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The science of forestry is a complex amalgamation
of the biological, physical, managerial, social, and
political sciences. Few, if any, forestry profession-
as are able to treat dl aspects of forest science with
complete authority. An edited book on forestry is
thus the best method for conveying the science of
forestry in one text. This third edition, formerly titled
Introduction to Forest Science, reflects the many
changes and approaches to forestry that have
occurred in the field of forestry during the past 12
years, and we therefore decided, with reviewer
input, to title this new edition Introduction to For-
est Ecosystem Science and Management. The book
is intended to provide beginning and intermediate
students with a comprehensive introduction to the
important aspects of the field of forestry. It repre-
sents a collective effort by a number of authors to
present a broad view of the field. The authors give
general coverage of their specialized fields within
forestry and emphasize how decisions made by for-
est managers affect the forest ecosystem. References
to other works that explore certain aspects of for-
est ecosystem science and management are pro-
vided for the student interested in greater depth.

It seems that there are as many approaches to
the organization of a book in forestry as there are
forestry professionals. In this third edition of the
book, we attempt to maintain a flow from the basic
cdl and individual trees to the forest stand, followed
by management of the forest stand, and then to
acquisition of goods and services from the forest.
In this new edition, we have added a new section,
Forests and Society, to reflect the increasing role
of human influences in forestry.

The book is arranged in four major parts. In the
two chapters in the Introduction (Part 1), the devel-
opment of American forest policy and the forestry
profession are described. Important events that have
shaped forest policy, such as the environmental
movement, are treated in the firs chapter and
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important aspects of forestry employment oppor-
tunities are discussed in Chapter 2.

Part 2, Forest Biology and Ecology, contains
information on factors affecting individual tree
growth through growth of the forest stand. The firg
chapter in the section (Chapter 3) describes the
location and composition of forests around the
world as biomes. Biotic and abiotic influences on
forest growth are discussed in detail in this section,
and many agents affecting the complex forest
ecosystem are analyzed in separate chapters on tree
ecophysiology, soils, insects, and diseases. A new
chapter on Landscape Ecology (Chapter 7) has been
added to this third edition to emphasize the increas-
ing importance of this subject area.

The management of the forest ecosystem for
multiple uses is treated in Part 3, Forest Manage-
ment—Multiple Uses. An overview of Forest Man-
agement and Stewardship is given in Chapter 9 and
the significant role of private nonindustrial forests
(NIPFs) is given special treatment in Chapter 10,
because these forests constitute about 60 percent
of dl commercial forests. This is followed by two
chapters emphasizing measurement and monitor-
ing of the forest through land-based and satellite
technology. Biological aspects of management are
given thorough treatment in Chapter 13, Silvicul-
ture and Ecosystem Management. Separate chap-
ters are devoted to management of forest wildlife,
rangeland, watersheds, recreation, and fires in the
forest. After a description of timber harvesting in
Chapter 19, the last two chapters in the Manage-
ment section deal with the conversion of forests to
usable commodities and their valuation. In Chap-
ter 20, the structure and properties of wood are
described, and the methods for conversion to lum-
ber, reconstituted products such as particleboard,
paper, chemicals, and energy are outlined. The eco-
nomics and management of the forest for wood and
amenity values are analyzed in Chapter 21. An
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attempt is made in this chapter to assign monetary
values to the amenities ascribed by humans to the
forest. This chapter puts into perspective the rela-
tive value of the multiple uses we make of forests.

As already mentioned, the last section, Part 4,
is devoted to Forests and Society. The increased
interaction of humans with the forest, and the
expectation of further intense interactions, both in
urban and rural settings, has mandated specialized
treatment of this subject matter. The unique situa-
tion of Urban Forests is described in Chapter 22.
Socia Forestry is described in detail in Chapter 23
through a discussion of community-based man-
agement of natural resources. Both regional and
global emphasis are given in this important new
chapter for the third edition of Introduction to For-
est Ecosystem Science and Management.

In redlity, the field of forestry cannot be sepa-
rated into these four distinct sections, because of
the interdependence of the many factors affecting
the forest. Therefore, the reader is encouraged to
refer to other sections or chapters where appro-
priate. Cross-references in the text designate when
a specific subject is given more detailed treatment
in another chapter. A glossary is aso included to
aid readers who are not familiar with the special-
ized terminology used in forestry.

As noted, a considerable number of changes
have been incorporated into this third edition of
Introduction to Forest Ecosystem Science and
Management in response to changing societal needs
and constructive criticism from students, colleagues,
and reviewers. Fourteen of the 23 chapters, or over
60 percent of the book, have been totally rewrit-
ten by new authors and the other chapters have
been extensively revised. Thus, this third edition
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of Introduction to Forest Ecosystem Science and
Management provides many new perspectives
tuned to the changing values of the new millen-
nium, especially in terms of human-forest interac-
tions.

Also new to this third edition is the inclusion of
chapter sidebars and a full-color insert. Many of the
chapters contain sidebars with detailed, specialized
information pertinent to the discussion in the text.
The sidebars also provide additional information for
the interested reader. The full-color insert has been
included in this third edition to better illustrate the
features of some of the more complicated figures
in the book.

Students are encouraged to use the glossary for
technical words that are unfamiliar. Also, the appen-
dixes include taxonomy of forest trees as well as
common and scientific names for trees and animals
mentioned in the text.

