265 ~137.92 3.92
— $
. .
“ -
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Appendix J.

- 2

v

Linear regression coefficients for somatic energy content / body length, regressions of Connecticut and st,’ Johns River shad P}edictive
equations take the form Y = C + bX where Y is the predicted energy content of the body and X is fork length. Station is indicated by
distance along the migratory route. Those regressions not significant at the 5% probability level are indicated by an asterisk (%)

Connecticut River St. Johns River
Sex Reprod, stage Station Peak 1972 Early 1973 Late 1973 Sex Reprod. stage Station 1974
: c b T b ¢ b ) c b

Male Maturing 0 -7816.65  254.24 -6397.56 213,26 -3603.68 144,88 Male Maturing 0 -5106.39 191.90
" 20 «7156.63 240.75 Cemm— ———— .- -——— " i 148 -4182.63 155.19
" 50 -6697.79 224,08 -4764,99 174.29 -1948.15 95,12 ut 259 -1489.83 76 48
" 83 * -5239,62 191.55 =-6454,70 213.06 =4505.31 145.39 " 370 -1142.08 61.83

- " 137 -3091.25 123,41 -1861.89 90.62 -2888.06 98.33
Spent 191 -3814.52 127.66 —--— ---- .= -——— Spent = 370 -2845.89 92.04

" 224 -5747.89  167.13 ———— ¢ mema R ———-

" 265 ~-3154.33 107.17 - 777.35 51.67 -2066.79 73.03
Female Maturing 0 -8656.16 265.33 ~5576.07 19418 -4972.74 180,90 Female Maturing 0 -7597 52 251.10
" 20 -9689.01 286.38 ———— ~—-- -——— ——— " 148 -4531 48 169 55
" 50 -14891.78 392.46 -4480.90 . 165.02 -4295.96 152.83 ' 258 -2024.86 88.27
v 83 -7869.18 229,92 -9196.55 266.82 -3408,18 129.53 " 370 ~=2908.65 103 719

" 137° -9421.24 255,36 -7509 .46 211.25 -5470.66 154,21
Spent 191 -5273.33  157.64 -.-- - - ———- Spent 370 - 1466.36 50.09

" - 224 -6521.73 180,97 - ———- - -
) " 265 -7000.86 192,70 - -4767,21 140,68 - 440,94 40,75 *
+ -
> .
. \
. ” . ‘
fofJ:} ‘ . \
73 '* 3
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Appendix K.

~ L] . |
i

F values for analysis of covariance of within river comparisons between shad gonad and viscera energy content / length regresgions at the
river mouth (0 km) and regressions at subsequent upriver sampling stations and between regressions for ripe shad at the spawni\&g areas
(137 km 1n Connecticut, 370 km. nn Florida) and regressions for spent shad (265 km in Connecticut; 370 km in Florida). Stations are
indicated by channel distances travelled after entry to freshwater. Significant differences are indicated by (+) or (-), the sign
indicating whether the slopes and elevations at upriver stations are greater (+) or less (-) than the slopes and elevations atQ km and
whether the slopes and elevations for spent shad are greater (+) or less (-) than those of ripe shad at the spawning areas. Asterisks (*)
indicate heterogeneous residual variance \in compared regressions at the..0l probability level. -

