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Traditional approaches to research and management of striped

bass have tended to be mechanistic, numerically oriented, and

based on limited life history information. In the study

presented here, comprehensive conceptual perspective was used

in a multivariate study of life history and evolutionary

adaptation of 10 striped bass populations representing the

full geographic and ecologic diversity of striped bass. The

colonization trajectory of populations originating from a

small colonizing population from the Hudson River demon-

strated how striped bass adapted in varying degrees of suc-

cess in their reproduction, development, behavior, survival,

and trophics to a range of western North American habitats.

Habitats that were marginal through infrequent suitability

for successful reproduction or survival of early life stages,

or through limiting longevity, resulted in life history

tactics that consisted of tradeoffs between life history

traits, especially reproduction and development. Fishery

management effects (exploitation and stocking) and habitat

effects (water temperatures, freshwater inflows, forage and



pollutants) influenced life history and evolutionary adaptive

capacities of all populations. Highly variable and indeter-

minate environments also affected these capacities and re-

lated to year-class dominance. This helped to explain de-

clines in five of the study's populations.
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LIFE HISTORY STRATEGIES AND TACTICS

OF STRIPED BASS (Morone saxatilis) WALBAUM

I. Introduction

Recent assessments of regional and world fisheries

present an uncertain and sometimes bleak future (Shroeder

1984, Brown 1985, Smith 1986). Much of this condition is

directly attributable to such human activities as

overfishing, habitat alteration, and pollution. The current

status of striped bass (Morone saxatilis) in the United

States is an example. Fishermen and fisheries managers have

been concerned about year-class variability and the declines

in abundance of coastal and inland populations (Boreman 1985,

Goodyear 1985, Stevens et al. 1985). Between 1973 and 1983

the commercial catches of Chesapeake region striped bass

declined 93%. Similar declines have occurred in striped bass

populations in other Middle Atlantic and New England states

(Boreman and Austin 1985). The adult striped bass population

in the San Francisco Bay-Delta has declined to its lowest

abundance since stocks were assessed beginning in 1959

(Stevens et al. 1985, California Department of Fish and Game

1987). Gulf Coast striped bass populations, once extensive

and abundant, became extinct in the early 1960's, except for

a small remnant population in the Apalachicola River system

(Nicholson 1986). Striped bass populations introduced into

lakes and reservoirs have fluctuated widely (Axon and

Whithurst 1985). While ineffective management is often held
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responsible for the poor condition of stocks, improved man-

agement is believed to be essential to their improvement

(Brown 1985).

The diversity of striped bass populations and the com-

plexity of associated problems has led to debate over the

causes and solutions of these problems. Current explanatory

hypotheses have attributed striped bass declines to over-

fishing, poor reproduction, inadequate food, and pollution

(U.S. Department of Commerce and U.S. Department of the

Interior 1984, Stevens 1980). Management responses have been

diverse. Mainly harvest restrictions and stocking, but also

pollution discharge, water flow and diversion regulations

have been instituted.

These problems can be viewed from a variety of scien-

tific perspectives. The principal advantages of so doing are

that understanding and explanation may be increased, with the

possibility of increased management effectiveness.

Traditional fisheries management, and the fundamental

concepts guiding it, have tended to be mechanistic. The

focus has been on single fish species and their numerical

properties. Populations or stocks are viewed and treated as

distinct units, isolated from their environments and res-

ponding to management controlled factors, such as fishing, by

increasing or decreasing production (Beverton and Holt 1957,

Cushing 1983). Surplus production, yield per recruit, and

stock and recruitment models (Tyler and Galucci 1980) est-

imate maximum sustained yields of individual stocks on the
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basis of limited life history information and the assumption

that catch effort is the principal factor influencing abun-

dance. Management objectives are generally directed at the

numerical property of maximum yields.

Nevertheless, fishery biologists have become increas-

ingly aware that environmental factors, including those

related to man's activities, affect more than the numerical

yields of fish populations (Murphy 1968, Schaffer and Elson

1975, Warren and Liss 1980, Ricker 1968). Exploitation often

results in lower population diversity (Larkin 1977), short-

ened reproductive life span (Murphy 1968), and small-sized

fish that mature at early ages (Ricker 1981). The funda-

mental problem is how fish populations adapt to changes in

their environments. The question then becomes how best do we

view these adaptations. In an organismic, contextualist

perspective, life history and evolutionary adaptation allow

individuals to survive, grow, and reproduce and their pop-

ulations to persist. Life history is the ensemble of an

individual's life performances, most of which tends to be

adaptive. Individuals are organized into populations of con-

tinuously developing and evolving life histories. Since in

an organismic-contextualistic perspective environmental

conditions are continuously changing, the life history adap-

tive capacities of individuals and the evolutionary adaptive

capacities of populations determine whether individuals

survive and reproduce and whether populations adapt and

persist. Adaptation is then seen to simultaneously operate
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at these two organizational levels. This perspective re-

cognizes that numerical properties of a population are

partial performances which are determined by the adaptive

capacity and the environment of the population. In directing

attention to striped bass the scientific emphasis and the

research problem now become the identification and descrip-

tion of life history patterns and their associated environ-

ments. The goal is to understand the life history and evolu-

tionary adaptive capacities and the implications these have

for management.

Standard Approaches to Life History Theory

Interest in life histories as "strategies and/or tac-

tics" has increased to where it can be considered a subdis-

cipline of ecology (see reviews in Geisel 1976, Stearns 1976,

1977, 1980, Southwood 1977, Horn 1978). Theoretical and

empirical studies of life histories have explored patterns of

life history traits in relation to different environmental

conditions. Emphasis has been placed on the adaptation and

optimization of reproductive life history traits because of

the central role that reproduction plays in population and

evolutionary biology.

While originally based on the mathematical models,

which exhibited exponential population growth and limited

carrying capacities (Lotka 1913, Verhulst 1938, cited in

Stearns 1975), contemporary life history theory development

is traced to Cole's (1954) seminal study of the effects of
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iteroparity and semelparity on the rate of population growth.

Cole's proposals led to a continuing series of studies em-

phasizing numerically quantifiable reproductive traits as

adaptations to quantifiable variations in selected environ-

mental conditions. Three approaches to studying life history

patterns are distinguishable. Theoretical studies, such as

those of Schaffer (1979A), Gadgil and Bossert (1970), Stearns

and Crandell (1981), and Leon (1976), usually employed mathe-

matical models to examine hypothetical conditions. A second

approach has been experimental, with animals having short

generation times and high fecundities used to verify model

predictions on the adaptability and heritability of selected

life history traits (e.g. Stearns 1983, Barclay and Gregory

1981, 1982). Finally, comparative demographic studies have

been employed to relate differences in life history traits to

spatial and temporal variations in environments (e.g. Stearns

1980, Trendall 1982, Leggett and Carscadden 1978).

In recent years there has been considerable research

employing these approaches to fish life histories. The

diversity in fish species, populations, life histories, and

associated habitats make them ideal for such studies. Useful

reviews have been provided by Stearns (1976), Miller (1979),

and Potts and Wootton (1984). Fish have been the object of

study in theoretical models (e.g. Murphy 1968, Schaffer 1974,

1979A, Bagenal 1973, Roff 1984), in studies of life history

adaptations to contrasting aquatic habitats (e.g. Jonsson and

Sandhund 1979, Baltz and Moyle 1982, Schaffer and Elson 1975,
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Shepherd and Grimes 1984), in studies of geographic vari-

ations along latitudinal lines (Leggett and Carscadden 1978,

Glebe and Leggett 1981a, 1981b), in interspecific contrasts

(Roff 1981, 1982, 1984, Baltz 1982, Johannes 1978, Ricker

1981, Kawaguchi and Mauchline 1982, Markle 1982), and in

intraspecific, interpopulation differences (Stearns 1975,

1980, 1983, Constantz 1979, Schaffer and Elson 1975, Reznick

and Endler 1982, Trendall 1983). While fish have provided

excellent material for life history study, relatively little

use of life history theory has been made in fisheries manage-

ment. Most of the fishery related studies have examined res-

ponses of fish stocks to varying exploitation levels (Adams

1980, Gunderson 1980, Leamon and Beamish 1984, Ware 1984,

Garrod and Horwood 1984).

In the process of verifying models and testing hypo-

theses concerning life history development, standard ap-

proaches tend to make life history concepts unrealistic.

Analytical methods generally require assumptions tending to

uncouple individual fish from each other and their envir-

onment. These studies are often restricted to a very limited

number of traits, owing in part to requirements for analytic

and numerical methodology. Life history traits not easily

quantifiable are generally excluded. A complementary ap-

proach allowing more comprehensive interpretations of life

history performances would be helpful. The value of such a

perspective would be the expanded understanding of the role

of different life histories in the development and
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persistence of populations and the application of such

understanding to management. The objective of this study is

to present a comprehensive perspective for understanding how

striped bass populations and the species adapt to different

environments through life history and evolutionary adapt-

ation. Further, the implications of this adaptation for

management will be examined. I present this research in two

parts. First, a theoretical section articulates a framework

for examining and interpreting life history development and

organization and how life history and evolutionary adaptive

capacities determine the persistence capability of fish.

Second, I present an empirical study of life history adapt-

ations of different striped bass populations from a variety

of habitats. I examine these adaptations as life history

tactics and strategies for individual life history adaptation

and population life history and evolutionary adaptation to

environmental conditions including human exploitation.
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II. Theoretical Perspectives

It has been recognized that high level conceptual

constructs determine our interpretations of observed experi-

ences. As Gould (1973) noted, "Facts do not speak for them-

selves, they are read in the light of theory." Such con-

structs can range from world views (Pepper 1942) through

conceptual frameworks (Warren et al. 1979, Mayr 1982) to

general or specific theories, hypotheses, and models (Levins

1981, May 1981). They provide underlying assumptions about

the nature of organisms, their environments, and relations

between them. In application, conceptual constructs aid in

the identification of problems, the setting of goals and

objectives, the development of research designs, and the

interpretation of observations.

This study on striped bass life history and evolu-

tionary adaptation is based on a life history theory pre-

dicated on the assumption that observed performances of

individual striped bass, their populations, and the species

are determined by their potential and realized capacities and

those of their environments. The capacity of a system on any

level derives from its organization. A performance such as

expression of a particular life history is determined by the

capacity of an organism and the possibilities and constraints

of its developmental environment. The capacity of a pop-

ulation is based on its organization--the way in which it

incorporates the capacities as well as the performances of

its interpenetrating and concordant life histories. The



9

capacity of the species is based on the incorporation of its

populations. This viewpoint thus emphasizes the relation-

ships between individuals, populations, and species and their

environments, and between generations. Striped bass indiv-

iduals, populations, and even the species are viewed as

continuously attempting to adapt to changing environmental

conditions. It is important to next examine what becomes

adapted and how it adapts.

As an elementary unit of an ecological system, each

striped bass has particular properties, in each life stage

and throughout its life, which comprise an entire life per-

formance: its life history. The standard literature has

emphasized life history properties relating more or less

directly to survival and reproduction of individuals (Stearns

1976). But efforts have been made to incorporate into life

history theory various aspects of survival (Murphy 1968,

Schaffer 1974), development (Rose 1983, Berven and Gill

1983), energetics (Ware 1984), and genetics (Denno and Dingle

1981). Each striped bass tends to adapt as an entire life

history, to enter into a concordant relationship with a

complex environmental system. No single trait or property

determines this concordance, nor can it accurately represent

the striped bass' life history. A conceptual perspective of

striped bass life history is presented in Figure 1. Persis-

tence of striped bass depends on developmental, reproductive,

survival, trophic, and behavioral concordance with coex-

tensive environments. Each striped bass life history
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Figure 1. Conceptual representation of individual life history in the context of its

habitat.
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category consists of characteristically specific perform-

ances, which can often be identified and described in ways

that show their adaptive significance for environmental con-

ditions in the habitats.

Striped bass, as life histories, exist only in the

context of their habitats, the places suitable for develop-

ment, persistence, and reproduction. Striped bass habitats

consist of sets of abiotic and biotic environmental factors

(Figure 1) that can be categorized into hydrology, physio-

graphy, biota, culture, and climate (Gregory 1982, Frissel et

al. 1986).

Lewontin (1958) noted that populations adapt in two

ways, through genetic variability and through individual

phenotypic plasticity. Individuals of a striped bass pop-

ulation can be thought of as having the life history adaptive

capacities to develop along different trajectories in dif-

ferent environments (Figure 2). Life history performances of

individual striped bass are determined by their realized cap-

acities and prevailing environmental conditions. These

realized capacities develop from some genetically determined

potential capacity in conjunction with the developmental en-

vironment. Different environments would result in the dev-

elopment of different realized life history capacities of a

striped bass having a given potential capacity. Striped bass

best adapted to a given environmental pattern will increase

in relative abundance as long as that environmental pattern

prevails. Less adapted fish will decline in relative



12

POTENTIAL
CAPACITIES

SPECIES

REALIZED CAPACITIES

SPACE / TIME

POPULATION

INDIVIDUAL
LIFE

HISTORY
-(>1P'

Env 2

Env

Fox,

Figure 2. Conceptual representation of the developmental
trajectories of life history and evolutionary
potential and realized capacities in individuals,
populations, and species.
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abundance, only to increase if and when the environment

changes to patterns more favorable to them.

A striped bass population can be viewed as a system

organized of life history types, each best adapted to a

particular kind of habitat. Differences in the persistence

and reproductive capacities among striped bass individuals

provide the population with life history as well as evolu-

tionary adaptive capacities that are different in different

developmental environments (Figure 2). In this way a striped

bass population composed of different life history types

fundamentally differs from other populations in the kinds of

habitats to which it can adapt. How the population is or-

ganized is important, for the evolutionary adaptive capacity

is entailed in its organization, the way in which it incorp-

orates the capacities as well as the performances of its

particular life history types. When we extend these concepts

to the species level, striped bass become a system of contin-

uously adapting and evolving populations providing the

species with the capacity to persist and evolve through the

life history and evolutionary adaptive capacities among its

different populations (Figure 2). Thus the species' adaptive

capacity resides in the ways in which its organization in-

corporates organization of its populations.

Where do life history tactics and strategies fit into

this perspective? Life history tactics and strategies have

been interpreted as synonymous (Stearns 1976) and defined as

sets of coadapted reproductive traits. Recently the two
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terms have been distinguished by employing a military meta-

phor (Gross 1984); namely, that strategy is taken to be an

overall and variable pattern composed of environmentally

contingent operations or tactics producing offspring. With

this metaphor, life history strategy can be viewed as the

potential life history and evolutionary adaptive capacity of

individual striped bass and their populations. Realized

capacities and performances can then be thought of as life

history tactics. At the individual level this is similar to

Harper's (1977) description of "phenotypes as tactical

solutions within a strategy that is set by the genotype."

Habitat organization forms a template for striped bass

organization (Southwood 1977, Wevers and Warren 1986). The

fundamental problem for the striped bass is to keep itself in

habitats suitable for its persistence, reproduction, and

distribution. This habitat suitability is relative to the

striped bass adaptive capacities. Striped bass life history

patterns must be concordant with the patterns of availability

of habitats in time and space if striped bass individuals and

populations are to persist. This is made visualizable in

Figure 3, where 12 locations in life history space are shown

over three periods of life history time. While some lo-

cations are unsuitable as habitats (9, 10 and 12), others

have the potential to be habitats and remain unoccupied (2),

or become available (8) and become occupied (1, 4, 6, 7) by

life history types adapted to them. The capacities of re-

latively stable, determinate habitats to remain suitable
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allow continued occupancy (1, 5, 6). It is also possible for

habitats to change such that they are no longer occupied or

available (7, 11). Marginal and frequently changing, in-

determinate locations could require such life histories as to

render them unsuitable as habitats. In these cases, environ-

mental conditions exceed or cannot be met by the adaptive

capacities of the residents and/or colonists.

Many environmental factors making striped bass hab-

itats suitable or unsuitable are owing to man's activities,

such as exploitation or pollution. These factors can alter

the organizations and, therefore, the life history and evolu-

tionary adaptive capacities of striped bass populations.

Through this life history perspective striped bass management

must involve considerations of how these and other factors

alter capacities as well as the performances of habitats as

well as striped bass. In this way persistence, abundance,

and distribution of striped bass populations can be under-

stood and managed.

The above conceptual model suggests generalizations

that translate general life history concepts into expect-

ations for striped bass populations:

1. Success of introduced striped bass populations

will be linked to the life history and evolu-

tionary adaptive capacities of the original pop-

ulation and to the habitat organization.

2. Striped bass populations in marginal habitats

approaching the limits of their adaptive
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capacities will exhibit life history tactics that

consist of trade-offs between reproduction, dev-

elopment, behavior, survival, and trophics.

3. The effects of habitat and fishery management will

be apparent in the life history organization and,

thus, in the life history and evolutionary

adaptive capacities of striped bass populations.