As with the previous editions, the third edition
of Introduction to Forest Ecosystem Science and
Management was designed to give students a broad
overview of the field of forestry but with sufficient
detail that they will be able to assess their specific
role as practicing forestry professionals. The book
is intended to be the most advanced introductory
text available. Indeed, current forestry profession-
als would find the text a convenient method for
updating their knowledge of forest science. Cer-
tainly the book conveys the broad scope of forestry
and the great challenges that lie ahead.

Raymond A. Young

Ronald L. Giese
November, 2002



Part 1

1.

Introduction 1

Forest Policy Development in
the United States 5

THOMAS M. BONNICKSEN AND
DIANA M. BURTON

Profile of Forest Policy Development 6
Native Americans and Forests (to 1607) 6
Colonial Settlers and Forests (1607-1783) 6
Building and Defending the Republic

(1783-1830) 8
The Erosion of a Myth (1830-1891) 10
Crystallizing a Philosophy (1891-1911) 13
Organization, Action, and Conflict
(1911-1952) 18
Adjusting to Complexity (1952-Present) 24
Concluding Statement 36
References 36

Forestry: The Profession
and Career Opportunities 38

RONALD L. GIESE

Paths to the Profession 39
Career Decisions 39
Forestry Curricula 41

Career Opportunities 43

Sources of Employment 43
Public Forestry in Federal Agencies 43
Public Forestry in State Settings 44
Forestry in Private Industry 45
International Forestry 46
Research and Teaching 47
Consulting Forestry 47
Other Areas 48

Employment 48
Expectations of Employers 48
Seeking Employment 49

Contents

Concluding Statement 50
References 51

Part 2 Forest Biology

and Ecology

3. Forest Biomes of the World

STITH T. GOWER, JOE J. LANDSBERG, AND
KARI E. BISBEE

Factors Affecting Vegetation
Distribution 58
Forest Biomes 60
Vegetation Classification Systems 60
Boreal Forests 61
Temperate Broad-Leaved Deciduous
Forests 65
Temperate Needle-Leaved Evergreen
Forests 66
Temperate Mixed Forests 67
Temperate Broad-Leaved Evergreen
Forests 68
Tropical Broad-Leaved Evergreen
Forests 69
Tropical Broad-Leaved Deciduous
Forests 70
Global Change and Forests 71
Habitat Protection and Land Use
Change 72
Climate Change 72
Concluding Statement 73
References 73

4. Forest Ecophysiology

ERIC L. KRUGER

Coupling Tree Structure and Function
Leaves—The Tree's Solar Panels 76

53

S/

75

76

Vii



Viii

Woody Stem—The Distinctive Feature
of Trees 78
Roots—Anchorage and Access to Sail
Resources 81
Root Symbioses—Enhancing Nutrient
Acquisition 82
Flowers, Fruits, and Seeds 83
Coping with Environmental Stress 85
Effect of Seasonal Variation in Climate 85
Effect of Chronic Resource Shortages 87
Effect of Variation in Resource
Availability 88
Global Issues in Forest Ecophysiology 90
Effect of Anticipated Global Warming 90
Effect of Changes in Atmospheric
Chemistry 92
Potential Impacts of Atmospheric
Pollution 95
Concluding Statement—Future Directions in
Forest Ecophysiology 96
References 97
Additional Reading 97

Forest Soils 98

JAMES G. BOCKHEIM

Concept of Forest Soil 98
Properties of Forest Soils 99
Soil Morphology 99
Physical Soil Properties 100
Organic Matter 102
Soil Water 102
Soil Organisms 103
Chemical Soil Properties 104
Nutrient Distribution and Cycling in Forest
Ecosystems 105
Forest Soils and Tree Nutrition 108
Soil-Site Factors Related to Tree Growth 108
Diagnosis and Correction of Nutrient
Deficiencies 108
Soil Survey and Classification 109
Forest Soils and Environmental
Quality 110
Forest Health, Sustainability, and Ecosystem
Management 110

Contents

Timber Harvesting and Long-Term Soil
Productivity 110
Nutrient Budgets and Forest
Management 111
Concluding Statement 112
References 112

Forest Ecosystem Ecology 114

STITH T. GOWER

Forest Tree Species Distribution 115
Tolerance and Competition 115
Life History Patterns 116
The Carbon Cycle and Forest Growth 118
The Carbon Cycle 118
Environmental Controls on Ledf
Photosynthesis 119
Environmental Constraints on Canopy
Structure and Forest Growth 120
The Nutrient Cycle 122
Nutrient Distribution 123
Nutrient Inputs 123
Nutrient Losses 125
Nutrient Transfers Within Forest
Ecosystems 126
Forest Succession 127
Effects of Timber Harvesting on Forest
Ecosystems 128
Concluding Statement 130
References 130

L andscape Ecology 132

VOLKER C. RADELOFF AND
DAVID J. MLADENOFF

Introduction 132
Definition and History 132
Landscape Patterns and How They Are
Generated 133
Effects of Topography, Surface Geology, and
Geomorphological Processes on
Landscape Patterns 133
Effects of Natural Disturbance Processes on
Landscape Patterns 134
Effects of Animals on Landscape
Patterns 135