° Male R
Connecticut 1972 . Florida
4 M Wl
Stations Gonad . Viascera Stations Gonad Viscera
compared RV Slope elevation RV slope elevation compared RV slope elevation RV slope elevation
‘q'
0 x 50 0.0 0.6 0.0 8.4(-) 0 x 148 0.0 3.2 1.5 26.9(-)
" 83 3.5 4.4 1.1 16.5(=) 259 0.0 6.4 7.7¢~) 100 57-)
" 137 2,0 8.0(~) 4.8 84.5(-) 370 0.1 1.9 6 2 163 2(~)h
"o 265 * 21,8(~} 368.9(=) 4,1 112.3(-) 370(spent) ¥ 0.2 - 6.0 * 2.7 128-3(-)
I37 x 265 * 6.6 ° 139.8(z) . 0.0 0.4 370(ripe)x370(spent) 0.0° 6.8 * 0.1 23 6(-)
—— Feuale »
.
0 x 50 1.6 2.3 1.8 0.1 0 x 148 3.9 26, 7(%) 7.1(-) 10 3’?
. . [
" 83 2.3 13.9(-) 0.0 24,7¢=) 259 0.8 42,2(+) * 10.3r-)  87.8¢-)
i
" 137 6.8 3.0 0.1 57.2(~) 370 7.9(+) 7.0(# * 4.6 1T4,2(-)
"o 265 * 42,2¢=) 488,3(~) * 0.3 104.}(-) 370(spent)___ 0.0 25.6(-) * 5, 56.6(-)
137 x 265 * 1.2 191,0(=) ’ 0.0 2.’2 370(ripe)x370(spent) 5.7{ 28,2(-) * 1.0 16.67-) \
¢ M
v !
Y \ \éﬁ
¥ . - L *
%
¢ ) i -
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Appendix L.

{indicate hetergeneous regidual variance in compared regressions at the

F values for analysis of covarlance of within river comparisons between shad eviscerated body energy content - length regressfons at the
river mouth (0 km.) and regressions at gsubsequent upriver sampling stations and between regressions for ripe shad at the spawning areas

(137 km in Connectteut; 370 km in Floridd) and regressions for spent shad (265 km in Connecticut; 370 km in Florida).
indicated by channel distances travelled after entry to freslwater.
indicating whether the slopes and elevations at upriver stations are greater (+) or less (-) than the slopes and elevations at 0 km. and
whether the slopes and elevations for spent shad are greater (+) or less (-) than those of ripe shad at the spawning areas.

.01 probability level.

Stations are
Significant differences are indicated by (+) or (-), the sign

o ey

e

A

Male .
Connecticut Florida
Stations Peak 1972 Early 1973 » Late 1973 Stationg 1974
compared slope elevation RV  slope elevation RV slope elevation compared RV slope elevation
« 0 x 50 0.6 4.3 * 0.3 0.7 0.3 5.3 0 x 148 1.1 56.3(~)
" 83 6.3 6.2 ﬂ?/0.0 0.1 Y 1.8 0.3 " 259 . 6.9 135 6(-)
' 137 14.0(=) 63.3(-) 4.7 56.2(-) 0.1 50.3(~) " 370 7 5(-) 245.1(-)
" 265 25,1(=)346.2(~)" * 11.2(=)197.2(-) 1.5 224.5(~) " 370(spent) 3.1 285.0(~)
137 x 265 0.2 30.4(=) 0.9 ~ 36.3(~) 2.2 19.2¢-) 370(xipe)x 370(spent) 0.2 29.4(-)
3 o Female
< o~ i
: 0 x 50 4,7 0.1 0.6 12.9(-) 0.2 15.0(-) 0 x 148 2.8 10 2(-)
;5 & : —
" 83 0.2 24.5(-3 0.0 29.6(=) 0.5 20.8(-) " 259 10.5¢(=) 147 7¢-)
w137 o 0.0 49,1(-) * 0.6 91.8(=) * 0.2 159.5(-) " 370 5.6 203.0(-)
"o 265 2,7 187.,4(=) 1.5 - 113.0(-) * 5.3  248.7(-) " 370(spent) * 17.1(-) 320.1(-)
: 137 x 265 1.5 - 18.1(-) 0.4 0.5(~) 6.5 28.6(=) 370(ripe)x 370(spent) * 0.6 25.6(~)
e i :
T ——_— R
1 = ~
\ ’P’
! —_—
9 | : : _ :
o ¥
i . -,

Asterisks (*)

“16
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Appendix M,

Mean length by age and sex of Connecticut R. (1972 and 1973 samples combined) and St. Johns R,
shad (1974). Standard deviations (SD) and Students - & test results for
\

-

comparisons (where possible) are given.