4. Environments that are highly variable and indeter-

minate may be unsuitable for life history organ-

ization and the life history and evolutionary

adaptive capacities of striped bass populations.
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III. Characterization and Methodology

Study Design

Knowledge of the organization of the different life

history types comprising populations makes possible some

assessment of the life history and evolutionary adaptive

capacities of the populations. An ideal life history study

would identify, characterize, and describe the full range of

life history types and their particular habitat types.

Applied retrospective studies, such as this striped bass

study, are constrained by temporal/spatial limits, by em-

phases of former studies on numerical traits, by incompat-

ibility of data, and by the limited number of comprehensively

surveyed populations and habitats. Nevertheless the his-

torical data bases on the widely distributed and studied

striped bass provided the opportunity to characterize pre-

dominant life history types in a number of populations and to

place them in the temporal/spatial context of the dominant

features of their habitats.

There were two facets to this empirical study of ten

different striped bass populations. The first aspect was

examination of the potential life history and evolutionary

adaptive capacities of a given population to colonize and

inhabit a diversity of habitat types. The Hudson River-

Raritan Bay striped bass population and four descendant

Pacific coast populations were selected for this task because

they offered an example of how different populations can
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develop out of the potential of a single small introduced

population. The second aspect of this study provided some

perspective on the adaptive capacity of striped bass as a

species by surveying 10 populations representing its geo-

graphic and ecologic range.

Profile of Striped Bass, Morone saxatilis Walbaum

Striped bass, the most widely distributed of the five

Morone species (Waldman 1986), is an anadromous, euryhaline,

eurythermal, relatively long-lived percoid (Pisces:Percich-

thyidae). It is found in all geographic regions of the

contiguous United States and occupies lacustrine, riverine,

estuarine, and marine habitats. On the Atlantic Coast,

native distribution (Figure 4) extended from the St. Lawrence

River estuary to Lake Washington in the St. John's River

system in northeastern Florida (Barkaloo 1970, Waldman 1986).

Gulf of Mexico and Atlantic Coast striped bass populations

exhibited a disjunctive distribution with no populations

between the St. John's River on the east side and the Suwanee

River on the west side of the Florida peninsula. The Gulf

populations are believed to have separated from Atlantic

coast populations by the post-Pleistocene emergence of the

Floridian peninsula and the closing of the straits of Florida

(McLane 1958). Although Gulf populations once occupied most

river systems from Corpus Christi Bay, Texas (Stevenson 1893,

Towndsend 1900, Fiedler 1939) to the Suwanee River (Crateau
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et al. 1980) and upriver as far north as St. Louis, Missouri,

on the Mississippi, they are now found only in the Apalachi-

cola system of northwest Florida.

Striped bass were introduced to the San Francisco Bay-

Delta estuary in 1879 and 1882 (Scofield 1931). They quickly

spread along the coast to colonize estuaries in Oregon and

have been recorded from Ensenada, Mexico (Setzler et al.

1980) to Barkeley Sound, British Columbia (Forrester et al.

1972) .

Although striped bass were stocked in freshwater

reservoirs as early as 1935 (Surber 1958), extensive stocking

of landlocked freshwater systems has occurred only over the

past 20 years (Axon and Whitehurst 1985). Striped bass have

also been introduced into the USSR, France, and Portugal

(Setzler et al. 1980).

The literature on striped bass is extensive, no doubt

owing to the commercial and recreational value as well as the

scientific interest in the species. Early life history ac-

counts (Scofield 1931, Pearson 1938, Merriman 1941, Raney

1952), recent bibliographies (Pfuderer et al. 1975, Rogers

and Westin 1975, Horseman and Kernehan 1976, Smith and Wells

1977), and recent synopses (Westin and Rogers 1978, Setzler

et al. 1980) serve as general information sources. A syn-

thesis of information on striped bass environmental and

habitat requirements was completed for inclusion in habitat

suitability index models for both coastal and inland stocks

(Bain and Bain 1982, Fay et al. 1983, Crance 1984). Much of
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the impetus for recent striped bass research comes from

management needs to determine the causes for the persistent

declines in striped bass populations of the northeastern

Atlantic coast and the San Francisco Bay-Delta estuary

(Florence 1980, USDOI and USDOC 1984, Boreman and Austin

1985, Stevens et al. 1985).

Striped Bass Populations Selected For Study

Ten geographically and reproductively separate striped

bass populations were selected because of their known dif-

ferences in life history traits and developmental histories

and the amount of available life history and environmental

data (Table 1). The estuarine, riverine, and lacustrine

populations selected represent ecologically diverse geo-

graphic regions: Maritime Canada, mid-Atlantic, Gulf Coast,

Oregon and California, coast, and inland freshwater lakes in

the Midwest, Southwest, and Central California.

The colonization aspect of the study included five of

the above populations: four populations in four diverse

habitats (San Francisco Bay-Delta, Coos Bay-River, Millerton

Lake, and Lake Mead) that resulted from the Pacific coast

introduction of Hudson River-Raritan Bay striped bass.

Life History and Habitat Traits

Habitat and life history traits were each organized

into the five related descriptive categories presented in the

life history conceptual model (Figure 1). A more



Table 1. Summary

Population Name

Annapolis River

Hudson River-
Raritan Bay

Potomac River-
Chesapeake Bay

Roanoke River-
Albemarle Sound

Apalachicola
River

San Francisco
Bay-Delta

Coos River-Bay

Millerton Lake

Lake Mead

description of habitats of studied striped bass populations

Geographic Location

Nova Scotia
Bay of Fundy

New York
Northeast Atlantic

Chesapeake Bay Region
Mid-Atlantic

North Carolina
Middle Atlantic

Florida
Gulf of Mexico

California
Mid - Pacific

Oregon
Northwest Pacific

California
Sierra Nevada Foothills

Nevada
Colorado River System

Keystone Reservoir Oklahoma
Arkansas River System

Date of
Colonization Stock Type Habitat Type

Indigenous

Indigenous

Indigenous

Indigenous

Indigenous

1879; 1882

1914

1955

1969

1965

Estuarine

Estuarine

Estuarine

Estuarine

Riverine

Estuarine

Estuarine

Lacustrine

Lacustrine

Lacustrine

Coastal estuary

Coastal estuary

Coastal estuary

Coastal estuary

Coastal estuary

Coastal estuary

Coastal estuary

Freshwater reservoir

Freshwater reservoir

Freshwater reservoir

Ecological Region

Humid, temperate; warm continental;
northern hardwoods - spruce forest

Humid, temperate; warm continental;
eastern deciduous forest

Humid, temperate; subtropical;
southeastern mixed forest

Humid, temperate; subtropical;
southeastern mixed forest

Humid temperate; subtropical;
Outer coastal plain forest

Temperate; Mediterranean;
California chaparral

Temperate; strong marine influence;
Pacific coniferous forest

Temperate, Mediterranean;
California chaparral

Temperate; dry, American desert
climate; creosote bush

Temperate; prairie; prairie parklap
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comprehensive effort was given to assembling information on

populations studied for colonization capacity than for the

other five populations also included in population surveys

(Table 2).

Table 2. Numbers of trait variables selected
for the colonization and population survey
studies.

Colonization Study

Population Survey Study

Habitat Life History Total

89 73 162

37 45 82

Each trait category included both parametric and non-

parametric measures. The decision to use a nonparametric

measure was based on the nature of the variable itself, the

degree of comparability between data bases, and the need to

combine divergent but related data into a single descriptor.

Some habitat trait variables characterized the entire hab-

itat, others being unique for particular striped bass life

stages (Table 3, Appendix A). Different life history vari-

ables encompassed individual and population level perform-

ances.

Data Acquisition, Organization and Treatment

Data were obtained from personal research conducted on

striped bass reproduction and early life stage ecology from

1975-1983, as well as from periodical literature, private and

public agency reports, unpublished data, and personal
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Table 3. Summary of variables used to characterize habitats and life histories
of ten striped bass populations.

Trait Category Variable Category
Number of # Parametric/
Variables # Nonparametric

HABITATS:

Physiography physical descriptors 9 8/1
watershed characteristics 1 1/0
dimensions and shapes 12 12/0

Hydrology physio-chemical 22 14/8
pollutants 1 0/11
hydrodynamics 15 12/3

Biota food 2 0/2
interactions 0/4

Culture industry 7 2/5
population 1 1/0
fishery 3 2/1

Climate related. inflows 6 2/1
precipitation 1 6/0

1/0
LIFE HISTORIES:

Development growth 18 18/0
age 5 5/0
population 7 6/1

Reproduction fecundity 3 3/0
maturity 6 6/0
life span 2 2/0
spawning 5 5/0
sexuality 1 0/1

Survival causal effects 3 0/3
mortality 2 1/1

Behavior distribution 14 14/0
movements 9 8/1

Trophics food and feeding 7 0/7
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communications with striped bass researchers and managers.

Between 1981 and 1986, trips were made to survey habitats and

to collect life history information on all colonization

populations.

Computerized literature searches were conducted at

approximate three-month intervals. Both online searches and

information text management were run through SCIMATE software

programs. Environmental requirement data for striped bass

were obtained from the U.S. Fish and Wildlife Service, Fort

Collins, Colorado. Other agency reports and unpublished data

covering both habitat and life history information were

obtained from investigators at each site.

A major source of hydrologic, physiographic, and land

use data was the National Estuarine Inventory Data Atlas of

the NOAA National Ocean Service, Ocean Assessments Division,

Rockville, Maine. Specific data were provided on each es-

tuarine habitat.

Data organization and management were achieved by use

of dBase III+ programs. Data were initially analyzed by

factor analysis to clarify variable associations (Rummel

1970, Bryant and Atchley 1975). More definitive variable

comparisons were done with use of regression and correlation

analyses and analysis of variance (Snedecor and Cochran

1968). Statistical analyses were performed on a microcom-

puter using Number Cruncher Systems and MICROSAS programs.
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IV. Striped Bass Habitats and Life Histories

Hudson River-Raritan Bay

Habitat: The heavily industrialized (564 industrial dis-

chargers; 194 wastewater dischargers) and urbanized (11.6

million people) system consisted of a large drainage area, a

long, narrow (mean width 2.7km), and shallow (mean depth

4.6m) river, and an expansive estuarine area (21,929km2),

which included nearshore coastal bays and estuaries of New

York Bay, Raritan Bay, and Long Island Sound (Figure 5, Table

4). It was a relatively unstable system susceptible to rapid

changes in physico-chemical conditions (Klauda et al. 1980).

Hypoxic and anoxic areas, combined with high late summer

temperatures, have been found 32 km below Albany, in the

habitats of young-of-year (YOY), subadults, and nonspawning

adults (Klauda et al. 1980, Coutant 1985). High inflows

together with variable temperatures during egg and larval

periods created potentially stressful conditions (temperature

range 12.0-23.00C, Limberg et al. 1985). Ocean temperatures

outside the river-estuary were conducive to habitation by

YOY, subadults, and adults (Abood et al. 1976, Coutant 1985).

Pollutants (Table 5) have been a major problem, especially

polychlorinated biphenyls (PCBs). As recently as 1965 the

river was described as heavily polluted (Klauda et al. 1980).

Eutrophication and high coliform contamination were associ-

ated with the hypoxic areas. PCBs were discovered in fauna,
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stages.



Table 4. Characteristics of habitats of striped bass

Drainage Habitat

populations.

Freshwater Outflow
Low Human PrecipitationMonthly High

Population Area (km2) Length (km) Area (hm2) Mean (m5s-1) Month Month Population (cm)

Annapolis River 2,130 142 140 12.7 DEC SEP 87,000 125

Hudson River
Raritan Bay 20,816 299 8,308 797.0 APR AUG 11,600,000 107

Potomac River-
Chesapeake Bay 29,837 1,940 11,370 451.6 MAR AUG 2,469,000 107

Roanoke River-
Albermarle Sound 32,204 225 2,121 706.6 FEB OCT 239,000 122

Apalachicola
River 31,375 182 43 827.9 MAR OCT 26,000 145

San Francisco
Bay-Delta 113,559 343 1,219 959.4 JAN OCT 5,100,000 50

Coos Bay-River 3,300 88 25 0.8 JAN AUG 30,000 165

Millerton Lake 4,359 28 22 75.3 JUN DEC 4,000 21

Lake Mead 432,530 183 491 452.6 JUL MAR 523,000 13

Keystone
Reservoir 192,971 196 155 36.2 AUG JAN 766,100 77

Mean 86,308 363 2,389 432.0 2,084,410 93

S.E. 42,961 178 1,280 119.7 1,174,474 16

C.V. 157.4% 154.9% 169.1% 87.6% 178.1% 55.2%
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Table 5. Pollutant characteristics of striped bass habitats for
populations in colonization study.

Population

Hudson River-
Raritan Bay

San Francisco
Bay-Delta

Coos Bay-
River

Pollutants Sources

PCBs,chlorinated hydrocarbons,
heavy metals, petrochemical
hydrocarbons, BOD

PCBs, chlorinated hydrocarbons
heavy metals, petrochemical
hydrocarbons, BOD, pathogens

industrial discharges,
wastewater discharges,
pesticide runoff,
urban runoff, ac-
cidental spills

industrial discharges,
wastewater discharges,
pesticide runoff,
urban runoff, ac-
cidental spills

BOD, wood fiber and leachates industry discharge

Millerton Lake none

Lake Mead none

none

none



31

including striped bass, and sediments in late 1969. The

importance of this was recognized by the mid-1970s (Klauda et

al. 1980, Smith 1980, O'Conner 1984, Mehrle et al. 1982,

Armstrong and Sloan 1980). PCBs and other contaminants led

to public warnings and harvest restrictions (Mueller et al.

1982, Breteler 1984). Although levels of certain contam-

inants remain high, concentration trends have been declining.

Seasonality and high freshwater inflow rates were

important hydrodynamic features. River inflows were highly

variable (CV = 51.6%). Flows were highest just prior to the

normal striped bass spawning period (April), when they re-

sulted in temperature fluctuations and disruptions of

spawning (Figure 6) .

Biological production was generally mesotrophic with

localized eutrophism in polluted areas. Zooplankton

(Eldridge et al. 1981) concentrations were reported marginal

to adequate (Weinstein 1977). The diverse fish community in

the estuary and coastal marine areas included few competitors

or predators (Smith 1976, Smith 1980, Esser 1979). Labor-

atory examination of striped bass condition indicated only

slight effects of disease and/or parasites (Whipple et al.

1982).

The fishery on this striped bass population was the

oldest in this study, it having begun in colonial times.

Strict management of the fishery has been in effect only

recently including a moratorium (1987) on all fishing.

Cold winters and warm summers result in the widest
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annual water temperature range (2.0-27.0°C) of all habitats

studied. Year-round rainfall and high annual precipitation

(107cm) occurred. Freshwater inflows peaked in April and

were lowest in August (Figure 6) .

Life History: Hudson River striped bass showed slow early

life stage (YOY and subadult) growth rates relative to other

populations (Figure 7, Tables 6, 7) (Texas Instruments 1974).

The linear plot of age-specific growth had the lowest inter-

cept and slope coefficient. Production of the moderately

sized population (mean 188,000 adults) has been average to

poor with periodic dominant yearclasses (Klauda et al. 1980).

Most recent population surveys (i.e., last three years) have

indicated high yearclass success (personal comm., J.R.

Waldman, Appendix 2). Reproduction differed most in fe-

cundity, age at maturity and reproduction life span. The

fecundity-at-age pattern showed high initial fecundity fol-

lowed by average fecundity in older fish (Table 9). Both

male and female Hudson fish matured 2-4 years later than fish

in other populations (Klauda et al. 1980) (Table 11, Figure

8). Clark (1968) also proposed that Hudson striped bass may

not annually spawn. Delayed ages at maturity and shortened

longevity contributed to lower reproductive spans (Table 11).

Life expectancy was short, usually less than five years

(Klauda et al. 1980). The estimated mortality rate (45%) was

highest of all populations.

Hudson striped bass had the largest life stage habitat
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Table 6. Life stage - specific growth rates of striped bass.

Young-of-Year Subadult Adult-Female Adult-Male

mm.mo-1 mm.yr-1 mm.yr.-1 ram.yr-1

Hudson River-
Raritan Bay 8.3 126.8 54.6 52.0

San Francisco
Bay-Delta 8.8 127.5 55.6 58.6

Coos Bay-
River 11.8 141.0 53.5 47.7

Millerton
Lake 11.0 136.5 69.2 66.3

Lake Mead 23.2 103.0 0 0

Annapolis
River 6.8 166.4 49.0 22.9

Potomac River 8.8 148.0 63.3 62.9

Chesapeake Bay

Roanoke River 11.0 161.5 43.7 77.8

Albemarle Sound

Apalachicola River 13.0 142.0 60.1 78.4

Keystone
Reservoir 21.8 142.3 83.8 83.8

Mean 12.5 139.5 53.3 55.0

S.E. 1.8 5.7 6.9 8.3

45.1% 12.9% 40.9% 47.8%



Table 7. Linear regression parameters
and weight (g) at length

Population

for length (fork length in HI) at age (years)

(nwn) at age.