Contents

Effects of Human Activities on Landscape
Patterns 136
How Landscape Patterns Affect Forest
Ecosystems 138
Effects of Individual Patch Size and
Shape 139
Effects of Landscape Patterns 140
Interactions Between Landscape Patterns and
Processes 141
Methods in Landscape Ecology 142
Data Collection and Analysis 143
Landscape Indexes 144
Simulation Models 144
Concluding Statement—M anagement
Rules 145
References 146

8. Forest Trees. Disease and
Insect Interactions 147

GLEN R. STANOSZ, KENNETH F. RAFFA, AND
RONALD L. GIESE

Introduction 148
Origins and Roles of Microorganisms and
Insects in Forests 148
Losses Caused by Forest Tree Diseases and
Insects 148
Diseases and Insects Affecting Forest
Trees 150
The Causes of Forest Tree Diseases 150
Diseases Caused by Fungi 151
Other Pathogens That Cause Diseases of
Trees 158
Insects That Damage Forest Trees 160
Tree, Pathogen, and Insect
Interactions 165
Vector-Pathogen Relationships 166
Insect-Pathogen Complexes 166
Decline Diseases 168
Tree Disease and Insect Management 169
Influences on Disease and Insect
Occurrence and Development 170
Forest Pest Management Principles and
Practices 171
Integrated Pest Management 172

iX
Concluding Statement 173
References 174
Part 3 Forest
M anagement—
Multiple Uses 177

9.

Forest Management and
Stewardship 179

JAMES M. GULDIN AND RICHARD W. GULDIN

Forest Management 181
Multiple Uses 182
Interactions Among Competing Uses 186
Sustainability and Ecosystem
Management 186
Forest Owners and Ownership 191
Land Ownership and Distribution 192
Volume, Productivity, Growth, Mortality, and
Removals 193
Stewardship of Public Lands 196
Forest Service 197
National Park Service 198
Bureau of Land Management 199
U.S. Fish and Wildlife Service 200
Natural Resources Conservation Service 201
U.S. Army Corps of Engineers 201
State Agencies and Other Organizations 202
Stewardship of Private Lands 202
Forest Industry 202
Nonindustrial Corporate Holdings 204
Private Conservation Groups 204
Stewardship Across Ownerships 206
Cooperative Forestry Programs 207
Forest Protection Programs 208
Research and Development Programs 208
Advocacy Programs 210
Forestry at the National Level 211
The Federal Government Role 212
The Public Interest 214
International Forestry 215
The Role of Forestry Research 217



10.

11.

Concluding Statement 218

References 219

Nonindustrial Private Forests 221

JOHN C. BLISS AND A. JEFF MARTIN

Introduction 221
Significance of NIPFs 222
Dynamics Underlying NIPF Issues 223
The Forest Resource 223
Size and Distribution 223
Forest Productivity, Growth, and
Removal 224
The Human Resource 226
Who Are the NIPF Owners? 226
Why Do They Own Forest Land? 227
NIPF Policies and Programs 227
Historical Overview 227
Contemporary Policies and Programs 232
Emerging Trends and Issues 236
Rights and Responsibilities of NIPF
Owners 238
Nonregulatory Mechanisms for Environmental
Protection 238
Changing Forest Ownership Patterns 238
Changing Markets 238
Emerging Forestry Paradigms 239
Concluding Statement 239
References 240

Measuring and Monitoring
Forest Resources

ALAN R. EK, GEORGE L. MARTIN, AND
DANIEL W. GILMORE

241

Measurements of Primary Forest
Products 242
Scaling 242
Grading 245

Land Surveying and Mapping
Distance 245
Direction 246
Land Surveys 246

245

12.

Contents

Forest Type Mapping and Area
Measurement 248

Measurement of Forest Resources with a

Focus on Timber 249

Standing Trees 249

Forest Sampling 252

Forest Growth and Yield 260
Measurement of Nontimber Resources
Concluding Statement—Future of

Measurement and Monitoring
References 265

262

264

Remote Sensing and
Geographical Information
Systems for Natural
Resource M anagement

PAUL V. BOLSTAD

266

Basic Concepts in GIS 267

Data Entry—Digitizing 269
Global Positioning System 270
Spatial Analysis 271

Database Operations 272

Geographic Operations 272
Remote Sensing 274

Radiant Energy and Spectral Reflectance

Patterns 274

Aeriad Photography 274

Photo Coverage, Scale, and Geometry 275
Photogrammetry and Photo

Measurements 277

Photointerpretation 278

Vegetation Types 278

Regeneration, Health, and Damage

Assessment 279

Filmless Imaging 280

Principles of Imaging Scanners 280
Remote Sensing Systems 281

Landsat 281

SPOT 282

Radarsat 283

Other Remote Sensing Systems 283
Concluding Statement 284
References 284



Contents

13. Silviculture and

Ecosystem M anagement 285

CRAIG G. LORIMER
Evolution of Silvicultural Practice 286
European Origins 286
Silvicultural Practice in North America:
From Tree Farming to Ecosystem
Management 286
Natural Disturbance Patterns: A
Blueprint for Ecosystem
Management 288
Frequent High-intensity Disturbance 2838
Diffuse Small-scale Disturbance 289
Frequent Low-intensity Fire 289
Growth and Development of Forest
Stands 290
Even-aged Stands 290
Uneven-aged Stands 292
Pure Versus Mixed Stands 293
Treatments to Improve Existing
Stands 293
Release Treatments 294
Improvement Cuts 294
Thinnings 294
Fertilization 296
Pruning 296
Salvage Cuts 296
Regeneration of Forest Stands 296
The Role of Site Preparation 297
Natural Regeneration 297
Artificid Regeneration 299
Silvicultural Systems 301
Even-aged Methods 301
Two-aged Management 305
Uneven-aged Methods 305
Silvicultural Practices and Ecosystem
Integrity 307
Maintaining Long-term Site Productivity 308
Maintaining Biological Diversity 310
Concluding Statement: Public Forests of
the Future 311
References 312

14.