between river

°

J SEX AGE CLASS POPULATION'
Connecticut R. . St. Johns R.
N Mean Length SD N Mean Length 5D t - value
‘ Male 3 9 37.8 ‘1.7 R 35.5 1.4 2.2 NS
& 85 42,4 2.5 7 113 38.8 1.9 36.3 *
5 95 (448 2.4 17 40.0 1.5 13.4
6 83 46,7 1.9 - B
- 7 49 47.8 2.0 -- ———- Ja- R ——
: 8 24 48,5 1.6 -—- S --- Tl
: 9 8 é§'4 1.5 -- ——- -
Female 4 62 46,3 1.8 75 40.5 1.5 20,2
' 5 149 48.1 2.4 58 43,1 1.6 43,2 %
6 97 50.5 1.8 -- ——- T
7 35 51.8 2.2 - c——- ——— eceeaa
3 8 10 53.4 2.1 - cem- e Lo
9 8 53.4 1.4 e mme- ——- amwmo

FER g S P b

* indicates-significant comparisons ( p <.

01); NS indicates

“ 26
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Students + value is given’for between Zex comparisons.

Appendix N. Mean age at maturity for the Connecticut and St.Johns River shad populations.

°

| BREES N o e d B

Population Year N Males Standard’ N Females Standard + value
Age at Deviation © Age at Deviation
Maturity Maturity |
(years) (years)
TN o
t
‘Copnecticut R. 1972 173 4.2 0.7 172 4.9 0.7 9.3
1973 180 4.2 0.5 189 %47 . 0.6 11,84
— Combined 365 4.2 0.6 349 4.8 0.6 13.7
St. Johns R, - 1974 134 4,1 0.4 133 A 0.5 - 6,2"
* indicafes comparison is significant ( p <.0l), 7 -
o . . A
4
. / .

“€6

A
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Appendik 0. ™Student + test comparisons of mean age ' \\
. %
of maturity (by sex) between rivers

- »

and between sampling years (Connecticut

3

| /
a only). . L : ‘ ' ﬁk~ \

o

\
s
o Connecticut R. St. Johns R.
\ ‘ Males 1972 Females 1972 | Males 1974 Femal¥s 1974
Conn. R Aales 1972 ) + ' AJ L1 R
- females 1972 ' Y
males 1973 ° 1.0 o
’ v
. females 1973 , | : 3.6%
8 ' -
Combined males )'u ’
N |
(Conn. R.)” ’ ﬁ
females L ’ 6.4%
- \\ v
, o

/k Ea
> -




- Appendix P, Spawning histories of Connecticut and St. Johns River shad populations.

Numbers in parentheses indicate sample sizes.

4 .
. N Perce epegt spawners .
. Populations Year - Male ///’ Femal Sexes combined
. / s
)
Connecticut R, 1972 68 (173) 44 (172) 56—¢345)
° 1973 56 (180) 36 (189) 44 (369)
72 and 73 comqined 59 (365) 41 (349 50 (714) -
’ \J\ - ’
St. Johns R, ~ 1974, 0 (134) 0 (13%) 0 (267)

. = PO x A
BN GRG0 3t e B B S s 4 5360 w oaa s
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Appendix Q. Non-protein nitrogen (NPN) content of the eviscerated
Body tissue ( expressed as a percentage of the total o

nitrogen) of early and late Connecticut River migrants.

(4
’ Percentage NPN is compared between river mouth (o km.) “
/ x :
« and upriver stations at 137 km., and 265 km., using
Student's + test, Number of values (n) included in the
mean; standard deviation (SD), and + values are given.
Significant differences at the .01 probability level are
indicated by asterisks (¥).
wq
J 0 km 137 km. 265 km.
Sex n % NPN SD n 7NPN SD + " n % NPN SD t
*
Male early 20 11.65 1.37 21 11.63 0.78 .06 18 11.78 2.20 0.20
late 15 11.76 0.82 16 10.61 0.56 4.54* 18 f1.21 0.96 1.74
’( \ / 13 _ a \
'Female early 18 11.12 1.06 21 11.64 0.53 1.98 16 12.40 1,31 2.91
lgfe 18 11.70 0.69 20 10.92 1.26 2.34 20 11.95 0.76 1.04
Q
®
&
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