FL = a + b Age Log W = a + b Log FL

Intercept Slope r2 Intercept Slope r2

Annapolis River 32.94 4.10 0.87 1.624 0.334 0.96

Hudson River-Raritan Bay 23.23 5.32 0.95 -1.825 2.839 0.90

Potomac River-Chesapeake Bay 23.23 6.76 0.92 -4.622 2.929 0.99

Roanoke River-Albemarle Sound 33.25 4.56 0.94 -5.252 3.161 0.99

Apalachicola River 34.26 5.67 0.95 N/A N/A N/A

San Francisco Bay-Delta 34.08 4.73 0.95 -5.323 3.144 0.99

Coos Bay-River 35.99 4.75 0.98 -4.588 2.906 0.90

Millerton Lake 27.57 6.40 0.87 N/A N/A N/A

ESke Mead 47.08 -0.04 0.01 -5.436 3.155 0.98

Keystone Reservoir 32.94 7.37 0.99 -2.988 2.738 0.99



Table 8. Annual instantaneous growth coefficients for early and late life stage and total life span growth

periods of five striped bass populations*

Growth Period

Hudson River/
RArilan [lay

San Francisco
Boy/Della

Coos Bay/
River

Millerton
Lake Lake Mead

Female Early (0-2 years) .679 .709 .731 .832 .805

Late (4maximun age) .162 .143 .134 .372 **

Total Lifespan .191 .176 .120 .261 .333

Male Early (0-2 years) .683 .702 .733 .821 .802

Late (4- maximum aye) .231 .209 .130 .357 **

Total Lifespan .142 .127 .122 .265 .279

* Annual instantaneous growth coefficient
lug a Growth (FL)

No. of years

** Negative growth



Table 9. Fecundity (in thousands of eggs per individual) at age for 7 striped bass populations.
information available.

N/A = no

Annapolis Hudson Potomac Roanoke Appalachicola San Francisco Coos Millerton Lake Keystone

Age River River River River River Bay River Lake Mead Reservoir

3 N/A N/A 337.1 N/A

4 N/A 368.7 435.4 N/A 169.6 297.1 169.0 323.8 N/A

5 N/A 598.6 110.1 510.0 N/A 447.3 551.4 447.3 320.4 N/A

6 N/A 828.6 320.2 584.6 N/A 725.0 805.7 725.0 317.0 N/A

7 N/A 1058.5 530.2 659.1 N/A 1002.7 1060.0 1002.7 N/A

8 N/A 1288.4 740.2 733.7 N/A 1280.4 1314.3 1280.0 N/A

9 N/A 1518.4 950.2 808.3 N/A 1558.1 1568.6 N/A

10 N/A 1748.3 1160.3 882.9 N/A 1835.8 1822.9 N/A

11 N/A 1978.2 1370.3 957.4 N/A 2113.5 1077.1 N/A

12 N/A 2208.2 1580.3 1032.0 N/A 2391.2 2331.4 N/A

13 N/A 2438.1 1790.3 1106.6 N/A 2668.9 2585.7 N/A

14 N/A 2668.0 2000.4 N/A 2946.6 2840.0 N/A

15 N/A 2897.9 2210.4 N/A 3224.3 3094.3 N/A



Table 10. Distribution areas

Population Spawning

(km2) of striped bass lifestages.

Embryo Larva YOY Subadult Adult
Non-spawning

Adult

Hudson River- 91.6 77.8 140.0 3,956.0 3,816.0 8,216.0

Raritan Bay

San Francisco 41.0 47.0 111.0 147.0 371.0 1,072.0

Bay-Delta

Coos Bay- 1.2 2.0 2.0 1.5 10.2 18.4

River

Millerton 2.7 6.1 15.4 20.7 18.6 15.4

Lake

Lake Mead 170.0 286.0 392.0 204.0 239.0 321.0



Table 11. Reproductive traits of different striped bass populations.

Age at 100% Size at 100% Maximum Reproductive Spawning

Population Maturity(yrs) Maturity (cm) Life Span (yrs)

Female Male Female Male Female Male Season (mos) Duration (mos) Distance (km)

Hudson River-
Raritan Bay 9 7 83.4 60.3 11 3 4.5 - 6.5 2.0 116

San Francisco
Bay-Delta 6 5 66.0 54.6 9 6 4.0 - 7.0 3.0 170

Coos Bay-River 6 5 69.2 58.4 21 12 5.5 - 7.0 1.5 33

Millerton Lake 6 3 65.4 40.3 3 4 4.5 - 6.5 2.0 25

Lake Mead 5 3 46.6 47.4 5 2 4.5 - 7.0 2.5 110

Annapolis River 7 5 54.6 45.9 8 6 5.5 - 7.0 1.5 41

Potomac River- 5 3 59.1 39.9 10 7 4.5 - 6.0 1.5 160

Chesapeake Bay

Roanoke River- 7 3 54.4 42.4 7 6 4.8 - 6.2 1.4 217

Albemarle Sound

Apalachicola
River 5 3 65.1 44.0 7 7 2.5 - 5.0 2.5 171

Keystone
Reservoir 5 3 69.3 54.6 7 7 3.8 - 5.8 2.0 150

Mean 5.9 4.0 63.3 48.8 8.8 6.0 2.0 119.3

S.E. 0.9 0.5 3.2 2.4 4.9 0.9 0.2 21.1

C.V. 14.8% 35.4% 16.2% 15.5% 55.4% 45.8% 27.1% 55.9%



41

100-

0,
UJ 80-

60-

40-

20-

0

0APA

bv. i
../ I

poT____ / / 1 0.-------0
1 1I / 1 1I / .1 .

1 1 1
1 *

7 / 1
1 I I I

II
1 0------7-----2-------CBR

I / / // i

I ,

/1 ! / /
/ I //it / / )3

MEA
--"-- 0 1+

/ I I I 1/ /
/ -/"< / ? ANN

1 V 1 I I

"a i / /
MIL

,

. / / /I
477?--1---- SF3

KEY . 1 /4* /I / /

*
ROA-57 i

I

I %)

/ I

/
111 -D.-

04-- HUD

AGE (years)

Figure 8. Percent of sexually mature female striped bass at

different ages for 10 striped bass populations.

ANN = Annapolis River, APA = Apalachicola River,

CSR = Coos Bay-River, HUD = Hudson River-Raritan

Bay, KEY = Keystone Reservoir, MEA = Lake Mead,

MIL = Millerton Lake, POT = Potomac River -

Chesapeake Bay, ROA = Roanoke River-Albemarle

sound, SIB = San Francisco Bay-Delta.



42

distributions of all but Lake Mead striped bass (Figure 5,

Table 10). YOY, subadult and non-spawning adults occupied

areas in the estuaries and marine coastal waters of lower New

York Bay, Raritan Bay and Long Island Sound (Young 1982).

Hudson River fish exhibited the usual striped bass pattern of

upriver spawning migration in the spring and down-river

migration after spawning. Nonspawning migratory behavior

beyond 50 km from the Hudson River is uncommon, although more

fish of large yearclasses range widely. Some older, larger

fish are believed to overwinter in deeper marine areas (pers.

comm., J.R. Waldman, Hudson River Foundation 1985, Hickey

1981).

Hudson River striped bass diets were diverse and

included more invertebrates than did those of other pop-

ulations. Diets were linked to movements of fish between

marine coastal and estuarine habitats (Hickey 1981).

San Francisco Bay-Delta

Habitat: Highly regulated flows drain a large (113,559 km2)

watershed into a large (8,366 km2 estuarine area), widest

(mean width = 8.4 km), and relatively shallow (mean depth =

6.8 m) estuary (Nichols et al. 1986). The delta habitat has

occasionally reached high summer temperatures (up to 23 °C)

(Kelly 1966, Farley 1966). Spring and summer ocean temper-

atures are cold (11.3-13.4°C, USFWS 1981) and unfavorable to

movement of striped bass outside the system. The presence of

thermal refuges for striped bass was suggested by Coutant
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(1985). The habitat was the most extensively urbanized and

industrialized of all systems (30 wastewater discharges and

140 industrial discharges; second largest human population:

5.1 million). Pollutants and their effects have had as much

impact as in the Hudson system. Representative compounds of

most major pollutant classes (especially petrochemicals and

agricultural chlorinated pesticides) have been noted in

sediments, waters, and fauna (Finlayson et al. 1982, Whipple

et al. 1983, Jung et al. 1984). Sources are diverse and

widespread (Table 5). Flow rates were the highest of all the

habitats and, although they are partially controlled by an

extensive system of dams and reservoirs, the flowrate vari-

ability was high (CV = 61.6%). The system remains the most

modified of all the study's habitats. Seasonal flow patterns

were similar to Coos Bay-River (Figure 6): high flows in

February, low flows in October. A feature unique to the

habitat is the "null zone" (Stevens et al. 1985, Nichols et

al. 1986): a stretch of water in the Carquinez Strait-Delta

area noted for its vertical mixing and high productivity. It

plays an important role in the productivity of the striped

bass nursery (Nichols et al. 1986).

Biotic productivity is mesotrophic to eutrophic with

diverse and abundant food, especially for adults (Collins

1982). Recent studies have shown that zooplankton

production, particularly that of microzooplankton, is de-

clining and potentially limiting to striped bass larvae

(Eldridge et al. 1982, Stevens et al. 1985).
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The striped bass fishery has a long history both

commercially and recreationally (mean exploitation rate =

20.7%) and management has imposed ever-increasing

restrictions.

The climate is mild, influenced by the Pacific Ocean

and modified with increasing distance inland so that the

delta summers are warmer and winters colder than San Fran-

cisco Bay. Precipitation is restricted to cooler periods.

Seasonal flows are somewhat more (959 vs. 797 m3s-1) than

those of the Hudson system despite the fact the precipitation

is about half that of the Hudson (50 vs. 107 cm).

Life History: Life stage-specific and age-specific growth

were moderate to slow (Tables 6, 7; Scofield 1931, Robinson

1960, Collins 1982). The population has had a relatively low

mean age (4.1 years; White 1986) with few older (>10 years)

fish found; but historically the maximum known ages were

above average (20 years - females, 11 years - males; Scofield

1931). The San Francisco population was the second largest

(1,390,000 adults) after that of Lake Mead. Production has

been consistent but variable and there have been no dominant

year classes (pers. comm., D.E. Stevens, Appendix 2). Fe-

cundity has been low in younger fish but increases with age

(Table 9). Total population egg productivity has declined.

The 1982 estimate was around 25% of that during the late

1960s and early 1970s (Stevens et al. 1985). Reproductive

life spans were fourth longest in females and average for
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males (Table 11). Duration of the spawning period was the

longest of all populations (3.0 months). A very unique trait

was the presence of hermaphroditism (Moser et al. 1983),

although it was considered rare within the population.

San Francisco striped bass experience a high mean

annual mortality rate of 41.7% (Stevens et al. 1985, Jung et

al. 1984) and summer die-offs having unknown causes

(Kohlhorst 1973, 1975).

San Francisco fish migrate the greatest distance to

spawn (170 km) and utilize two separate areas, each asso-

ciated with a different river system (Farley 1966, Calhoun et

al. 1950, Turner 1976, Figure 9). Nonspawning movements are

similar to those of other populations, the older striped bass

ranging outside. These movements were usually restricted to

within 50 km of the Golden Gate entrance (Radovich 1963, Orsi

1971, White 1986). Diversity of diet typified all life

stages (Heubach et al. 1963, Stevens 1966, Eldridge et al.

1981B). Food for larvae has been believed to limit larval

survival (Stevens et al. 1985, Low 1986, Miller 1987).

Coos Bay - River

Habitat: This system is a small, largely unmodified Pacific

Northwest coastal estuary (25 km2, second smallest). It is

subject to rapid environmental changes linked to the system's

physiography and high precipitation (Figure 10). The estuary

is short (length = 88 km), narrow (mean width = 0.5 km) and

shallow (mean depth = 4.0 m), and is well-mixed vertically
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and has a short residence time (30.9 days; Roye 1979). Pre-

cipitation (165 cm) was highest of all habitats studied.

Salinities were highly variable (0.0 - 34.0%) as were temp-

eratures (7.2-20.1°C), the latter having an effect on

spawning (Arneson 1976, Anderson 1985; Figure 6). Low dis-

solved oxygen concentrations (<2.5 mgl-l) and high summer

temperatures occurred during summer low inflow periods.

Ocean temperatures (8.5-13.4°C) were restrictive to adult

outmigration, similar to the San Francisco habitat (Bourke et

al. 1971). Polluted conditions occur mainly during warm

weather and low flows. High BODs result from local seafood

industry discharges and logging practices (pers. comm., R.

Bender, Appendix B).

Biotic production was mesotrophic. Only microzoo-

plankters as larval food were reported to limit striped bass

(Anderson 1985). Disease and parasite frequencies were high

in adult striped bass but they did not appear to increase

adult mortalities (Sakanari et al. 1983).

The estuary has relatively little industry and a small

human population (30,000). The fishery has existed for about

64 years and the exploitation rate has been low (16.5%;

Morgan and Gerlach 1950; person. comm., R. Bender, Appendix

B) .

The climate is marine with mild, wet winters and dry,

cool summers. Coos Bay-River has the highest precipitation

of all habitats studied (165 cm). The high rainfall and

small drainage area produce the greatest variability in



49

monthly flow rates (CV = 87.5%; Figure 6).

Life History: Striped bass growth was rapid in early life

stages and young fish (Tables 6 and 8, Figure 7) but was

reduced later. Production of the small population (-40,000

adults) was inconsistent and dependent on periodic abundant

year classes (McGie and Mullen 1979, unpublished data, Oregon

Department of Fisheries and Wildlife; pers. comm., R. Bender,

Appendix B). Studies of recruitment showed consistently poor

success (Bender 1985). Coos Bay striped bass are long-lived

(27 years - females, 17 years - males; Gould 1982).

Fecundity was high at all ages (Table 9) and the

reproductive life span was the longest (21 years - females,

12 years - males) of all populations studied (Table 11).

Spawning occurred over a relatively brief 1.5 month period.

Because of highly variable environmental conditions, spawning

activity has been usually restricted to one or two brief

periods of two or three days spread out over the traditional

spawning season (Anderson 1985). A unique reproductive trait

of Coos Bay striped bass was the high frequency of herm-

aphroditism (26%; Moser et al. 1983). The incidence of this

condition appeared to be recently increasing (Morgan and

Gerlach 1950; Moser et al. 1983).

Survival problems are associated mainly with egg and

larval lifestages (Anderson 1985; pers. comm., R. Bender,

Appendix B). Mortality, with low fishing pressure and the

absence of summer die-offs, appeared low in later life stages
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(30%; pers. comm., R. Bender, Appendix B).

Behavior was found to be affected by the environmental

conditions and the small size of the habitat. The distri-

butional areas of the early life stages were restricted

(Figure 10, Table 10) to small upriver areas. Consequently

the migration distance was short, only 33 km. The older life

stages were largely confined to the lower bay during

nonspawning months, restricted by unfavorable temperatures

and currents upriver and cold ocean temperatures.

The YOY and adult striped bass have been found to prey

on abundant and diverse food sources (Mullen 1973, Bender

1985). Larval striped bass were reported to be limited by

inadequate zooplankton resulting from disruptive influences

of freshets (Anderson 1985) .

Millerton Lake

Habitat: This lacustrine system is the last of a series of

man-made freshwater impoundments on the San Joaquin River in

the Sierra Nevada foothills and has a small fluvial drainage

(Table 4, Fig. 11). The small habitat (19.4 km2 surface

area, 643 x 10 m3 capacity) is short (27.7 km), narrow (mean

width = 1.1 km) and deep (mean depth = 34.3 m). Cycles of

physico-chemical conditions have been much the same from one

year to the next (Ecological Analysts 1979, 1981A, 1981B,

1982). Dissolved oxygen concentrations were suitable (6.0-

10.6 mg 1-1) but temperatures exhibited the potential for in-

fluencing striped bass in two ways. The upriver spawning
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area was subject to rapid temperature changes coincident with

large inflow increases. Summer surface temperatures on the

highly stratified lake can reach 30.0 °C, while the hypo-

limnion ranges from 8.3-10.0°C. Pollutants have not been

found in the system (pers. comm., D. Mitchell, Appendix B).

Highly controlled seasonal flows exhibited a pattern opposite

that of estuaries (Figure 6). Low flows occurred in December

and high flows in June. Summer vertical stratification was

well established; while in winter the lake was vertically

well mixed. The continuous inflow and the small lake volume

resulted in the shortest residence time, only two days.