15.

16.

Forest-Wildlife Management
MARK S BOYCE

Wildlife Values 313
Ecological Interactions 314
Wildlife as Components of Forest
Ecosystems 315
Forest Habitats 315
Wildlife Effects on Forests 319
Effects of Forest Management on
Wildlife 321
Fire Suppression 321
Prescribed Burning 321
Timber Harvest 322
Forest Fragmentation 322
Pesticides and Herbicides 322
Wildlife Considerations in Ecosystem
Management 323
Managing for Biodiversity 323
Ecosystem Structure and Function 323
Population Control 325
Concluding Statement 326
References 326

Rangeland M anagement
WAYNE C. LEININGER AND JOHN D. STEDNICK
Rangeland Grazing Management 328
Forested Rangelands 329
Nonforested Rangelands 331
Rangeland Water Quality 333
Hydrologic Evaluation of Grazing
Systems 334
Concluding Statement
References 335

335

Watershed Management:
A Regional to Global
Perspective

D. SCOTT MACKAY

The Watershed 337

The Global Hydrologic Cycle 340

Xi

313

328

337



Xii

17.

Global Distribution of Terrestrial Water
and Life 342
Precipitation 342
Evaporation and Transpiration
Soil Water 346
Ground Water 347
Runoff 347
Streamflow 348
Integrated View of the Watershed and Its
Management 350
Land Use 350
Cumulative Watershed Analysis 352
International Watershed Management: The
Case of the Great Lakes Basin 355
New Technologies for Integrated Watershed
Management 359
Concluding Statement
References 360
Additional Reading 361

343

360

Managing Recreation
Behavior

ROBERT O. RAY

362

Perceptions of Forest Use 363
Some Background on Management of
Recreation 364
Forest-Based Recreation
Management 366
What Is This Recreation Stuff
Anyway? 368
Recreation |s Personal 368
Recreation Can Be Seen as an Activity Free of
Obligations 369
Recreation Is Multifaceted 369
Recreation Is a Multiphasic Activity 370
Pursuing Recreation 370
Education 372
Age Structure 372
Gender 373
Minority Populations 373
Immigration 374
Affluence 375
Urbanization 375

18.

Contents

Technology 375
Section Summary 376
User Conflict 376
Social Succession 377
The Recreational Opportunity
Spectrum (ROS) 378
Management by Design 378
Limits of Acceptable Change (LAC)
Management by Objectives 381
Some Notes on Management Planning
Fees as a Recreation Management
Tool 383
Concluding Statement
References 387

381

382

386

Behavior and Management
of Forest Fires

CRAIG G. LORIMER

389

Natural Fire Regimes 390
The Natural Role of Fire 390
Influence on the Landscape 391
Human Influence and Fire Policy
Fire Behavior 393
Fuel Conditions and Fire Types 393
Weather Conditions 395
Topography 396
Erratic Behavior 397
Prediction of Fire Behavior
Fire Prevention 400
Unhealthy Forests and Wildfire Risk 401
The Urban-Wildland Interface 402
Fire Control 402
Detection 403
Suppression of Wildfires 403
Prescribed Burning 404
Environmental Impacts of Forest Fires
Fire in the Wilderness 407
The Approach 408
Thirty Years of Natural Fire
Management 409
Concluding Statement—The Challenge of
Fire Management 410
References 410

391

397

406



Contents

19. Timber Harvesting 412

20.

ROBERT M. SHAFFER AND
THOMAS A. WALBRIDGE, JR.

Timber Harvesting Operations 413
Common Timber Harvesting Systems 416
Manual Chainsaw/Cable Skidder System 416
Feller-Buncher/Grapple Skidder System 417
Harvester/Forwarder (Cut-to-Length)
System 417
Cable Yarder (Skyline) System 418
Helicopter Logging System 418
Logging Aesthetics 418
Logging in the 21st Century 419
Concluding Statement 420
References 420

Wood Products 421

EUGENE M. WENGERT AND
RAYMOND A. YOUNG

Importance of Wood Products 422
Wood Properties 423
What Is Wood? 423
Moisture and Wood 426
North American Wood Consumption 427
Conversion of Wood into Primary Wood
Products 428
Raw Material Requirements 429
Lumber Manufacturing 430
Extending the Service Life of Wood
Products 431
Plywood Manufacturing 432
Particleboard Manufacturing 433
Oriented Strandboard (OSB)
Manufacturing 433
Medium-Density Fiberboard (MDF)
Manufacturing 434
Chemical Nature of Wood 434
Microscopic Structure of Wood and Wood
Fibers 436
History of Pulp and Papermaking 438
Pulping of Wood 439
Bleaching and Brightening of Pulp 442

