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Preface

Although the theory of harvesting populations has a
number of different traditions drawn from fisheries, for-
est, and wildlife management, a common demographic
thread runs through these various applications. Trees and
many vertebrates reproduce on a seasonal basis so that
their populations consist of cohorts of similarly aged in-
dividuals (age classes). Thus discrete age- and, more gen-
erally, stage-structured (e.g., size classes) population equa-
tions are appropriate for modeling the dynamical aspects
of both animal and plant populations.

One of the aims of this book is to draw together the
theory of discrete stage-structured population models as
developed in the fisheries, forestry, population harvesting
and general demography literature. We do this in the spe-
cific context of biological resource management. The dis-
ciplines of fisheries, forest-stand, pest, and wildlife man-
agement have their own unique problems, but common
economic and demographic notions pervade the mathe-
matical analyses of these problems. We hope, by unifying
some of these notions across the various areas of appli-
cation, that this book will encourage a cross-fertilization
of ideas between professional fisheries, forest, pest, and
wildlife management scientists, as well as population biol-
ogists and demographers.

A second aim of this book is to present a comprehen-
sive account of our recent investigations into the theory
of nonlinear stage-structured population harvesting mod-
els and its application to fisheries and forest-stand man-
agement problems. The linear theory of age-structured
population growth is embodied in life-table analysis (static
viewpoint) and Leslie matrix theory (dynamic viewpoint).
Nonlinearities, however, are an essential aspect of biolog-
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PREFACE

ical systems, the most obvious being increases in mortal-
ity and reduction in fecundity rates as population density
increases in a resource-limited environment. Because a
general linear theory is sufficiently extensive to warrant a
book on its own, we only summarize this theory in Chapter
2 and provide the material necessary to achieve continuity
with the applications presented in Chapters 4 to 6 and the
nonlinear theory presented in Chapter 3.

Most of the advanced material presented here appears
or will appear in the recent literature and references are
provided, although a small percentage of the material is
not published elsewhere. Our treatment assumes that the
reader is comfortable with basic notions in calculus, ma-
trix algebra, and complex number theory. Discrete mod-
els allow us to avoid some of the more difficult aspects of
mathematical analysis associated with systems of differen-
tial and integro-differential equations. As this is an ad-
vanced rather than an introductory text, we assume that
the reader is familiar with the basic elements of matrix
algebra and complex numbers. We do lead the reader
through a cursory treatment of matrix diagonalization
(eigenvectors and eigenvalues) and the solution to linear
matrix equations, but expect those readers who have diffi-
culty with the concepts to supplement their reading using
the references provided. We cover some aspects of linear
and nonlinear programming, including a discrete version
of Pontryagin’s Maximum Principle, but only the mini-
mum necessary to provide a self-contained presentation
of the material in this book.

The material in this book should be accessible to those
forest and fisheries economists and modelers who have
read such books as Clark (1976) or Johansson and Lofgren
(1985). We hope, however, that this book will be of value
to population and wildlife biologists who only have an
elementary background in calculus and matrix algebra,
but are motivated to work hard and insert supplementary
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PREFACE

readings when the going gets rough. In particular, these
readers can omit the more difhicult sections, 2.4 and 3.3 to
3.6, and still follow and appreciate much of the material
presented in Chapters 4 to 6. We also hope that this work
motivates applied mathematicians interested in resource
management and/or population harvesting to study some
of the more general properties of discrete nonlinear stage-
structured models.

The ideas in this book draw strongly from our collabo-
rations with colleagues. In particular, WM.G. is indebted
to R. C. Francis and G. L. Swartzman for many stimulat-
ing discussions over the past eight years while working on
joint fisheries projects supported by the Northwest and
Alaska Fisheries Center of the National Marine Fisheries
Service. R.G.H. is indebted to D. Brodie and D. W. Hann
for supervising his dissertation research which led directly
to the forest management studies described in Chapter 5.

We typed this manuscript using IATEX, a macro pack-
age written by L. Lamport for the TEX typesetting system
developed by D. E. Knuth. To these two people, we are
indeed grateful. We are also indebted to M. E. Bergh,
L. W. Botsford, D. Goodman, . E. Hightower, J. Schnute,
B. Solberg, G. L. Swartzman, and D. Wear for critically
reviewing drafts or portions of this manuscript. Of course
all errors and omissions remain our own responsibility. We
thank Nancy Munro for drafting the figures.

We would like to thank Judith and Robert May, our ed-
itors at Princeton, for their support and help in getting
this book published.