Fisheries studies have shown lake productivity to be meso-

trophic but the fish community lacks diversity (25 species)

(Ecological Analysts 1981A, 1981B, 1982). The trophic status

depended on the condition of the threadfin shad population

(pers. comm., D. Mitchell, Appendix B).

The system lacks any industrialization or urbaniz-

ation. The human population was approximately 3,000. The

striped bass fishery, started in 1957, is strictly recre-

ational, and has an exploitation rate of about 25.0% (pers.

comm., D. Mitchell, Appendix B).

The climate affects this system less dramatically than

it does the estuarine systems, doubtless owing to control of

flows. Annual precipitation has averaged 21 cm, somewhat

comparable to the desert level of Lake Mead (Table 4).

Life History: Millerton striped bass grew slowly in all
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subadult stages but grew rapidly as adults (Tables 6, 7, 8;

Figure 7). Mean ages of individuals were relatively low, 3.5

years for females and 3.0 for males. The population was

small, 30,000, in total abundance (Ecological Analysts 1980,

1981A, 1982). Maximum ages were not high (19 years for fe-

males, 7 years for males).

Population production was largely dependent on

stocking, which began in 1955 and has averaged 15,000 YOY per

year. No dominant year classes have been observed in the

fishery, which began in 1959, four years after the initial

stocking. Population numbers have increased and decreased.

Individual growth rates are coincident with abundance of the

threadfin shad population.

Natural reproduction is believed to have occurred in

Millerton Lake, but its success and extent has not been

established (pers. comm., D. Mitchell, Appendix B). It was

concluded that natural reproduction was insufficient to

maintain the population (National Environmental Services

1986). Ages of maturity were lower than other estuarine

colonization trajectory populations (Figure 8; Table 11) and

the estimated reproductive life spans were short. The female

reproductive life span was estimated at four years rather

than 14, a maximum life expectancy of nine years of age being

more representative than the maximum recorded, 19 years of

age. The spawning season was relatively short (2.0 months)

and the migration distance was the shortest of all

populations (25 km; Table 9). Hermaphroditism has also been
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reported in Millerton striped bass but it was considered rare

(two fish).

Survival was characterized by high mortality in eggs

and larvae and periodic high mortality in older stages during

periods of low threadfin shad abundance (pers. comm., D.

Mitchell, Appendix B).

Behaviorally, Millerton striped bass utilized the

entire reservoir. Adults were confined to cool, deep, strat-

ified waters during high temperature summer periods. Diet of

post-larval striped bass consisted primarily of threadfin

shad (Goodsen 1964).

Lake Mead

Habitat: The largest freshwater reservoir (660 km2, 36,937

x 10 m3 capacity) in the United States (Figure 12) was char-

acterized by the largest watershed of all habitats. Despite

having the lowest precipitation, Lake Mead had monthly inflow

rates near to the overall mean of all habitats studied (Table

4, Figure 6). This habitat is roughly the same in length

(183 km) and width (mean width = 2.4 km) as some of the

estuaries studied, but it significantly differed in depth

(mean depth = 55 m). Summer stratification coincided with

high water temperatures (warmest at >32.0 °C) and low dis-

solved oxygen concentrations (3.0-5.0 mg 1-1) (McCall 1979).

Shallow areas (i.e., <15 m) exhibited less oxygen depletion

than deeper areas because of wind-induced mixing. The

seasonal inflow pattern was similar to other lacustrine



LAKE MEAD

36° 15'

Las Vegas Bay

114'30'

Virgin River

Muddy River

Overton Arm

Virgin basin
Iceberg Canyon

Boulder Basin

Temple Basin

114° 30'
0 10 kilometers

regg Basin

36°30.

Colorado River

z Spawning Adults

---- Eggs & Larvae

Young of Year

Subadulls
Non-Spawning Adults

Figure 12. Map of the Lake Mead striped bass habitat and the areas utilized by different
life stages.



56

habitats; high flows (452.5 m3s-1) occurring during the

summer (Figure 6). Very little variation occurred

between monthly inflows (CV = 16.5%). Residence times could

be up to 3.9 years (Nevada Department of Wildlife 1984).

Pollutants were absent from this system, having a small human

population and no industry. The system has been found to be

nutrient limited; a condition that contributed to oligo-

trophism (Paulson and Baker 1983). The major forage fish was

threadfin shad, which fluctuated in abundance with consid-

erable impact on the striped bass (Baker and Paulson 1983).

The fishery has existed for only 15 years. Exploitation

rates, though never determined, were believed to be low

(pers. comm., J. Hutchings, Appendix 2; Allen and Roden

1978) .

The desert climate, with its aridity and extreme

temperatures, was unique as a striped bass habitat. Annual

precipitation of 13 cm was the lowest of all habitats. Flow

patterns did not reflect precipitation patterns but rather

utilization and storage rates. In this regard Lake Mead was

similar to Millerton Lake.

Life History: First year growth of individuals was greater

than that of individuals of the other populations (Table 6,

8, Figure 7). Subsequent growth rates were much less, little

to no growth being found in striped bass three years of age

and older (Edwards 1974). Stocked fish grew more slowly than

naturally produced fish (Edwards 1974; pers. comm.,
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J. Hutchings, Appendix B). Few fish lived more than five

years, this population having the lowest mean age of all

populations (1.8 years). Maximum ages were also the lowest

(10 years - females, 5 years - males). Population production

has been continuous with no dominant year classes. Pop-

ulation sizes ranged from 2.2 to 8.3 million fish, the mean

being 3.7 million. Striped bass juveniles were stocked from

1969 through 1972 (Nevada Department of Wildlife 1985).

Natural reproduction has supported the population ever since.

Reproduction has been characterized by high initial

fecundity (Figure 8, Table 9), young ages and small sizes at

maturity (Figure 9, Table 9), and a short reproductive life

span (Table 9; Allen and Roden 1978). Spawning occurred both

in the lake and in the Colorado River (Figure 13, Nevada

Department of Wildlife 1983, Grabowski et al. 1984). De-

pending on spawning location, striped bass migrated distances

similar to those in estuaries.

High mortalities occurred in older striped bass. Die-

offs have occurred during shad declines (McCall 1979).

Striped bass were distributed throughout Lake Mead

(491 km2), but were segregated by areas according to life

stage. This behavior was linked to threadfin shad, the

principal diet component of YOY and older fish (Paulson and

Baker 1983). Shad are temporally and spatially available to

young adults. However, as shallow areas become uninhabitable

for larger adults because of warm temperatures, they are

forced into deep water refuges lacking adequate forage



58

(Nevada Department of Wildlife 1984).

Annapolis River

Habitat: This relatively short and most northern estuary

(Figure 4) drained the smallest watershed through a tidal dam

into the Bay of Fundy (Table 4). Temperatures on the

spawning grounds are subject to rapid fluctuations (Williams

and Daborn 1984). They are often high and accompanied by low

dissolved oxygen concentrations, the system being well-

stratified in late summer (Daborn et al. 1979). The re-

latively low volume inflows (Table 4) peak the earliest in

the year among all the systems (Figure 6; Penny 1973) . Pol-

lutants (mercury and PCB's) and increasing acidification were

identified as problems (Ray et al. 1984, Watt and White

1983). The mesotrophic system was considered moderately

productive (Daborn et al. 1979). The area had a low human

population (87,000) and lacked major industry. The high

precipitation rate was believed responsible for the low

buffering capacity of the system (Daborn et al. 1979).

Life History: Individual striped bass of this relatively

small (3,000) population had slow growth rates as YOY and

adults and high subadult growth rates (Table 6). The low

adult growth rate was the lowest adult growth found, except

for the negative late growth of Lake Mead fish (Table 7).

Length/weight ratios were also low (Table 7; Penny 1973).

Population production has been variable and low spawning
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success has been observed since the mid-1970's (Williams et

al. 1984; pers. comm., B. Jessop, Appendix B). Reproduction

was characterized by late ages at maturation (Figure 9),

small sizes at maturation, and a delayed and short spawning

period (Table 9; Williams et al. 1984, Dadswell 1985). Fish

migrated a short distance to spawn (41 km), second shortest

distance for estuarine populations studied. Annapolis

striped bass are believed to spawn every other year (Dadswell

1985). Survival of adults was high with low exploitation

(<10%), absence of die-offs, and only occasional parasitic

infestation (Hogans 1984). Some mortalities in early life

stages were possibly the result of mercury, PCB, and DDT

contamination (Ray et al. 1984, Penny 1973). A small area

was utilized by all life stages (Table 11). Most migratory

movements were within the system although some adults mi-

grated into the Bay of Fundy (Penny 1973; pers. comm., B.

Jessop, Appendix B). Diets of different life stages were

diverse. Older fish utilized ocean prey (e.g. alewives,

herring, sandlance) or remained in the Basin to consume sand

shrimp (Daborn et al. 1984).

Potomac River-Chesapeake Bay

Habitat: The longest (1,940 km) and most extensive striped

bass habitat (11,370 km2) is the Potomac River, Chesapeake

Bay, and the coastal ocean areas outside the Bay (Table 4).

Fish in the river and bay habitats have been subject to

stressful summer temperatures and expansive hypoxic and
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anoxic areas (Lippson et al. 1979, Coutant 1985, Officer et

al. 1984). Pollutants contributed to eutrophism and were

believed to have an impact on the striped bass (Environmental

Protection Agency 1983A, 1983B, Price et al. 1985, Lippson

and Lippson 1979). Productivity has ranged from oligotrophic

to eutrophic, there being some indications of declining

system-wide productivity (Lippson and Lippson 1979). Larval

striped bass food has been found to be limited (Setzler-

Hamilton et al. 1981). The third largest human population

(2.5 million) has changed the habitat through urbanization

and industrialization (38 wastewater discharges, 61 indus-

trial discharges; NOAA 1986). There has been a long-estab-

lished, intensive striped bass fishery, with the highest

overall exploitation rate of those studied (40.0%) (Paperna

and Zawerna 1976; pers. comm., E. Setzler, Appendix B). The

precipitation and flow patterns were similar to the Hudson

habitat with high inflows occurring close to the spawning

season (Table 4).

Life History: Individual growth rates at different life

stages (Table 6) were average, in between those of nearby

populations (Speir et al. 1983, Vladykov and Wallace 1952).

The relation between age and growth had the lowest intercept

but relatively high slope (Table 7). The population was

dominated by 3 to 5 year-olds. Historically, the population

has been large (1,000,000; Zankel et al. 1975, Polgar et al.

1976), but the adult population now is estimated to be in the
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low thousands, having declined since the mid 1970's. Repro-

ductive traits included low age-specific fecundities and

early ages and small sizes at maturity (Figure 9, Table 9;

Speir et al. 1983, Lippson et al. 1979). The spawning mi-

gration was one of the longest (160 km). The Potomac River-

Chesapeake Bay population has suffered from increased sub-

adult and adult mortalities (Goodyear 1985) and thus has a

high proportion of 2 to 3 year-old fish in the population.

Adults suffered from occasional disease and parasite problems

(Paperna and Zawerna 1976), but pollutants (compounded by

acid rain conditions) and high fish mortality (35-45%;

Mansueti and Hollis 1963) are suspected as the major contri-

butors to high mortalities (Price et al. 1985, Mehrle et al.

1982). The total distribution of Potomac striped bass has

been extensive (11,370 km2), over half the female population

over three years of age leaving the river-bay system and

migrating northward along the Atlantic coast for distances up

to 725 km (Van Winkle and Kuman 1982). Males remain inside

the system. While food for subadults and adults appears

sufficient and diverse, larval and juvenile food has been

found to be limiting and a likely cause of poor production

(Environmental Protection Agency 1983B).

Roanoke River-Albemarle Sound

Habitat: This mid-Atlantic habitat is a shallow coastal

estuary of moderate length (225 km), area (2,121 km2), and

watershed size (32,204 km2) (Figure 4, Table 4; Hassler et



62

al. 1981). Summer striped bass habitat in the Sound is

believed severely limited by high temperatures and low dis-

solved oxygen (Coutant 1987). Three dams control the high

inflows, which were believed to have negative effects on

striped bass spawning (Rulifson 1984A, Dickson 1958). Biotic

productivity ranged from oligotrophic (low levels of larval

striped bass food) to localized eutrophic areas where agri-

cultural runoff occurred. Relative to the size of the area,

the human population was small (235,000; 22 wastewater dis-

charges) and the extent of industrial development limited (32

industrial discharges). Precipitation (122 cm) was higher

here than it was at either the Hudson or Potomac habitats.

The seasonal inflow pattern was more like that of the Gulf

area habitat than the North Atlantic ones (Table 4).

Life History: Growth rates of individuals in this pop-

ulation have been moderate to high (Tables 6,7). Subadults

exhibited growth rates second only to Annapolis striped bass

(Westin and Rogers 1978). Slope of the weight-length re-

lationship of individuals was the highest for all populations

studied (Table 7; Hassler 1984). Maximum ages were low (13

years for females, 9 years for males) and it was uncommon to

find fish older than 5 or 6 years (Street 1986). Population

size was medium (300,000) and is currently declining

(Hassler 1984, Street 1986, Hassler and Brown 1981). Fe-

cundity was high in young adults and was low at older ages,

relative to other populations (Lewis and Bonner 1966).
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Recently there has been evidence of low egg viability (Klauda

et al. 1980). Prior studies also provided evidence of yearly

intermittent spawning and possible cessation of spawning in

fish over seven years old (Lewis 1962). Over the past 20

years there has been a dramatic change to maturation at

younger ages.

Apalachicola River

Habitat: This Gulf of Mexico system was the southernmost

and the least industrialized and urbanized. The striped bass

habitat was diminished from 1018 km2 to 182 km2 by the con-

struction of the Jim Woodruff Lock and Dam in 1957 (Wooley

and Crateau 1983, Nicholson 1986). River flows during the

spawning period were controlled and relatively high. The

area received the second highest precipitation (145 cm)

(Table 4). High summer temperatures in the shallow river

have forced fish into cool water refuges (Livingston 1982,

Wooley and Crateau 1983, Nicholson 1986). Biotic product-

ivity was oligotrophic to mesotrophic (pers. comm., E.

Crateau, Appendix B; Livingston 1984). Food for adult

striped bass was potentially limiting because of the lack of

forage in the summer refuges. The striped bass fishery was

small with a moderate rate of exploitation (22%).

Life History: Individual growth rates were high throughout

all life stages (Tables 6, 7, 8). Life spans were relatively

short (12 years for females, 10 years for males). In
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contrast to other striped bass populations, summer growth was

slowed while winter growth accelerated. Distinguishable,

introduced Atlantic stocks exhibited individual growth rates

that were slower than those of indigenous stocks (Wooley and

Crateau 1983). While no specific fecundity data were avail-

able, fish were estimated to produce about 200,000 eggs per

kilogram (Nicholson 1986). Fish matured earlier (Figure 8)

and attained larger sizes at maturity (Table 11) than those

in other populations. Reproductive life spans were short (7

years, both sexes). Spawning occurred earlier in the year

and had a longer duration than in other populations. (Table

9). Survival characteristics differed between introduced

Atlantic stocks (individuals rarely living over seven years)

and indigenous stocks (29% of population over seven years;

Wooley and Crateau 1983). Native striped bass also had

higher condition factors than individuals of introduced

stocks. Population production was subject to variability

associated with dominant year-classes. The decline to the

present small population size (-2000 adults) is believed to

have resulted from the construction of the dam, the loss of

most of the historical spawning area, and agricultural pol-

lutants (Livingston 1984). Exploitation rate has been mod-

erate (22%). Introduced striped bass tended to move farther

downriver than native fish. After spawning, fish migrated to

mouths of cool springs in search of suitable water temper-

atures (Coutant 1985, Nicholson 1986). Because the indi-

genous population resided in a small (43 km2) area of the
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river system it has been considered riverine. YOY and adult

diets were thus restricted to prey there available,

principally Alabama shad, threadfin shad, and menhaden. Food

was limited because fish were restricted to and concentrated

in cool water refuges in summer.

Keystone Reservoir

Habitat: This lacustrine habitat had the second largest

watershed (Table 4) and was created in 1965 by a dam on the

Arkansas River (Figure 4). The reservoir was relatively long

and of moderate size (Table 4) and was distinguished by its

relatively low flows (third lowest), shallow depths, and lack

of stratification (Combs and Peltz 1982). Keystone Reservoir

exhibited peak inflows during August, as did Millerton Lake

and Lake Mead. The reservoir was mesotrophic and, as in the

other two freshwater systems, the forage base was narrow,

dependent on gizzard shad (Combs 1980, Oklahoma Department of

Wildlife Conservation 1982). Urban and industrial impact was

slight, the human population (766,000) not being located

close to the reservoir (U.S. Department of Commerce 1984).