Xiii

Biotechnology—Biopulping and
Biobleaching 443
Paper and Paperboard 443
Stock Preparation 443
Papermaking 444
Finishing and Converting of Paper 444
Recycled Paper 444
Environmental Protection 445
Cellulose Derivatives 446
Fibers and Films 446
Chemical Commodities 446
Conversions of Wood to Energy, Fuels, and
Chemicals 446
Direct Combustion 447
Saccharification-Fermentation 450
Thermal Decomposition 451
Thermochemical Liquefaction 451
Wood Extractives 452
Extractives Soluble in Organic Solvents 453
Water-Soluble Extractives 454
Biotechnology Chemicals 455
Concluding Statement 455
References 455

Economics and the
Management of Forests
for Wood and
Amenity Values 457

JOSEPH BUONGIORNO AND RONALD RAUNIKAR

Economics of Timber Production 458
The Vaue of Forestland and Faustmann's
Formula 458
Economic Comparison of Alternative Land
Uses 459
Dealing with Risk 460
Economics of Forest Product Markets 461
Demand and Supply 461
Market Equilibrium and Price 462
Forecasting and Policy Analysis 463
Non-Timber Values and Benefit-Cost
Analysis 463
Forest Externalities 464



Xiv

Benefit-Cost Analysis of Forestry
Projects 464
Measuring Socia Welfare 466
Assessing the Value of Forest Amenities 466
Opportunity Cost of Non-timber
Objectives 468
Concluding Statement 468
References 469

Part 4 Forests and
Society 471
22. Urban Forestry 473
GENE GREY

The Urban Forestry Environment 475
Physical Environment 475
Socioeconomic Environment 475
Legd Environment 476
Political Environment 477

Management Structure 477
The Office of City Forester 477
Tree Boards 477

Determining What the Urban Forest
Needs 477
Surveys 478
Inventories 479

Planning and Budgeting for Urban
Forestry 479

Program Implementation 481
Tree Establishment 481
Location and Selection 481
Planting 482
Aftercare 483
Evaluation 483
Maintenance 483
Hazard Management 483
Plant Health Management 484
Tree Quality Improvement 484

Removal and Utilization 486

Other Management Considerations 486
Trees and Construction 486
Fire Protection 487

Contents

Urban Wildlife 487
Urban Forest Valuation 487
Information Management 487
Program Needs Analysis 488
Indirect Management 488
Information Dissemination 488
Working with Those Who Service the Urban
Forest 489
Program Support 489
Volunteers 489
Technical Support 489
Financing 490
Concluding Statement 490
References 490

Socid Forestry: The
Community-Based
Management of
Natural Resources 491

J. LIN COMPTON AND JOHN W. BRUCE

Global Experience in Social Forestry 492

Issues and Challenges 499
Participation and Loca Initiative 499
Community Control 499
Program Planning and Development 499
Lega and Policy Environment 501
Ecological Settings and Processes 501
Watershed Management 501
Land and Tree Tenure 501
Land Use Patterns 501
Agroforestry 502
Forest and Woodland Management 502
Wood Industry 503
Reforestation and Ecological Restoration 503
Biodiversity Conservation 503
Sociocultural Context 504
Indigenous Knowledge Systems (IKS) 504
Gender and Poverty 504
Migration and Settlement 504
Economic Change 505
Interorganizational Collaboration 505
Conflict Resolution 505
Extension 506



Contents

Measurement and Evauaion 506
Concluding Statement 506
References 507

Appendixes

I. Common and Scientific
Names of Tree Species
Mentioned in the Text

[I. Common and Scientific
Names of Animal Species
Mentioned in the Text

[11. Unit Conversion Table

V. Taxonomy of Selected

Forest Trees
V. Glossary

I ndex
509

513

XV

515

516

517

539



The chapter authors and we have received many
constructive comments on the chapters and the
book from both our colleagues and outside review-
ers. We are grateful to the departmental secretaries,
Nancy Nehring, Marilyn McDole, and Sandy
Fowler for clerical assistance along the way. Our
wives, Kathryn and Maureen, deserve special thanks
for their love and assistance throughout the edit-
ing process.

We are grateful to the following people for
reviews or assistance with specific chapters. Chap-
ter 5, Robert F. Powers, U.S. Forest Service; Chap-
ter 12, Dr. Thomas Lillesand, Institute for

Acknowledgments

Environmental Studies, University of Wiscon-
sin-Madison, for thoughtful discussion; Chapter 8,
UW-CALS, Chapter 17, Research Assistants Amy
Sloane and Deborah Adams Ray for their critique,
guidance and technical editing; Chapter 20, the late
Professor John N. McGovern for contributions in
the papermaking section; and Chapter 21, u'S.D.A.
Forest Service, Southern Forest Experiment Station,
and the School of Natural Resources, University of
Wisconsin-Madison.

RALY.
RL.G.
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hroughout history, forests have been impor-

tant to human beings. Forests provided shel-
ter and protection, and trees provided many
products such as food, medicine, fuel, and tools.
For example, the bark of the willow tree, when
chewed, was used as a painkiller in early Greece
and was the precursor of present-day aspirin; acorns
from oak trees were an important food base to the
American Indian. Wood served as the primary fuel
in the United States until about the turn of the nine-
teenth century; indeed, over one-half of the wood
now harvested in the world is used for heating fuel.
Today over 10,000 products are made from wood.