W.M.G. would like to acknowledge the National Science
Foundation (Grant DMS-8511717) and the Alfred P. Sloan
Foundation (Grant No. 86-6-18) for support towards the
research and writing of this book. R.G.H. would like to
acknowledge support of an S. V. Ciriacy-Wantrup Postdoc-
toral Fellowship administered by the Graduate Division at
the University of California, Berkeley.
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CHAPTER ONE

Introduction

1.1 SCOPE
1.1.1 Preview

This book is about resources that are managed by har-
vesting cohort-structured biological populations. This in-
cludes fisheries, forest-stand, and wildlife management
problems, as well as mass rearing of insects for biologi-
cal control. Our aim in writing this book is to present a
unified approach to modeling and managing such resource
systems.

In this age of environmental crises we need to meet the
challenge of managing biological resources in an efficient
and minimally disruptive manner. This requires that we
be precise about what we are doing; and to be precise we
need to model the management process. In mathemat-
ical terms, efficient management typically translates into
maximizing some suitably defined performance index, of-
ten net revenue. Precision requires that we model the
dynamic response of the underlying population to man-
agement actions.

Population modeling is an inexact science. Populations
are part of complex systems that defy the taming teth-
ers of “physical laws.” Thus there is little to prevent a
piecemeal approach to cohort-structured resource man-
agement, with each subdiscipline developing its own meth-
ods. 'To a large extent this has happened, and communi-
cation among scientists working on conceptually similar
problems in different areas of applications has been hin-
dered. Communication among scientists working on man-
aging cohort-structured populations, albeit as different as
trees, fish, mammals, and insects, can only be beneficial.

3



CHAPTER ONE

We hope this book will encourage communication among
scientists working in different areas of application.

The first requirement in solving the communication
problem is to develop a common language, especially in
the context of population modeling, where the greatest
barrier exists. We do this by adopting a neutral math-
ematical notation: the notation of mathematical systems
theory. This has the added advantage of using a notation
that is more suitable for the mathematical analysis of man-
agement problems than notations that are currently often
used in the applied fields.

The second requirement in solving the communication
problem is to develop a modeling framework that can be
applied to any cohort-structured resource management
problem. This facilitates comparative analyses of con-
ceptually similar problems in the different areas of ap-
plication, preventing duplication of effort and enhancing
our general understanding of resource management is-
sues. In the theory sections of this book, we develop an
approach that allows us to incorporate such nonlinearities
as density-dependent reproduction and survival, while re-
taining most of the clarity associated with linear popula-
tion models. Such clarity is not apparent in current non-
linear approaches.

The various areas of resource management remain dis-
tinct not only because of differences in the biological
species comprising the resource, but because each area
of application poses a different set of problems. A ma-
jor emphasis in fisheries science has been on the prob-
lem of estimating current and past population levels (i.e.,
stock abundance) using catch levels and fishing effort data
(see Cushing, 1981; Gulland, 1983; Schnute, 1985). Many
fish populations, especially those in which individuals live
no more than several years, exhibit wide and largely un-
predictable fluctuations in the number of young fish (i.e.,
recruits) joining that part of the stock that is vulnera-
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INTRODUCTION

ble to fishing each year. Thus stochasticity is a critical
aspect of analyzing the stock dynamics in most fisheries.
This stochasticity, primarily due to environmental changes
and the problems associated with estimating population
abundance and age structure, poses severe constraints on
our ability to develop appropriate management policies.
These difficulties have led to a dichotomy in methodology,
namely “cohort” and “surplus production” approaches to
yield or catch analysis.

Origination of the “cohort” approach is largely due
to Beverton and Holt (1957), who developed a method
of analysis in which the age of the fish play a central
role. Beverton and Holt’s approach was essentially a de-
terministic equilibrium analysis which assumed constant
recruitment. This approach has been extended to include
nonlinear recruitment (Getz, 1980a,b;: Reed, 1980), and
dynamic (Getz, 1985, 1988) and stochastic (Reed, 1983;
Getz, 1984a) analyses, but the multidimensional charac-
ter of the models (model variables are age classes) makes
the analysis complicated.

The “surplus production” approach typically ignores
age by focusing on a single harvestable stock biomass
variable (single variable models are sometimes referred
to as “lumped-variable” models). The analysis leads to
the derivation of a scalar catch equation (Baranov, 1925)
that is more readily embedded into a nonlinear stochas-
tic setting (Schnute, 1985). Although cohort structure
is essentially ignored, the value of this approach lies in
being able to analyze highly stochastic management sit-
uations (see Walters, 1986). There are some important
drawbacks, however, to ignoring cohort structure when
undertaking a detailed stochastic analysis. The market
value of individual fish and our ability to catch them
may vary quite considerably with age (or its correlate,
size). Although we take a cohort approach through-
out this book, in the fisheries chapter (Chapter 4) we
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