The fishery was young (17 years) and exploitation pressure

light (-15%; pers. comm., D.L. Combs, Appendix B). The

prairie parkland watershed reflected the relatively dry

climate. Precipitation (77 cm) was less than the mean for

all habitats.

Life History: Individual growth in Keystone striped bass
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has been one of the fastest (Table 6, 7). Older fish

continued to grow rapidly and had the highest growth rates of

adult individuals in all populations (Table 7; Erickson et

al. 1971). The population was small, estimated at about 2000

adults (pers. comm., D.L. Combs, Appendix B). Maximum ages

were less than average for all populations (12 years for fe-

males, 9 years for males). Population production has been

continuously successful since the initial stocking period,

1965-1969 (Erickson et al. 1971, Combs 1980). Individuals

differed in reproductive traits from those in other pop-

ulations in being among the largest at maturity (Table 9) and

maturing at early ages (Figure 9) (Oklahoma Department of

Wildlife Conservation 1979A, 1979B). Female reproductive

life span was shorter than the mean value for all populations

and was similar to those of striped bass in the warmer Lake

Mead and Apalachicola habitats (Table 9). The striped bass

population appeared to be little affected by disease, para-

sites, or pollutants (pers. comm., D.L. Combs, M. Ambler,

Appendix B). Adult survival, however, has been affected by

summer conditions in areas having low oxygen concentrations

and high temperatures (Oklahoma Department of Wildlife Con-

servation 1982). The fishery had a low exploitation rate

(15%). The total habitat of the Keystone striped bass was

small (150 km2) . Even so, to spawn adults migrated a dis-

tance similar to that of estuarine fish (Combs and Peltz

1982) (Table 11). Beginning in late March, they also spawned

earlier than almost all other populations. In summer, adult
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fish were affected by warm, vertically unstratified temp-

eratures and sought out cool, deep waters. The relative

shallowness of this reservoir provided only limited refuge.

The diet of post-larval striped bass consisted predominantly

of gizzard shad (Mensinger 1970). No problems have appeared

to have resulted from dependence on such a narrow forage

base.

Summary of Striped Bass Habitats

Physiographic and hydrologic features helped to show

the diversity of environmental conditions and to contrast

large and small, estuarine and lacustrine, and urbanized and

non-urbanized habitats. All habitats had freshwater rivers,

but they differed in drainage areas, inflow characteristics,

and precipitation. These associated habitat traits were

initially identified by the dominant factor resulting from

factor analysis (43.3% accountable variation of habitat

traits, Appendix E). There was a 130-fold difference in

fluvial drainage areas (range 3,300 - 432,530 km2, CV =

157.4%). Western striped bass habitats, with the exception

of Coos Bay-River, had large watersheds, low precipitation,

and impounded and highly controlled river flows. This ob-

servation was supported by a low correlation of watershed

size and monthly mean flows (r = .71) and an inverse cor-

relation of watershed area and precipitation (r = -.85).

Estuarine high flows occurred during winter to early spring

and low flows in late summer to fall. Lacustrine high in-
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flows occurred during summer and low inflows during winter.

Rivers in estuarine habitats flowed into large, relatively

shallow areas while some lacustrine habitats were deep and

confined.

The effects of water temperatures were apparent in

almost all systems and were manifested in three ways. Temp-

eratures varied during critical spawning periods (Annapolis

River, Hudson River-Raritan Bay, Coos Bay-River, Millerton

Lake). Secondly, high summer temperatures coupled with low

dissolved oxygen concentrations restricted adult striped bass

to thermal refuges (in all habitats but the Roanoke river-

Albemarle Sound). Lastly, cool ocean temperatures outside

the San Francisco Bay-Delta and Coos Bay-River habitats were

unsuitable and restricted movement of adults, unlike ocean

temperatures near Hudson River-Raritan Bay and Potomac River-

Chesapeake Bay populations.

Pollutants were largely absent from all lacustrine

habitats but were major problems in half of the estuarine

habitats studied (Annapolis River, Hudson River-Raritan Bay,

Potomac River-Chesapeake Bay, and San Francisco Bay-Delta).

The three most polluted habitats (Hudson, Potomac, and San

Francisco) were also the most urbanized (supported by factor

analysis, factor 3, Appendix E). The Annapolis River habitat

was indirectly linked to urbanization through the regional

acid rain problem. Human population sizes correlated with

industrial effects (r = .75), the numbers of wastewater

discharges (r = .95), and industrial discharges (r = .98).
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The number of wastewater discharges further correlated with

the incidence of eutrophism (r = .68). Biotic productivity

ranged from oligotrophic to eutrophic in both estuarine and

lacustrine habitats. Only Lake Mead appeared nutrient lim-

ited. Localized estuarine eutrophism contributed to the high

temperature-low dissolved oxygen problems in areas of the

Hudson River-Raritan Bay, Potomac River-Chesapeake Bay,

Roanoke River-Albemarle Sound, and San Francisco Bay-Delta

habitats. Estuarine biotas were more diverse than reservoir

biotas. Productivity and diversity characteristics thus

tended to separate estuarine and lacustrine habitats. In at

least four estuaries (Potomac River-Raritan Bay, Roanoke

River-Albemarle Sound, San Francisco Bay-Delta, and Coos Bay-

River), microzooplankton, the primary food of larval striped

bass, was believed to be limited. This did not appear to be

a problem in lacustrine habitats. But, in all three re-

servoirs, the forage base for YOY to adults was primarily

limited to one clupeoid species.

Summary of Striped Bass Life History Traits

Age-related growth patterns were distinctive among the

striped bass populations. When early age growth was rapid

subsequent growth was reduced in some populations. Coos Bay

and Lake Mead striped bass exemplified this pattern. The

reverse pattern occurred in other populations. Other pop-

ulations, with slow initial individual growth (e.g. Potomac

River, Millerton Lake), had high growth rates in later life
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stages. Weight-length parameters further supported this

relationship. These relationships were also identified in

the principal factor (40.2%) of the factor analysis of life

history traits (Appendix E). Another apparent pattern was

the general increase in growth rates of individuals in the

Atlantic coast populations along the north-south latitudinal

progression (Tables 6, 7). This was especially apparent in

YOY rates. This progression also occurred in the landlocked

populations. Striped bass in the southern habitats with the

highest summer temperatures exhibited a unique pattern.

Apalachicola striped bass grew during winter periods rather

than in the summer, when they were confined to cool-water

refuges. Lake Mead striped bass did not grow after they

reached maturity and were confined to deep stratified waters

which lacked adequate forage.

Striped bass in the most northern habitats of Coos Bay

and Annapolis River attained the oldest ages (i.e., longest

life spans). Conversely, the shortest-lived striped bass

came from the lacustrine and more southern habitats. When

fish had high initial egg production at young ages, late age

production was reduced. Among striped bass populations

reproductive life spans of both males and females were pos-

itively linked to maximum ages. Reproductive life spans were

longer in populations with later ages of maturation (Coos

Bay-River, Annapolis River) and they were shorter in striped

bass from warm and lacustrine habitats (Roanoke River-

Albemarle Sound, Apalachicola River, Millerton Lake, Lake
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Mead and Keystone Reservoir). Striped bass with longer

reproductive life spans also spawned later in the year.

Striped bass from warmer climates (e.g. Apalachicola River,

Keystone Reservoir) begin spawning earlier than those from

cooler climates (Annapolis River and Coos Bay-River).

Earlier spawning populations also had longer spawning seasons

(factor analysis, Appendix 3).

Two survival patterns became apparent. First, mor-

talities were high in striped bass early life stages in

populations such as Roanoke River-Albemarle Sound, Potomac

River-Chesapeake Bay, San Francisco Bay-Delta, Coos Bay-River

and Millerton Lake. Egg inviability has become a problem in

San Francisco, Millerton and the Roanoke. Post-larval sur-

vival in these populations was usually high. In contrast,

the second pattern included high mortalities for subadults

and adults while early life stage mortalities were low

(Apalachicola, Millerton, Mead, and, to some extent,

Potomac) .

The general behavior of individual striped bass in the

utilization of life-stage specific habitats was similar.

After adults spawned upriver, or in-lake as in Lake Mead,

their eggs, larvae, and YOY occupied shallow downstream

estuarine nursery areas, or nearshore lakeside habitats.

Subadults extended habitats into deeper estuarine areas.

When available, these areas included large lower-bay habitats

(e.g. Annapolis Basin, New York Bay-Raritan Bay and Long

Island Sound, Chesapeake Bay, Albemarle Sound, San Francisco
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Bay, and Coos Bay). Landlocked fish entered embayments.

Nonspawning adults exhibited divergent behavior. Generally,

all estuarine striped bass but Potomac River fish restricted

their movements to their bay-estuarine systems. Out-

migrations were limited to 50 km or less from system en-

trances. Occasionally, as with abundant Hudson River year

classes or during warm ocean water periods (i.e., El Nino)

along the Pacific Coast adults extended their movements

beyond 50 km. Potomac River and other Chesapeake Bay

populations differed from this general pattern. Older

females (>3 years) moved out of Chesapeake Bay during summer

and migrated along the coast. Adults in all landlocked

populations and in the Apalachicola River population

retreated to cool, deep, stratified refuges. This behavior

was similar to the movements of estuarine striped bass to

deep, cool portions of bays.

In trophic relationships, limited prey for larval

striped bass were believed to periodically affect survival in

at least four estuaries (Potomac, Roanoke, San Francisco,

Coos Bay). Post-larval life stages of these and other estu-

arine populations had adequate and diverse diets. Only

Annapolis striped bass, when confined to the Annapolis Basin,

found prey occasionally limiting. The riverine Apalachicola

population and three lacustrine populations relied on narrow

clupeoid forage bases.
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V. Life History Strategies and Tactics of Striped Bass

Descriptions of the observed habitats and life his-

tories of the different populations now provide the oppor-

tunity to examine the previously presented life history

expectations for striped bass. These show how and in what

ways striped bass have adapted to a variety of environmental

conditions. The conceptual model also provides a way of

viewing and interpreting these adaptations.

SUCCESS OF INTRODUCED STRIPED BASS POPULATIONS WILL BE LINKED

TO THE LIFE HISTORY AND EVOLUTIONARY ADAPTIVE CAPACITIES OF

THE ORIGINAL POPULATION AND TO THE HABITAT ORGANIZATION.

As visualized in Figure 2, an introduced population

that colonizes a new habitat is initially endowed with a

potential capacity, residing in the organization of its

constituent life history types, that enables it to develop

and evolve different trajectories of realized capacities and

to exhibit different tactical life histories depending on

prevailing environmental conditions. The developmental and

evolutionary trajectories of striped bass populations ori-

ginating from the 435 individuals from the Hudson River

introduced into San Francisco Bay-Delta in 1879 and 1882

(Scofield 1931) demonstrated how life histories developed and

how realized capacities evolved in a range of available

habitats (Figure 13). Within 10 years of introduction the

San Francisco Bay-Delta population had reached a size



SAN FRANCISCO BAY / DELTA

LAKES & RESERVOIRS

LAKES & RESERVOIRS
(Millerton Lake)

HUDSON RIVER /
RARITAN BAY

O
OREGON

(Coos Bay / River)

COLORADO RIVER
(Lake Mead)

SOUTHERN CALIFORNIA

Figure 13. Developmental and evolutionary trajectories of striped bass populations

originating from the Hudson River-Raritan Bay population. Hashed pentagons

indicate habitats unsuitable for reproduction.
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sufficient to support an important commercial fishery (Gould

1982). Through natural migrations, striped bass colonized

coastal estuaries and rivers of Oregon as early as 1896

(Smith 1908). Transplant attempts to establish reproducing

populations in southern California, begun in 1919 (Scofield

and Bryant 1926), have been unsuccessful (Horn et al. 1984).

Freshwater introductions began in the late 1950's

after reproducing populations of striped bass were discovered

in the Santee-Cooper Reservoir in South Carolina (Scruggs

1955). Striped bass collected from the Bay-Delta estuary and

from the California state hatchery were used to establish

populations in at least 15 lakes and reservoirs in Cali-

fornia. First evidence of natural reproduction was noted in

Lake Mendocino and Millerton Lake (Wydoski and Whitney 1979,

Axon and Whitehurst 1985). Presently, 5 of 15 systems are

believed to have reproducing populations.

Striped bass first entered the Colorado River system

in 1969 through stocking into Lake Mead. Natural repro-

duction was documented in 1973 (Allen and Roden 1978), and a

highly successful fishery soon developed. Striped bass

quickly spread throughout the Colorado River system down-

stream of Lake Mead into Lakes Mohave and Havasu. Striped

bass were established upstream in Lake Powell through

stocking, which began in 1974, and through natural repro-

duction, first detected in 1979 (Gustaveson et al. 1984).

The spectrum of habitats and observed life history

tactics provided examples of life history and evolutionary
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potential adaptive capacities residing in the 435 striped

bass colonists. It is impossible to know what developed life

history types were present among these colonists. Never-

theless, from the original life history and evolutionary

adaptive capacities, life history types evolved and adapted

to an estuarine habitat that was to become highly influenced

by man. The San Francisco Bay-Delta provided environmental

conditions and selective forces very similar to those oc-

curring in the Hudson River estuary. Consequently, the

predominant life history tactic that has been evolving over

approximately 18 generations in San Francisco Bay Delta is

similar in many respects to that of the Hudson striped bass

(Figure 14), especially in growth and behavioral perform-

ances. It was through the other derivative populations that

life history and evolutionary adaptive capacities were more

fully demonstrated. The other habitats contained environ-

mental conditions near the extremes to which populations of

the species have been exposed. The life history trait per-

formances of the studied populations (Table 12) exhibit the

variety of patterns seen in other populations throughout the

striped bass' current distribution. In all trait categories

except possibly behavior, derived striped bass populations

demonstrated the capacities to have different, and often

opposite, performance characteristics. For instance, in-

dividual initial growth rates were all high, ages at maturity

were early, and survival of adults was poor in Millerton Lake

and Lake Mead striped bass, an opposite combination of traits



HUDSON RIVER / RARITAN BAY

HABITAT:
Large, tong, narrow, unimpounded; large estuary.
Temperatures variable In spawning areas; favorable
ocean conditions.

Pollution is a problem.
Biota diverse and abundant
Urbanized and industrialized.
Fishery old; exploitation high.
High precipitation; wide temperature range.

LIFE HISTORY:
Slow early growth.
Population growth average to poor
Fecundity high at early ages; delayed ages at maturity;
short reproductive tile span.

Migration to coastal estuaries; limited ocean migration.
Diet diverse.
High mortality rates (pollution, fishing).

COOS BAY / RIVER

HABITAT:
Small, narrow, shallow, unimpounded estuary.
Light urbanization & industrialization.
Flows highly earlobe.
Temperatures variable In spawning & nursery areas;
summer temperatures & DO a problem;
ocean unfavorable.

Pollution minor.
Precipitation high & variable.

LIFE HISTORY:
Early growth rapid; slow In older life stages.
Long Inted.
Population small; production Inconsistent .

High fecundity; long reproductive life span; spawning
period limited; hermaphroditism pronounced.

Low adult mortality; high early We stage mortality.
St.;.1 migrations; no ocean migration.
Diet diverse

MILLERTON LAKE

HABITAT:
Small man-made, short, narrow, deep reservoir.
Temperatures variable in spawning areas; high in
summer; Stratified.

Flows controlled; seasonal pattern unique,
impacts spawning.

Narrow forage base.
No pollution.
Unpopulated; no Industry; fishery young;
low exploitation.

Low precipitation.

LIFE HISTORY:
Fast growth rates.
Short file spans.
Population small; dependent on stocking.
Young ages al maturity; short reproductive life span;
hermaphroditism.

Spawning season short and brief periods; river
in lake spawning.

Low mortality rates; low egg viability; low shad
abundance impacts later stages.

Migration short; early lile stages use shallows,
older rile stages use deeper habitats.

Diet dependent on Ihreadfine shad.

SAN FRANCISCO BAY / DELTA

IIABITAT:
Largo, wide; expansive della estuary,
Temperatures warm in summer; ocean unfavorable.
Urbanized & industrialized.
Pollution is a problem.
High [lows; controlled and diveded.
[kola diverse; variable larval food abundance.
Low precipitation rale; strong seasonably.

LIFE HISTORY:
Growth & age patterns the Hudson SB.
Population production consistent, variable;

Low early fecundity; hermaphroditism.
High mortality rates (pollution diseases, parasites);

summer dia.olls.
Limited ocean migration.
Dial diverse

LAKE MEAD

HABITAT:
Very largo; long, wide, deep reservoir.
Friuli summer temperatures; low DO.
F lows controlled; low variability; unique seasonal
pattern.

Production nutrient limited; narrow forage base.
be pollution
unpopulated; no industry; fishery young; low

exploitation rates
Very low precipitation; bet, desert climate.

LIFE HISTORY:
Fast early growth; later growth limited.
Short lily expectancy.
Population large; production continuous;
dependent on natural reproduction.