Forests provide many other benefits, such as
control of erosion and flooding and reduction of
wind erosion. In addition to many utilitarian uses,
the forest provides many aesthetic features to
which quantitative values are difficult to assign.
The amenities include forest wildlife such as song-
birds, fal coloration, wildflowers, and beautiful
landscapes (Figure PI.l1). Urbanized society has
placed increasing emphasis on preserving the nat-
ural qualities of the forest for recreational pur-
poses, escape, and solace. This has led to the
designation of "Wilderness Areas" intended to be
unaltered by humans.

Because of the many different viewpoints, con-
flicts of interest have arisen over what is consid-
ered to be the proper use of the forest in modern
American society. What a member of a preserva-
tionist group such as the Sierra Club defines as
proper management of the forest may be in con-
flict with how a paper industry executive views as
proper use of the forest. The forest manager,
although recognizing this conflict, must understand
both views and develop a management plan that
reflects the values involved in both points of view.

PART 1

RAYMOND A. YOUNG

Figure PI.I
redcedar in western Washington State. Lichens
clothing the dead branches attest to a humid climate.
(Courtesy of USD.A. Forest Service)

A mgedtic, mature stand of western

We can now define forestry as the art, science,
and practice of managing the natural resources that
occur on and in association with forestland for
human benefit. This definition necessitates that the
forest manager consider not only the trees in the
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forest, but also such things as protecting wildlife
and preserving water systems for drinking and
aquatic life. Foresters are often involved with the
control of fire, insect pests, and diseases in the for-
est, and they can also assume the broad role of pro-
tecting the forest environment. The forester is a land
manager responsible for al the goods, benefits, and
services that flow from the forest (1).

The Multiple Use-Sustained Yield Act of 1960
recognized the many benefits derived from the for-
est: outdoor recreation, rangeland, timber, water-
shed protection, and wildlife and fish habitat. All
need not be available at every location, but the
value of each should be given equivalent recog-
nition on a nationwide basis. Thus a clearcut for
timber in a national forest should in some way be
balanced by opportunities for wilderness-type
experience at another location. The importance of
the legislative process is further discussed in Chap-
ter 1, Forest Policy Development in the United
States.

In order to conform with legislation, managers
of forests on public lands must strive to maintain
a continual supply of the products, services, and
amenities available from the forest. To do this, they
must have a solid knowledge of science and soci-
ety, a broad background in physical, biological, and
social sciences, as well as administrative skills and
an element of diplomacy for resolving conflicts.
Clearly the task of the forest manager is a complex
one requiring insight and many learned skills (2).
Further discussion concerning the profession of
forestry is given in Chapter 2, Forestry: The Pro-
fession and Career Opportunities.

The Forest

The forest is a biological community of plants and
animals existing in a complex interaction with the
nonliving environment, which includes such fac-
tors as the soil, climate, and physiography. A con-
tinuous canopy of large trees usually distinguishes
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forests from other types of communities. Forests
are widespread, representing ailmost 30 percent of
the earth's land surface, and typically have a pre-
dominant species composition; thus there are
many forest types. The distribution of forest types
or "biomes' around the world is discussed in
Chapter 3, Forest Biomes of the World. The
remainder of the land surface is composed of
desert (31 percent), grasslands (21 percent), polar
ice caps and wasteland (11 percent), and croplands
(9 percent) (1).

Although trees are the predominant woody veg-
etation in terms of biomass,” trees represent only
a small proportion of the total humber of species
present in the forest. There are thousands, perhaps
millions, of different types of plants and animals
in the forest. Shrubs, herbs, ferns, mosses, lichens,
and fungi are present beneath the forest canopy
and in the gaps of the forest cover. Large animals
such as deer and bears coexist with smaller birds,
insects, and tiny microorganisms. Each component
makes a contribution to the flow of energy and
materials through the system.

The forest is thus a dynamic ecosystem domi-
nated by trees that is continually changing in struc-
ture and composition. Disturbances such as fire,
windfall, and harvesting produce sites where new
communities of trees, plants, and animals can exist
and differ from the original forest. Fallen leaves
and woody material that reach the forest floor
decay and continue the cycling of energy and
nutrients through the system. The forest commu-
nity is a complex unit divided into many areas of
study; these areas are treated in specific chapters
in the text.

Tree Classification

Although forest ecosystems are composed of many
plant and animal species, the dominant vegetation
that foresters study and manipulate is the variety
of tree species in the forest. Trees are generally

! Terms that may be unfamiliar to the reader are defined in the Glossary.



Tree Classification

classified into two categories as seed plants:
angiosperms with encased seeds and gymnosperms
with naked seeds (Figure P1.2). The angiosperms
are the dominant plant life of this geological area.
They are products of a long line of evolutionary
development that has culminated in the highly spe-
cialized organ of reproduction known as the flower.
The seeds of angiosperms are enclosed in the
matured ovary (fruit).

Two classes exist for the angiosperms, the Mono-
cotyledones and the Dicotyledones (Table PI.1).
Palms are classified as monocots, and the woody
dicots are what we usually refer to as broad-leaved
trees. Because the broad-leaved trees typically lose
their leaves each fdl, they are also often referred
to as deciduous trees. However, a number of excep-
tions occur, such as southern magnolia or Pecific
madrone, both of which retain their leaves al year.
The broad-leaved or deciduous trees are also often
referred to as hardwood trees, although this is a
misnomer and does not refer to wood texture. Many
broad-leaved trees such as basswood (linden) have
soft-textured wood.

The other maor class of trees is the gymno-
sperms, which bear their seeds in cones. The mgjor-
ity of the trees in this classification fdl into the
divison Coniferophyta or conifers. A notable excep-
tion is the ginkgo tree, the only living species in
the division Gingophyta. Some of the last living
ginkgo trees were located by a botanical expedi-
tion in Chinain 1690. Subsequently, seeds from the
mature tree have been planted worldwide (Figure
P1.3). In recent years, extracts from the seeds and
leaves have been touted for their medicinal values.

The conifers generally do not lose their needle-
like leaves annually in the fdl and therefore are
termed evergreens. Again, there are exceptions
such as larch and bald cypress, conifers that lose
their needles each year like the broad-leaved trees.
The conifers are also referred to as softwoods, but,
like the hardwoods, the designation does not refer
to the texture of the wood but to the class of tree.
The terminology of hardwoods and softwoods
probably originated in the early sawmills when
most of the conifers used for timber were soft-
textured pines, whereas most of the broad-leaved

Figure P1.2 Depiction of angiosperms (encased
seed) and gymnosperms (naked seed).

Figure P1.3 The ancient ginkgo tree thrives in
polluted urban environments and is planted as an
ornamental worldwide. (Photograph by R. A. Young.)
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Table PI.1  Scientific and Common Terms for Trees
Angiosperms
(Magnoliophyta; Gymnosperms
Encased Seeds) (Naked Seeds)
Liliopsida (monocots; Cycadophyta
parallel-veined leaves) Cycads
Palms and palmettos (Palmaceae) Ginkgophyta
Yucca (Liliaceae) Ginkgo
Magnoliopsida (dicots; Coniferophyta
net-veined leaves) Common terms for trees in this class:
Common terms for trees in this class:? Softwoods
Hardwoods Evergreens
Deciduous trees Needle- (or scale-) leaved
Broad-leaved trees Conifers

*These tarms are considered synonymouss in common usage, bt it is important to remember that many exeeptions ocour as

destribed in the text.

trees used were hard-textured maples and oaks. It
isimportant to recognize the synonymous terms listed
in Table PI.1, since they are used interchangeably
in both the literature and the common language.
Trees are referred to both by their common and
scientific names. Common names are often utilized
since the tree name is more recognizable in Eng-
lish than the Latin-based scientific names. In the text
we have generally utilized the common names in
reference to specific trees or stands of trees, with
the scientific name sometimes in parentheses. How-
ever, it is important to recognize that common
names can vary in different localities and refer to
totally different trees. For example, the common
name "Black Pine" is utilized for Ponderosa Pine
(Pinus ponderosa) in the Rocky Mountain regions
of the United States, while in the eastern United

States, the common name "Black Pine" usually
refers to Austrian Pine (Pinus nigra) introduced
from Europe. The use of binomial scientific names,
developed by the Swedish botanist Linnaeus in the
mid-eighteenth century, avoids this confusion. Com-
mon and scientific names of tree species mentioned
in the text are given in Appendix I.
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demands on forests. Although forest resources are
renewable, there is limited land on which to pro-
duce forests. As demand rises, competition for
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process resolves these differences. Understanding
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this process and the forest policy it generates is the
principal focus of this chapter.

According to Boulding, a policy "generaly
refers to the principles that govern action directed
toward given ends" (1). However, policies are
much more. They are also hypotheses about what
will happen if certain actions are taken. Whether
a policy will achieve its specified ends is aways
in question until policy implementation results are
realized. If a policy does not perform as expected,
the whole policy process might be reinitiated.
Thus, policy making is a continuous process that



constantly attacks both new problems and those
generated by past policies (2).

A society's history, philosophy, beliefs, attitudes,
values, contemporary problems, and hopes are
woven into its policy-making process. Thus, what
is acceptable forest policy to one society in a given
context may be inconceivable to another society
in the same setting. Although U.S. forest policy
incorporates many European forestry principles, it
is a unique blend of approaches and goals tailored
to American needs and circumstances. U.S. forest
policy is also continually developing to accom-
modate change. Thus, forest policies adopted in the
late 1800s differ significantly from those of a cen-
tury later. Which policies are better at one time can-
not be judged using standards of another time, just
as forest policies appropriate to a given society can-
not be judged according to another society's values.

Profile of Forest Policy
Development

Throughout this chapter, the policy process is used
as a framework for visualizing U.S. forest policy his-
torical development. We look at broad periods that
characterize major shifts in policies toward forests.
In addition, we describe the environmental context
and goals of the policy process within each period
and evaluate policy results in terms of these goals.
Because American forest policy is a vast topic, the
scope of this text is necessarily limited. We empha-
size the federal government's role and national for-
est management. We focus on policies stated as
legislative statutes, executive orders and decrees,
administrative rules and regulations, and court
opinions.