I figh early lecundity.
Spawn in lake & river,
Survival poor in older fish; occasional deolls

linked lo food.
Summer movements restricted in summer.
Diet dependent on threadfin shad;
unique seasonal feeding pattern.
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Figure 14. Major habitat and life history characteristics of the Hudson River-Raritan Bay

and four derived striped bass populations.



Table .12. Observed life history capacities of an original striped bass population (i.e. Hudson River-Raritan

Bay) and its derived populations (San Francisco Bay-Delta, Coos Bay-River, MillerLon Lake atkl Lake Mead).

Original
Population

Development

-Slow individual growth, all

life stages
-Moderate longevity.
-Occasional daninant year

classes
-Long -term production average

to poor

Derived -individual growth slow
to fast, all patterns
represented.

-Mean ages low except for

Coos Bay population.
-Dominant year classes important

to only Coos Bay population.

Reproduction

-High early fecundity
lower with age

ayes at maturity
-Shout reproductive it

span
-Long spawning migration.

-High early fecundity:
variable with age
-Early ages at maturity.
-Reproductive life span
short to long
-Spawning season short
to long, early and late.

-Hermaphroditism present.
-River and lake spawning

migration.

Survival

-Short life span
-High mortality rates
--nigh poi Intaut

Intl lun:;

-No :rummer die-offs

-Short to Ion] life

span
-Low to high mortality
rates.

-Early and late life
stages mortality
patterns.

Behavior

-Large nursery area
-Restricted marina
coastal mov,rncnts
ot adults.

-Small to large
nursery and adult

habitats.
-Adult movements
restricted.

Trophies

-Diverse diet,
linked to movenent

-Diets adapted to
diversity of forage
narrow and broad
forage base.



79

existing in the San Francisco and Coos Bay populations.

Restricted coastal migratory behavior, a characteristic

Hudson River trait, was retained in the derived populations,

although the emigration to Oregon habitats occurred sometime

shortly after introduction into San Francisco Bay-Delta.

Cold water temperatures were a limiting factor, but even

striped bass introduced into southern California, where ocean

temperatures are warmer, did not migrate far from the bays

where they were introduced. The demonstrated life history

capacities of the derived populations included some traits

unique to the derived populations. Hermaphroditism was

incidental in San Francisco and Millerton populations and

common in Coos Bay-River striped bass. It has been reported

only in Pacific coast populations (Schultz 1931, Morgan and

Gerlach, 1950, Moser et al. 1983) and seems to be increasing

in frequency in Oregon. In-lake spawning showed adaptation

to the reservoir habitat. Further studies may reveal its

occurrence in other systems. Coos Bay striped bass were the

longest-lived individuals of all populations. This capacity

for longevity evidently was not lost in Hudson River striped

bass despite the long-term high exploitation rates on this

population.

In southern California and most lake and reservoir

habitats, environmental conditions precluded population

persistence of striped bass populations. Although juveniles

grew to adulthood, these habitats were unsuitable for

reproduction, and adult fish were found to be physiologically
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stressed and in poor condition. Developmental and

reproductive concordance was not achievable.

It appeared from the diversity of life history tactics

in persisting populations that Hudson River striped bass had

broad life history and evolutionary adaptive capacities in

all life history aspects. Only their limited nonspawning

migratory behavior seemed restrictive. Life history types

that have evolved in the San Francisco Bay-Delta habitat have

retained this broad life history and evolutionary adaptive

capacity, as demonstrated by the recent successful intro-

ductions and colonizations of San Francisco striped bass in

vastly different habitats (e.g., Lake Mead).

The theoretical model also helped explain situations

where striped bass introductions of different or maladapted

life history types mixed with indigenous adapted types.

While able to persist, these life history types remained in

lower abundance and, possibly, in restricted distribution as

long as environments less than favorable for them prevailed.

In this study I found three such populations. Mid-Atlantic

striped bass were intermittently introduced into the in-

digenous Apalachicola population as early as 1966 (Wooley and

Crateau 1983), and the two groups were distinguishable by

means of lateral-line scale counts (Raney and Woolcott 1955,

Barkuloo 1970 and Crateau et al. 1981) and mitochondrial DNA

characteristics (Wirgin 1987). Distinguishably different

tactics showed that the indigenous striped bass were better

adapted than introduced striped bass. Growth rates of the
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native fish were faster and their condition factors higher

than those of introduced fish. The native striped bass were

longer-lived and exhibited better adult survival. Low sur-

vival of the introduced striped bass may be owing to spawning

adults moving farther downriver after spawning than do native

fish, into areas with unfavorable summer temperatures. In

the Lake Mead striped bass population, introduced hatchery

fish, presumably representing maladapted life history types,

grew erratically at lower growth rates than adapted naturally

produced fish (Allen and Roden 1978). Recent studies of

adult spawners in San Francisco Bay-Delta suggested that

there were at least two distinctive life history types which

differed in their susceptibility to parasites and pollutant

stress (Jung et al. 1984, Whipple et al. in prep.). Striped

bass associated with the San Joaquin River system (identified

by broken lateral stripe patterns) appeared more resistant to

pollutants and parasites than solid striped fish that came

primarily from the Sacramento River. The two polymorphs were

also distinguished by the San Joaquin fish spawning earlier

and in a different location than the Sacramento fish.

STRIPED BASS POPULATIONS IN MARGINAL HABITATS APPROACHING THE

LIMITS OF THEIR ADAPTIVE CAPACITIES WILL EXHIBIT LIFE HISTORY

TACTICS THAT CONSIST OF TRADE-OFFS BETWEEN REPRODUCTION,

DEVELOPMENT, BEHAVIOR, SURVIVAL, AND TROPHICS.

In some habitats the prevailing environmental

conditions are near the limits of life history and
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evolutionary adaptive capacity of striped bass. These are

habitats that can be conceived as fading in and out of avail-

ability in life history time and space (Figure 3). Any

single environmental factor or combination of factors that

exceed the striped bass adaptive capacities can potentially

lead the population to extinction. One type of marginal

habitat has environmental conditions that are relatively

infrequently suitable for successful reproduction or survival

of early life stages. In this type of habitat, striped bass

would be required to make repeated tries at reproduction to

achieve reproductive and survival concordance with the hab-

itat. The cost to the fish can be understood to be reflected

in trade-offs with the other aspects of their life history.

In this study, the more northern, cool, and temperate lo-

cations were examples of this type of marginal habitat (An-

napolis River, Coos Bay-River, and to lesser extents Hudson

River-Raritan Bay, Roanoke River-Albemarle Sound, and San

Francisco Bay-Delta). These striped bass populations were

viewed as trading slow growth, low or at least variable early

lifestage survival, late season spawning, and late age at ma-

turity for extended longevity, longer reproductive life span,

and probably high fecundity late in life (Table 13). In

another set of habitats, the southern warm-water habitats, I

identified a type of marginal habitat that did not allow

older fish to survive. This group included the Apalachicola

River and the three lacustrine habitats (Millerton Lake, Lake

Mead, and Keystone Reservoir). The life history tactics of
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Table 13. Life history patterns of warm and cool water

striped bass populations.

Warm Habitat Cool Habitat

1. Faster individual 1. Slower individual

growth growth

2. Shorter life span 2. Longer life span

3. Younger age at maturity 3. Older age at maturity

4. Shorter reproductive 4. Longer reproductive life

span life span

5. Early season spawning 5. Late season spawning

6. High mortalities during 6. High mortalities during

late life stages early life stages

7. Restricted adult summer 7. Wide-ranging adult

movements summer movement
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these striped bass populations involved trade-offs of fast

growth, high early lifestage survival, early season spawning

and early age at maturity for reduced longevity and short

reproductive life span (Table 13). Unfortunately, there were

insufficient data on fecundity for analysis, but the limited

measurements of fecundity on striped bass from Lake Mead

suggested that early fecundity was high (Table 9).

Movements and trophic variables also were two im-

portant and interrelated components of the two strategies.

As previously discussed, movements of adult striped bass in

relation to thermal conditions restricted their access to

forage, which was periodically limited in the southern, warm-

water habitats (Combs and Peltz 1982, Moss 1985, Saul 1981).

No such problems appeared to occur in the northern, cool-

temperate habitats. Relations among energy consuming con-

ditions in habitats, adequacy of available food, and the

effects on life history attributes, especially growth and

reproduction, have been established for a large number of

fishes (Scott 1962, Schaffer and Elson 1975, Wooton 1979,

Jonsson and Sandlund 1979, Leggett and Carscadden 1978, Ware

1982, Roff 1984). The differences between striped bass

growth in lacustrine and estuarine habitats, which I noted

earlier, appear to be related more to the food and survival

differences between warm and cool habitats than to the clinal

growth progression along the Atlantic coast (Tables 6, 7).

Latitudinal clines in growth and reproductive traits have

been observed in anadromous and marine fishes (Leggett and
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Carscadden 1978, Glebe and Leggett 1981A, Boehlert and

Kappenman 1980, and Shepherd and Grimes 1984). Most of the

trends were attributed to increasing temperatures with more

southern latitudes. The link between fast growth and ma-

turity at early age was noted in Pacific salmon (Ricker

1981). The association between longevity and age at maturity

at later age was observed in tule perch (Baltz and Moyle

1982) .

THE EFFECTS OF HABITAT AND FISHERY MANAGEMENT WILL BE

APPARENT IN THE LIFE HISTORY ORGANIZATION AND, THUS, IN THE

LIFE HISTORY AND EVOLUTIONARY ADAPTIVE CAPACITIES OF STRIPED

BASS POPULATIONS.

At any point in time and space, striped bass pop-

ulations and their individuals have their own potential

adaptive capacities, which enable them to inhabit a range of

probable environments. Anything affecting environmental

conditions in a habitat changes its organization and alters

its suitability for occupying striped bass life history

types. In effect, it influences the concordant relationships

between the individual life histories and the habitat. Human

activities had major influences on every striped bass pop-

ulation of this study. In striped bass population manage-

ment, exploitation and stocking influences were direct.

Other influences were the result of actions affecting en-

vironmental factors, such as water temperatures, freshwater

inflows, forage, and pollutants. Exploitation has a
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directional influence on striped bass population evolution

through selection on older fish as well as on certain other

ages and on sex, owing to age- and sex-specific migrations

(Cooper and Polgar 1981). In most instances older, larger

individuals, being subjected to successive years of exp-

loitation, are removed from the population. Exploitation of

the 10 striped bass populations ranged from 10 to 40% (mean =

21.7%, S.E. = 2.8%) . Fishing pressure on the Potomac River

population has been consistently high. Polgar (1980) es-

timated from historical data that 43% of the total biomass

through age-class 7 was landed in the spring in the river

while 57% of the remaining striped bass biomass was harvested

in Chesapeake Bay and coastal waters. The predicted effects

of exploitation on fish populations have been outlined in

several studies (Miller 1957, Pitt 1975, Spangler et al.

1977, Borisov 1978, Healey 1978). The expected life history

effects of exploitation on striped bass populations would be

reduction in abundance of older aged fish, increased growth

rates of younger fish, early ages of maturation, early-age

high fecundity, and variable recruitment. Striped bass

populations fished at lower rates (<17%) and those at higher

rates (>20%) did not simply or clearly follow expectations in

every population (Table 14). The most conforming character

was the reduction in population mean age. This reflects the

immediate direct effect one would expect on a heavily fished

population. The remaining categories require more of an

evolutionary adaptive response to fishing as a selective



Table 14. Summary of exploitation effects on 10 striped bass populations exposed to low ( <17 %) and high

(>21%) fishing mortality rates. N/A = data not available.

Population
Mean Age

Early
Growth Rates

Maturation Early Age Recruitment
Ages Fecundity Variability

Low Rate:

Coos Bay-River high high late high variable

Keystone Reservoir average high early N/A not variable

Annapolis River high high late N/A variable

lake Mead low high early high not variable

High Rate:

Potomac River-

Chesapeake Bay low moderate early low

Roanoke River-

Albemarle Sound low moderate-high moderate moderate

Hudson River-

Raritan Bay low moderate-low late low

Millerton Lake low high moderate N/A

Apalachicola River low high moderate N/A

San Francisco Bay-

Delata low low moderate low

variable

moderately variable

moderately variable

not variable

not variable

moderately variable
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force. The Coos Bay-River and Annapolis River striped bass

exhibited life history tactics which, at least in the high

mean population ages and late maturation, typified a pre-

dicted response to low fishing pressure. These populations,

already adapting to marginal environments, would be vulner-

able to increased fishing pressure through reduction in their

adaptive capacities (Adams 1980, Leamon and Beamish 1984).

The Potomac River-Chesapeake Bay and Roanoke River-Albemarle

Sound striped bass also responded predictably to fishing

pressure (i.e. low mean population ages, early maturation and

variable recruitment). Although these populations appeared

to be developmentally and evolutionarily adapting to exploit-

ation, the steady declines in their abundances suggest that

adaptation to other factors as well as exploitation is mar-

ginally successful at best. As might be expected, no

population completely conformed to the exploitation response

predictions. All populations were simultaneously adapting to

other environmental factors. Statistical results suggested

that exploitation was not a major contributor to any of the

major factors of the factor analysis and it did not correlate

highly with any life history variables (e.g. male repro-

ductive life span r = +.57, duration of spawning period r = -

.68, and subadult growth r = +.61). Although it is possible

that insufficient time has elapsed to allow full expression

of evolutionary adaptations in the introduced populations, it

is quite probable that exploitation effects were overshadowed

by other environmental factors.
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Stocking is a tool widely used in striped bass

management, for initially establishing populations in lakes

and reservoirs (Axon and Whitehurst 1985), to reestablish

extinct populations, and to maintain populations where na-

tural reproduction is inadequate or does now occur. Stocking

alters both potential and realized adaptive capacities

through changes of the life history organization of the

population. New life history types may be introduced as in

the stocking of mid-Atlantic striped bass into the Apala-

chicola River system. New life history types may be less

suited to prevailing habitats than those being produced in

the indigenous population. Or, hatchery rearing of native

fish from a particular habitat may result in selection of

life history types better suited for culture than persistence

in the wild (e.g. Lake Mead). This problem was well dis-

cussed by Harlan (1981), who emphasizes that, in forestry as

well as in fisheries, it is impossible to duplicate the life

history diversity of populations. Efforts that recognize the

importance of approximating natural life history diversity

are underway in the Apalachicola River population and

throughout the Gulf of Mexico (Nicholson 1986) . Indigenous

Apalachicola striped bass are being identified and selected

by life history, meristic, and genotypic traits for arti-

ficial culture with the purpose of repopulating striped bass

habitats in the Gulf (Waldman et al. 1987).

The ability of all the striped bass populations to

maintain reproductive, developmental, behavioral, survival
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and trophic concordance with their environments was affected

by water temperatures, freshwater inflows, forage conditions

and pollutants: all environmental factors controlled or

strongly influenced by human activities. Results of the

factor and regression analyses helped to point out the inter-

relatedness of these factors (Appendix E). The observed

influences of temperature were directly related to the mag-

nitude and seasonality of freshwater inflows. That is,

whether inflow rates were high or low relative to the sizes

of the systems; when high and low inflows occurred during the

year relative to spawning times; and the flow patterns and

ocean temperatures during summers. Variability in the pro-

duction of striped bass year classes had been found to be

related to water temperatures and inflows in the Hudson, San

Francisco and Potomac populations (Boynton et al. 1977,

Setzler et al. 1979, Stevens 1980, Klauda et al. 1980, Cooper

and Polgar 1981). Coutant (1987) linked nonreproductive

migratory movements, physiological condition, and adult

survival to stressful thermal-dissolved oxygen conditions in

these systems. In reproductive adaptation, Coos Bay-River

striped bass demonstrated high fecundities and late mat-

uration coupled with long reproductive life spans. This

tactic provided high reproductive potential in an environment

of highly variable flows and temperatures and unpredictable

chances of reproductive success. In Millerton Lake and Lake

Mead, variable flow conditions at spawning and stressful

summer conditions combined to threaten striped bass
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populations. Fast growth rates and early maturation occurred

in these populations. Coutant (1987) recently found that

Cherokee Reservoir striped bass, under stress from low in-

flows and high summer temperatures, exhibited poor repro-

ductive success owing largely to reduction of the percentage

of spawning females. In developmental adaptation to tem-

perature-flow conditions, the Keystone population and the

southern warm-water populations exhibited fast growth of

individuals and shortened longevity. The indigenous Apala-

chicola striped bass evolved a unique growth pattern of

accelerated winter growth, the opposite of other populations.

Temperature-flow conditions decreased survival through

1) variable and often unsuitable habitat conditions for early

life stage survival (Hudson River, San Francisco Delta,

Potomac River, Roanoke River, and Coos Bay; Cooper and Polgar

1981); and 2) poor survival of adult striped bass in ther-

mally restricted habitats (Apalachicola River, the freshwater

habitats, Hudson River, San Francisco Bay-Delta, and the

Potomac River-Chesapeake Bay).

Striped bass adapted behaviorally to temperature-flow

conditions by moving to thermal refuges and in the coastal

migrations seen extensively in Potomac River striped bass and

to a limited extent by Hudson River striped bass. Such

outmigrations also provided habitats rich in forage.

Problems of striped bass reliance on a narrow food

base have been documented since this species was introduced

into lakes and reservoirs (Axon and Whitehurst 1985).
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Fisheries managers have provided nutrient input into Lake

Mead to stimulate primary production in the hope that this

will encourage growth in the shad population (Paulson and

Baker 1983). Food for first feeding larvae has been sus-

pected as inadequate for good larval growth and survival in

the Hudson, Potomac, Roanoke, San Francisco, and Coos Bay

habitats (Westin and Rogers 1978, Setzler Hamilton et al.

1979, Eldridge et al. 1981b, Anderson 1985). Low flows,

increased diversions, and pollutant effects have been sus-

pected as causes for low microzooplankton abundance (Stevens

et al. 1985, 1987).

In contrast to the directional influence of exploit-

ation, pollutants operate across all life stages, and in all

life history aspects. Effects of pollutants are often random

in time and space, indiscriminate and frequently only in-

directly measurable (Wedemeyer et al. 1984). Consequently

their selective pressures on striped bass life histories are

difficult to determine. More importantly, however, evo-

lutionary adaptation is rendered less probable due to the

random effects of pollutants on survival and reproduction.

Pollutants posed problems in four of the 10 populations:

Annapolis River, Hudson River-Raritan Bay, Potomac River-

Chesapeake Bay, and San Francisco Bay-Delta. The fishery for

striped bass in the Hudson River was closed in 1976 because

of PCB contamination. Kepone in striped bass of the James

River, part of the Chesapeake Bay system, led in 1976 to its

closure also. Pollution has for decades been suspected as a
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cause of striped bass population declines (Raney 1952).

Regional striped bass declines have also been attributed to

regional increases in pollution (Taylor 1978, Fry 1979, Smith

et al. 1987, O'Conner and Huggett 1988, Overstreet 1988).

The studies of Mehrle et al. (1982) and Whipple et al. (1983)

showed that a variety of pollutants found in striped bass

resulted in poor physiological conditions in YOY and adults

and reduced egg viabilities.

ENVIRONMENTS THAT ARE HIGHLY VARIABLE AND INDETERMINATE MAY

BE UNSUITABLE FOR LIFE HISTORY ORGANIZATION AND THE LIFE

HISTORY AND EVOLUTIONARY ADAPTIVE CAPACITIES OF STRIPED BASS

POPULATIONS

Striped bass persistence in a particular habitat

depends on the concordance of the population's extant and

potential life histories with environmental conditions in the

habitat. The most successful life history types have all

life history stages and performances in functional, rule-

like relationships with the range of environmental conditions

that the habitat is capable of producing. Habitats have an

indefinite number of patterns of environmental conditions

(Stearns 1976). Locations, however, may not be habitats or

potential habitats if they have no pattern at all, that is,

to vary inconsistently and randomly in time and space. Such

locations are not potential habitats (Figure 3) if environ-

mental conditions there are beyond the life history adaptive

capacities of individual striped bass and the longer-term
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evolutionary adaptive capacities of possible colonizing

populations of striped bass.

This way of understanding adaptive responses to highly

variable environments illuminates year-class dominance of

striped bass populations. In this study, long-term persis-

tence of Annapolis River and Coos Bay-River populations was

found to be dependent on the production of dominant year-

classes. Hudson River-Raritan Bay, San Francisco Bay-Delta,

and Roanoke River-Albemarle Sound striped bass populations

occasionally produced large year-classes but were not de-

pendent on these for persistence. Dominant year-classes are

not life history characteristics. Rather they are the con-

sequence of periodically successful reproduction and survival

of striped bass during period having unusually favorable

environmental conditions. The life history implication of

dependence on dominant year classes is that striped bass must

have among its important life history traits long repro-

ductive life spans to ensure periodically successful repro-

duction and long-term persistence. In the Coos Bay-River and

Annapolis River populations, the reproductive life spans were

indeed long (Table 11) for both males and females. The

remaining three populations that periodically produced large

year-classes also had reproductive life spans longer than the

average for all populations (x = 9, females; x = 7, males).

In this regard, shortened longevity reduces the striped bass

adaptive capacities by reducing the reproductive life span

(e.g. Potomac River-Chesapeake Bay, Apalachicola River, Lake



95

Mead and Keystone Reservoir). Delayed maturation (e.g.

Hudson River-Raritan Bay), and intermittent spawning (e.g.

Annapolis River, Roanoke River-Albemarle Sound, Coos Bay-

River) may also reduce adaptive capacity, even though these

may in themselves be adaptations by particular sets of en-

vironmental conditions. The inability of populations to

adapt to such changing environments is evidently in large

part responsible for the recent continuing declines of five

of this study's populations (Table 15). The San Francisco

Bay-Delta was the most urbanized of the habitats studied.

Coincident with striped bass declines has been reduced fresh-

water inflows, increased diversions of freshwater out of the

system, increased pollution, and system-wide changes in the

biota and biological productivity (Stevens et al. 1985, Cali-

fornia Department of Fish and Game 1987). Studies showed

that Chesapeake Bay has expansive hypoxic-anoxic areas which

vary temporally and spatially (Lippson et al. 1979, Officer

et al. 1984). The Coos Bay-River habitat was the only system

in this study without a dam controlling freshwater inflows.

The voluminous and highly variable precipitation caused

sudden freshets to pass through the spawning and nursery

habitats in the spring (McAlister and Blanton 1963), thus

resulting in conditions unsuitable for spawning and survival

of striped bass larvae (Anderson 1985).

The use of an organismic life history perspective to

study the habitats and life histories of 10 striped bass

populations resulted in illustrations of the large adaptive



Table 15. Status and trends of striped bass populations.

Population

Annapolis River

Hudson River-Raritan Bay

Potomac River-Chesapeake
Bay

Roanoke-Albennarle Sound

Apalachicola River

San Francisco Bay-Delta

Coos Bay-River

Millerton Lake

Lake Mead

Keystone Reservoir

Status and Trend

Population declining; no recent successful

reproduction.

Variable, poor production since 1965; recent
abundant year classes now entering fishery.

Continuous population decline since mid-1970's;
population record low abundance.

Population on continuous decline; low recent
reproductive success.

Population abundance low and stable; mixed

reproductive success.

Population on continuous decline since mid
1970's; abundance low; variable reproductive
success.

Population abundance at all-time low;
continuous decline since mid 1970's; no
recent reproductive success.

Population abundance up and down with shad
population; little to no successful

reproduction; dependent on stocking.

Subadult and young adult population abundant
in poor condition few older fish; consistent
reproductive success.

Population abundance snail and stable;
consistent reproductive success.

Reference

Williams and Daborn 1984; pers.
comp. - B. Jessop (Appendix B).

Klauda et al. 1980; pers.
comm. - J. Waldman (Appendix B)

Price et al. 1985; pers.
E. Honde, E. Setzler (Appendix B).

Borenan and Austin 1985; Hassler
1984; pers. corm.- W. Hassler
(Appendix B).

Wooley and Crateau 1983; pers. comm. -
Comm. - E. Crateau (Appendix B).

Stevens et al. 1985; pers. comm. -
D. Stevens (Appendix B).

Bender 1985; Anderson 1985
Pers. comm. - R. Bender (Appendix B).

Ecological Analysts 1982; pers.

Comm. D. Mitchell; J. Wang

(Appendix B).

Nevada Dept. of Wildlife 1984; pers.
pers. coml. - T. Burke, J. Hutchings
(Appendix B).

Combs 1980; pers. comm. -
D. Combs, M. Ambler (Appendix B).
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capacities of the various populations and an indication of

the potential adaptive capacity of the striped bass species.

This was reflected in the ranges of life history performances

(Table 16) that developed in response to the ranges of en-

vironmental conditions (Table 17).

The observed population diversity represents the

concurrent actions of the developmental life history adapt-

ations operating in individual striped bass and the evolu-

tionary adaptations operating intergenerationally within the

populations. Individual and population adaptations are

interdependent and both are joint or interactive expressions

of genetic and environmental systems. Wirgin's (1987)

striped bass genetic study and a review of stock discrim-

ination by Waldman et al. (1987) point out the monomorphism

of the species. Only through the increased precision of

mitochondrial DNA analyses were Gulf and Atlantic stocks in

the Apalachicola River able to be identified. Genetic char-

acterization of particular life history types is also dif-

ficult because of the complexity and diversity of the co-

varying traits which comprise each type. There are few

examples of discrete and conspicuous variations in natural

populations which have an identified genetic basis (Koehn and

Hilbish 1987). This study's striped bass populations dis-

played wide-ranging phenotypic plasticity. The extent to

which this variability is linked to genetic variation has yet

to be determined. But the preliminary work of Wirgin (1987)

suggests that definite links can be established.



Table 16. Life History trait capacities of striped bass.

Development

-Individual growth
fast to slow; all
life stages variable.

-Growth seasonal and
year-round.
-Population production
consistent to variable.
-Dominant year-classes
present and absent.

Reproduction

-Ages at maturity
variable
(male= 3-7,
female=4-9 yrs.)

-Annual and intermittent
spawning.

-Reproductive life
span short to long
(male=2-12:
female-4-21 yrs)

-Spawning season early
to late (mid-March to
July) .

-Spawning duration short
to long (1.5 - 3.0 mos.)

-Obligate freshwater
spawning in lakes and
rivers.
-Short to long spawning
migration (25 - 217 km)
-Hermaphroditism occasional

Survival

- low to high longevity
(5 - > 27 years) .

-Variable mortality
causes - diseases,
parasites, pollutants
fishing food.
-Two life stage
mortality patterns;
early life stage and
adult life stage.

- Sumner die-offs
occasional.

Behavior

-Large to small
life stage
distributions.
-migrations present

, and absent
-Refuge behavior
present and absent.

Trophics

-Diet diverse and
homogenous.

-Forage limited
for early and/or
late life stages



Table 17. Observed habitat trait capacities of striped bass.

Physiography

-Drainages small

to large.

(2130 - 432,530Km2).

-Estuaries and

reservoirs small to

large (22 - 11,370km2)

-Shape-narrow and shallow

to wide and deep.

-Impounded systems

(except Coos River)

Hydrology

-Hypoxic to saturated

-Extreme temperature

range (10< - >30°C)

-Pollution absent to

Biota

-Oligo-to eutrophic

Zooplankton

low to high production

Forage base narrow to

excessive; all classes. broad.

-Stratified to

vertically homogenous.

- Flow rates low to high

(0.8 - 959.4 m3s-1)

- Low flows fall to

winter

- High flows winter to

summer.

Culture

-Human population

small to large

(4000 - 11,600,000)

-Industrialization

absent to heavy

-Fishery young to

old.

-Exploitation rates

low to high

(10 40%)

Climate

-Temperate to desert

climate.

-Precipitation low

to high (13 - 165 cm).

-Precipitation year-

round to seasonal

(winter) .
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Current population declines, coupled with variable and

poor year-class production, have led to a variety of man-

agement strategies. The management emphasis has primarily

been to regulate catches and to stock hatchery-reared striped

bass. Yet, as illustrated in this study, striped bass

respond and adapt to all aspects of their environments.

Since human activities play such a major role in striped bass

habitats, it is obvious that striped bass management should

consider both environmental as well as fishery-related

factors. It should also recognize that management actions on

all habitat factors influence striped bass adaptive capa-

cities. As such changes occur in management perspectives,

the goal of long-term persistence of striped bass populations

will be achieved through protection of striped bass adaptive

capacities by maintenance of life history diversity.
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APPENDIX A. Variables used to characterize the habitats and
life histories of striped bass populations.

T = Trajectory Study S = Survey Study

Parametric/ Study
Trait Category Variable Non-Parametric Use

Physiography latitude P T,S
longitude P T,S
fluvial drainage area P T,S
estuarine surface area P T

tidal surface area P T

mixing zone P T

seawater surface area P T

total habitat area P T

entrance to spawning
area distance P T,S

entrance width P T,S
habitat length P T,S

estuary length P T

mean width P T

minimum width P T

maximum width P T

mean depth P T

depth:width ratio P T

number of dams P T

distance to nearest SB
population P T,S

habitat barriers NP T

lake surface area P S

lake volume P S

Hydrology habitat type NP T,S
salinity effect* NP T,S

salinity condition NP T

env. requirement value+ NP T

variability of salinity NP T

maximum salinity P T

minimum salinity P T

dissolved oxygen (DO)
effect* NP T,S

env. requirement
value (D0)-1- NP T

variability of DO NP T

maximum DO P T

minimum DO P T

temperature effect* NP T,S
env. requirement value+ NP T

variability of
temperature NP T

maximum temperature P T

minimum temperature P T



Trait Category Variable

Hydrology,
con't.

Biota
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Parametric/ Study
Non-Parametric Use

ocean temperature
effect* NP

ocean env. requirement
value+ NP

ocean temperature
variability NP

maximum ocean
temperature

minimum ocean
temperature

pollutant effects* NP
BODS effect* NP
particulates effect* NP
nutrients effect* NP
heavy metals effect* NP
petrochemical effect* NP
chlorinated hydrocarbon

effect* NP
pathogens effect* NP
sludge effect* NP
wastewater effect* NP
hydrodevelopment effect NP
refuge presence NP
stratification, 3-month

high NP
stratification, 3-month

low NP
current, mean velocity P

maximum velocity
minimum velocity
hydraulic residence

time
outflow, daily mean
outflow, monthly avg
outflow, high month
outflow, low month
flow ratio ann vol avg P
flow ratio, high flow
flow ratio, low flow
tidal prism

trophic status
food suitability
predation effect*
competition effect*
disease effect*
parasite effect*

NP
NP
NP
NP
NP
NP

Culture agricultural industry
effect* NP

T

T

T

T

T
T
T

T
T

T
T

T
T
T
T
T,S
T,S

T, S

T, S

T

T
T

T
T

T,S
T,S
T,S

T
T
T

T,S
T
T,S
T,S
T,S
T,S



Trait Category

Culture,
con't.

Climate
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Parametric/ Study

Variable Non-Parametric Use

light industry effect* NP
chemical industry

effect* NP
heavy industry NP
general industry

effect* NP

human population P T,S

fishery age P T,S

exploitation rate P T,S

fishery mgmt. effect* NP T,S

no. of wastewater
dischargers

no. of industrial
dischargers

freshwater inflow
monthly mean

freshwater inflow
monthly S.E.

freshwater inflow,
High month P T,S

freshwater inflow,
low month P T,S

mean inflow, warm
period

mean inflow, cool
period

mean annual
precipitation P T,S

LIFE HISTORY TRAITS

Parametric/ Study

Trait Category Variable Non-Parametric Use

Development growth rate - YOY P T,S

growth rate - subadult P T,S

growth rate - adult female P T,S

growth rate - adult male P T,S

mean forklength - female P T,S

mean forklength - male P T,S

length at age, female.
linear a

length at age, female
linear b

length at age, male
linear r2



Trait Category Variable

Development
cont'd

Reproduction

127

Parametric/ Study
Non-Parametric Use

length at age, male,
linear a

length at age, male,
linear b

length at age, male,
linear r2

length at age, sexes
combined linear a

length at age, sexes
combined linear b

length at age, sexes
combined linear r2

log weight-length, sexes
combined, linear a

log weight-length, sexes
combined, linear b

log weight-length, sexes
combined, linear r2

adult population mean age
adult mean age - female
adult mean age, male
maximum age, male
maximum age, female
population abundance
population maximum
population minimum
dominant year classes,
present/absent

initial stock size
no. of generations
years since introduction

fecundity at age, linear a
fecundity at age, linear b
fecundity at age,

linear r2
age at 50% maturity, male
age at 100% maturity, male
age at 50% maturity,

female
age at 100% maturity,

female
size at maturity, male
size at maturity, female
reproductive life span
male

reproductive life span
female

spawning duration

P

P

P

P

P

P

P

P

P

P
P
P

P
P
P
P

P

NP
P
P
P

P
P

P
P
P

P

P
P
P

P

P

T

T

T

S

S

S

S

S

S

T
T
T
T,S
T,S
T,S

T

T
T
T
T

T,S
T,S

T,S
T
T,S

T

T,S
T, S

T,S

T,S

T,S
T,S



Trait Category

Reproduction
cont'd

Survival

Behavior

Trophics

Variable
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Parametric/ Study
Non-Parametric Use

spawning period,
1st month

spawning period,
last month

spawning period,
peak month

spawning migration distance P
hermaphroditism NP

disease effect*
pollutant effect*
parasite effect*
mortality rate
die-offs

NP
NP
NP
P
NP

distribution area-spawning
adult

distribution area-embryo
distribution area-larva
distribution area-YOY
distribution area-subadult P

distribution area-
non-spawning adult

total distribution area
linear distribution-

spawning adult
linear distribution-embryo P

linear distribution-larva
linear distribution-YOY
linear distribution
-subadult

linear distribution-
non-spawning adult

total linear distribution
spawning migration distance P
spawning period duration
spawning period, 1st month P

spawning period, last month P
spawning period, peak month P
non-spawning migration
distance

non-spawning migration
duration

non-spawning migration
peak month

non-spawning migration
presence/absence NP

feeding adequacy NP

prey suitability-larva NP

T,S

T,S

T
S

T

T,S
T,S
T,S
T,S
T,S

T
T
T
T
T

T
T,S

T
T
T
T

T

T
T,S
T,S
T, S

T,S
T,S
T

T

T

T

S

T
T
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Parametric/ Study

Trait Category Variable Non-Parametric Use

Trophics prey suitability-YOY NP T

cont'd prey suitability-subadult NP T

prey suitability-adult NP T

prey suitability-general NP S

predator effect-general NP S

* Effect of variable estimated nonparametrically based upon

combined results of available studies.

"4"
Environmental requirement value represents a
nonparametric estimate of the suitability of an
environmental condition (e.g. salinity, dissolved oxygen,

temperature) in relation to specific striped bass life
stage requirements (Bain and Bain 1892; Crance 1984).
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APPENDIX B. Personal communications and sources of data
for striped bass populations.

Population Name Affiliation

Annapolis B. M. Jessop Department of Fisheries
River eries and the Environ-

ment, Fisheries and
Marine Service, Resource
Development Branch,
Halifax, N.S.

Hudson River-
Raritan Bay

R.R.G. Williams Department of Zoology,
The University of Al-
berta, Edmonton, Alberta,
Canada

J.R. Waldman

I. Wirgin

Potomac River- E.M. Setzler-
Chesapeake Bay Hamilton

Roanoke River- W.W. Hassler
Albemarle Sound

M.W. Street

Apalachicola E.J. Crateau
River

F. Parauka

I. Wirgin

Hudson River Foundation,
122 East 42nd Street,
Suite 1901, New York, NY

City College of New York,
Convent Avenue at 138th,
New York, NY

Chesapeake Biological
Laboratory, Center for
Environmental and Estu-
arine Studies, University
of Maryland, Solomons, MD

Department of Zoology,
North Carolina State
University, Raleigh, NC

North Carolina Division
of Marine Fisheries, P.O.
Box 769, Morehead City,
NC

U.S. Fish and Wildlife
Service, P.O. Box 1450,
Weaverville, CA

U.S. Fish and Wildlife
Service Office of Fishery
Assistance, 1612 June
Avenue, Panama City, FL

See above



San Francisco
Bay-Delta

D.W. Kohlhorst
L.W. Miller
D.E. Stevens

Coos Bay-River R. Bender

Millerton Lake D. Mitchell

J. Wang

Lake Mead T.A. Burke

Keystone
Reservoir

J. Hutchings

L.J. Paulson

M. Ambler

D.L. Combs
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California Department of
Fish and Game Bay-Delta
Fishery Project, 4001 N.
Wilson Way, Stockton, CA

Oregon Department of Fish
and Wildlife, P.O. Box
5430, Charleston, OR

California Department of
Fish and Game, 1234 Shaw
Avenue, Fresno, CA

National Environmental
Services, Inc. 1758
Concord Avenue, Concord,
CA

U.S. Bureau of Reclam-
ation, Lower Colorado
Region Office, P.O. Box
427, Boulder City, NV

Nevada Department of
Wildlife, 4747 Vegas Dr.,
Las Vegas NV

Lake Mead Limnological
Research Center, Depart-
ment of Biological Sci-
ences, University of
Nevada, Las Vegas, NV

Oklahoma Department of
Wildlife Conservation,
Tulsa Region, Route 1,
Box 75-B, Porter, OK

U.S. Army Corps of En-
gineers SWTPL-R, P.O. Box
61, Tulsa, OK
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Figure 15. Linear curves for size at age of striped bass from five populations.



APPENDIX C (Continued)

Table 18. Linear, exponential, logarithmic and power curve fit analyses of size (Y, fork length in centimeters) at age (X, yeas

striped bass populations during early (1-4 years) and late (5, maximum age in years) growth periods, a = Y intercept

coefficient, r2 = coefficient of determination.

FEMALE

Early Growth

San Francisco

Hudson River Bay/Delta Coos Bay/River Millerton Lake Lake Mead

a b r2 a b r2 a b r2 a b r2 a b r2

y = a + bX - 1.35

y = aebX 7.33

y = a + bin X 8.57

y = aXb 10.59

y = a + bX 28.69

y = aebX 38.50

y = a + b1nX -20.71

y = aXb 19.00

12.15 1.00 - 1.95 12.86 1.00

0.49 .94 7.28 0.51 .93

25.74 .97 8.55 27.25 .97

1.09 1.00 10.60 1.13 .99

4.97 .91 42.21 4.37 .96

0.07 .89 50.1.3 0.05 .93

43.80 .93 - 9.93 42.76 .99

0.62 .93 26.51 0.52 .99

2.45 12.95 .99 7.65 12.18 .79 24.60 6.56 .78

10.68 0.43 .94 11.79 0.42 .72 25.82 0.18 .77

12.86 27.65 .98 16.21 27.56 .88 28.95 15.16 .90

14.68 0.95 1.00 15.45 0.98 .85 28.94 0.41 .90

Late Growth

43.36 4.51 .99 52.27 3.00 .46 58.00 - 1.80 1.00

52.41 0.05 .96 53.93 0.04 .48 59.08 - 0.04 1.00

-12.94 45.39 1.00 36.91 18.72 .51 64.89 - 9.87 1.00

27.42 0.52 1.00 43.10 0.27 .52 68.18 - 0.21 1.00



y = a + bX

y = aebX

y = a + bin X

y = aXb

y = a + bX

y = aebX

y = a + binX

y = aXb

APPENDIX C. (Continued)

MALE

Early Growth

Hudson River

San Francisco
Bay/Delta Coos Bay/River Millerton Lake Lake Mead

a b r2 a b r2 a b r2 a b r2 a b r2

- 1.45 12.50 .97 0.50 12.58 .98 3.00 12.46 .99 9.10 11.75 .73 27.10 4.98 .60

7.23 0.51 .92 7.63 0.50 .90 10.67 0.42 .93 12.16 0.41 .68 27.33 0.14 .61

8.54 26.75 .97 9.36 27.17 .99 12.92 26.72 .99 17.06 26.96 .83 29.90 12.14 .77

10.49 1.13 .99 10.91 1.13 .98 14.56 0.94 1.00 15.74 0.97 .82 29.59 0.34 .79

Late Growth

20.03 5.72 .74 30.67 4.94 .93 40.08 4.09 1.00 42.15 3.55 1.00

32.19 .09 .74 39.26 0.07 .97 48.53 0.05 .98 45.27 0.06 1.00

16.20 39.82 .69 - 6.78 37.61 .97 -10.09 40.79 .98 25.94 21.10 1.00

18.40 0.61 .69 22.65 0.55 .98 26.00 .50 1.00 35.05 0.33 1.00
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APPENDIX C (Continued)

Table 19. Results of a Fisher's Least Significant Difference Test comparing
subadult and adult growth of striped bass from 5 populations.
Significance at 5% level.

Populations
Compared LSD Difference Test Result

San Francisco/ 14.29519 10.81562 Not Significant
Hudson

Coos /Hudson 13.60144 20.6069 Significant

Coos/San 12.98656 9.791283 Not Significant
Francisco

Millerton /Hudson 17.481 6.023411 Not Significant

Millerton/San 17.00698 -16.83903 Not Significant
Francisco

Millerton /Coos 16.42814 -26.63031 Significant

Mead /Hudson 18.46843 -13.3332 Not Significant

Mead/San 18.02039 -24.14882 Significant
Francisco

Mead /Coos 17.47516 -33.94011 Significant

Mead/Millerton 20.63898 - 7.309792 Not Significant
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APPENDIX C (Continued)

Table 20. Analysis of variance and multiple comparison results of subadult
and adult growth of male and female striped bass from five pop-
ulations (Hudson River/Raritan Bay, San Francisco Bay/Delta, Coos
River/Bay, Millerton lake, Lake Mead).

Analysis of Variance Table

Source of Degrees of Sum of Mean F
of Variation Freedom Squares Square Ratio Significance

Among Groups 4 14566.6 3641.651 5.64 P <.01
Within Groups 103 66452.6 345.1709

Adjust. Total 107 81019.2

Multiple Comparison Tests (Duncan's New Multiple Range Test and
Newman-Keuls Multiple Road Test)

Population Means Standardized Differences

Coos
River

Millerton
Lake

Hudson
River

San Francisco
Bay

Lake Mead 42.24 1.22 1.22 4.03* 5.67*

Millerton Lake 49.55 1.01 2.81 4.45*

Hudson River 55.57 1.81 3.44*

San Francisco 66.39 1.64

No. of Steps 1 2 3 4

Between Means

Duncans (P=.05) 2.80 2.95 3.05 3.12

Newman-Keuls (P=.05) 2.81 3.37 3.70 3.94

* P<.05
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Table 20. (Continued)

Multiple Comparison Results

Duncan5 NwmnKls5Mean Difference Std. Diff.
Lake Mead versus:

Millerton Lake 49.55 7.31 1.22
Hudson River 55.57 13.33 2.23
San Francisco Bay 66.39 24.15 4.03 Sign. Sign.

Coos Bay 76.18 33.94 5.67 Sign. Sign.

Millerton Lake versus:

Lake Mead 42.24 7.31 1.22
Hudson Bay 55.57 6.02 1.01
San Francisco Bay 66.39 16.84 2.81
Coos Bay 76.18 20.61 3.44 Sign. Sign.

Hudson River/Raritan
Bay versus:

Lake Mead 42.24 13.33 2.23
Millerton Lake 49.55 6.02 1.01
San Francisco Bay 66.39 10.82 1.81
Coos Bay 76.18 20.61 3.44 Sign. Sign.

San Francisco Bay/
Delata versus:

Lake Mead 42.24 24.15 4.03 Sign. Sign.

Millerton Lake 49.55 16.84 2.81
Hudson River 55.57 10.82 1.81
Coos Bay 76.18 9.79 1.64

Coos Bay/River versus:

Lake Mead 42.24 33.94 5.67 Sign. Sign.

Millerton Lake 49.55 26.63 4.45 Sign. Sign.

Hudson River 55.57 20.61 3.44 Sign. Sign.

San Francisco Bay 66.39 9.79 1.64
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APPENDIX D. Striped Bass Fecundity Characteristics

Table 21. Linear regression equations for fecundity at age in seven
striped bass populations. Y = fecundity in eggs per
individual, X = age in years.

Coefficient of

Population Linear Regression Equation Determination (r2)

Hudson River/ Y = -551,002 + 229,930X .92

Raritan Bay

Potomac River/ Y = -939,983 + 210,024X .98

Chesapeake Bay

Roanoke River/ Y =,137 + 75X .86

Albemarle Sound

San Francisco Y = -941,200 + 277,700X .93

Bay/Delta

Coos Bay/ Y = -720,000 + 254,286 .99

River

Millerton Lake Y = -941,200 + 277,700X .93

Lake Mead Y = 353,180 - 6356X .87
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APPENDIX D (Continued)

Table 22. Analysis of variance and Fisher's Least Significant Difference
Test of fecundity-at-age of striped bass from seven populations
(Hudson River-Raritan Bay, Potomac River-Chesapeake Bay, Roanoke
River-Albemarle Sound, San Francisco Bay-Delta, Coos River-Bay,
Millerton Lake, and Lake Mead).

Analysis of Variance Table

Source of Degrees of Sum of
Variation Freedom Squares Mean Square Ratio Significance

Among Groups 6 1.32412E+13 2.206866E+12 3.24 P<.01

Within Groups 66 4.49927E+13 6.817076E+11
Adjust. Total 72 5.82339E+13

Fisher's Least Significant Difference Test
Test ResultLSD Difference

Potomac /Hudson 646606.9 -527474.8 Not Significant

Roanoke/Hudson 675358.8 -808321.8 Significant
Roanoke/Potomac 675358.8 -280846.9 Not Significant

San Francisco/ 656606.9 57184.63 Not Significant

Hudson
San Francisco/ 646606.9 584659.4 Not Significant

Potomac
San Francisco/ 675358.8 865506.4 Significant

Roanoke
Coos /Hudson 646606.9 56044 Not Significant

Coos/Potomac 646606.9 583518.8 Not Significant

Coos/Roanoke 675358.8 864365.8 Significant

Coos/San 646606.9 -1140.625 Not Significant

Francisco
Millerton /Hudson 813629.2 -906730.8 Significant

Millerton/Potomac 813629.2 -379255.9 Not Significant

Millerton/Roanoke 836660.9 -98409 Not Significant

Millerton /San 813629.2 -963915.4 Significant

Francisco
Millerton /Coos 813629.2 -962774.8 Significant
Mead/Hudson 942583.4 -1184651 Significant
Mead/Potomac 942583.4 -657176.4 Not Significant

Mead/Roanoke 962534.5 -376239.5 Not Significant

Mead/San 942583.4 -1241836 Significant

Francisco
Mead /Coos 942583.4 -1240695 Significant

Mead/Millerton 1064122 -277920.5 Not Significant



APPENDIX D (Continued)

Table 23. Multiple comparisons to test differences in fecundities-at-age of seven striped bass populations

(Hudson River-Raritan Bay, Potomac River-Chesapeake Bay, Roanoke River-Albemarle Sound, San

Francisco Bay-Delta, Coos River-Bay, Millerton Lake, Lake Mead).

Multiple Comparison Report

Populations Means

Millerton Roanoke

Standardized Differences

Coos San Francisco

Lake Mead

Millerton Lake

Roanoke River

Potomac River

Hudson River

Coos Bay

324,580

602,500

700,909

981,756

1,509,231

1,565,275

Potomac Hudson

0.99 1.34

0.35

2.33

1.35

1.00

4.20*

3.22*

2.87

1.87

4.40*

3.42*

3.07

2.07

.20

4.41*

3.42*

3.07

2.07

.20

0.00

* P<.05



Table 23. (Continued)

Multiple Comparison Results
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Lake Mead versus:

Millerton Lake
Roanoke River
Potomac River
Hudson River
Coos Bay
San Francisco Bay

% Mean

602500
700909.00
981755.94

1509230.75
1565274.75
1566415.38

% Difference

277920.50
376329.50
657176.44

1184651.25
1240695.25
1241835.88

Std.

Diff.

0.99
1.34
2.33
4.20
4.40
4.41

Duncan5 Nmn-K1s5

Sign. Sign.

Sign. Sign.

Sign. Sign.

Millerton Lake versus:

Lake Mead 324579.50 277920.50 0.99

Roanoke River 700909.00 98409.00 0.35

Potomac River 981755.94 379255.94 1.35

Hudson River 1509230.75 906730.75 3.22 Sign. Sign.

Coos Bay 1565274.75 962774.75 3.42 Sign. Sign.

San Francisco Bay 1566415.38 963915.38 3.42 Sign. Sign.

Roanoke River versus:

Lake Mead 324579.50 376329.50 1.34

Millerton Lake 602500.00 98409.00 0.35

Potomac River 981755.94 280846.94 1.00

Hudson River 1509230.75 808321.75 2.87

Coos Bay 1565274.75
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Figure 16. Fecundity at age of striped bass from five striped bass populations.



APPENDIX E. Factor Analysis Results

Table 24. Factor Analysis Results of Striped Bass Population Survey Habitat and

Life History Traits

Factor Factor Cumulative

Number Factor Name Eigenvalue Percent Percent

Habitat 1 Precipitation/Drainage Area 5.1899 43.25 43.25

Population Distance

2 Habitat Length/Temperature 2.4551 20.46 63.71

Effects/Refuge

3 Trophic Status/Human 1.7837 14.86 78.57

Population/Low Flow Month

4 Migration Distance/High Flow 1.1037 9.20 87.77

Month/Inflow

Life History 1 Growth/Population Abundance/ 8.8480 40.22 40.22

Fecundity

2 Reproductive Life Span/ 4.0729 18.51 58.73

Maximum Age/Spawning Season

3 Maturation Age/Pollution 3.3654 15.30 74.03

4 Spawning Duration/Spawning 2.8376 12.90 86.93

Initiation

5 Spawning Migration/Maximum 1.7076 7.76 94.69

Age/Pollution
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Figure 17. Factor analysis of striped bass population survey habitat traits.
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Figure 18. Factor analysis of striped bass population survey life history traits.