Native Americans and Forests
(to 1607)

The relationship between American Indians and
forests varied. Forests provided building materials,
food, or both. Forests were often seen as an obsta-
cle to cultivation. For instance, the pre-Columbian
northwestern coast of North America was heavily
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forested and occupied by seafaring people who
were highly skilled woodworkers (3, 4). Although
many native peoples of the eastern deciduous
forests also obtained wood from forests, the forest
was principally an obstacle to the cultivation of
maize, beans, and squash (5).

American Indians at times consciously favored
certain tree species. In California, abundant oak
trees produced acorns that were the gaff of life for
the Indian. The Miwok in Yosemite Valey burned
grass under black oak trees in the fal to prevent
growth of other trees that might shade the black
oak. They also burned to clear the ground so that
acorns could be easily gathered.

American Indians abided by certain rules while
deriving their livelihoods from the land. These rules
or guidelines were handed down from one gen-
eration to the next by word and action. Such an
agreed-upon pattern of behavior, designed to
accomplish a specified goal, fits the definition of
a policy. Consequently, although native peoples did
not have forest policies that were explicitly recog-
nized as such, they did have rules that governed
their relationships to forests. Whether modern peo-
ple agree with these rules is unimportant. What is
important is that American Indians had the equiv-
alent of forest policies that enhanced their survival.

Colonial Settlers and Forests

(1607-1783)

Although the world known to Europe expanded to
include North America in 1492, it was not until 1607
that Europeans successfully colonized what is now
the United States. The Virginia Company of Lon-
don founded Jamestown, on the wooded banks of
the James River, in what is now Virginia. Forests
were the colonial landscape's dominant feature and
a valued resource. Forests surrounding Jamestown
were used to construct the town and as fud for a
thriving glass industry. However, the thick forests
hid unfriendly Indians, so forests were cleared to
make the area safe. Forests were also cleared for
farms and roads. Thus, two attitudes toward forests
developed that profoundly influenced forest poli-
cies for generations. First, forests were nuisances
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Sidebar 1.1

Questions About FutureForests

America's forests have undergone pronounced
changes since first seen by European explorers.
Many older forests disappeared because a grow-
ing nation needed wood for fue and con-
struction. Clearing for agriculture and towns
took the greatest toll. Even so, reforestation on
federal and private lands and planting on aban-
doned agricultural lands have replaced much of
the lost forest.

Forests now cover one-third of the United
States, but they differ significantly from the orig-
inal ancient forests. There are fewer old trees
in today's forests than there were in ancient
times, and forests are less patchy and diverse.
Some change is caused by timber management,
but also results from efforts to protect against
lightning fires, insects, diseases, and develop-
ment. The elimination of traditional burning by
American Indians may have caused the most
widespread changes. The lack of Indian fires and
suppression of lightning fires allow debris to
accumulate in today's forests. They are choked
with thickets of young trees, which is slowing
tree growth, increasing mortality and reducing
stream flows. Thicker and more uniform forests
also have less wildlife habitat. In addition, trees
that grow in the shade replace trees that grow
in the sun, such as Douglas fir and pine. Even
more disturbing is that increasing fuels make
wildfires more severe and dangerous.

Many scientists and resource managers
believe that forest restoration provides the best
hope for reversing American forest decline. Some
predicted the forest health crisis coming several
decades ago. One of the firda was Aldo
Leopold, who promoted forest restoration as
early as 1934. Forest restoration involves using

ancient or pre-European settlement forests as
models for creating sustainable forests. Restora-
tion does not apply to forests that are dedicated
to growing wood fiber. Ancient forests provided
many of the things that people want from today's
forests, including large trees, scenic vistas, abun-
dant wildlife, and wildflowers. However, peo-
ple also want forest products. Management that
includes controlled burning and cutting can
mimic processes that created and sustained the
ancient forest beauty and diversity and gener-
ate forest products as well. Since ancient forests
were sustainable, future forests that use them as
models should also be sustainable.

Managers can produce what we want from
forests by engineering new forests using mod-
ern tools and scientific principles. They do not
need ancient forests as models. This is already
happening in forests that are being manipulated
to favor certain wildlife species, particularly
endangered and threatened species, or to max-
imize timber production. However, are these
artifical forests necessary or even desirable, and
will they be sustainable? Do we really want to
invent new forests, or do we want forests to
look as beautiful and diverse as they did when
explorers firg saw them? Can we have both
historic forests and engineered forests? Can the
same forest serve both purposes or must they
be separated? Even more intriguing, do we
want forests to look the way they might look
now if Europeans had not settled the continent
and American Indians were till the only inhab-
itants? On the other hand, do we want forests
to look as if no one, including Native Ameri-
cans, had ever lived on the land? These are just
some of the policy questions that should be

(continues)
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Sidebar 1.1 (continued)

pondered. The future of America's forests
depends on the answers. An in-depth descrip-
tion of North America's ancient forests is found
in America's Ancient Forests: From the Ice Age
to the Age of Discovery (1).

Source;

1. T. M. BONNICKSEN, America’'s Ancient Forests: From
thelce Ageto the Age of Discovery, John Wiley &
Sons, New York, 2000.

and citizens made great improvements to the land
by cutting trees. Second, the seemingly unending
supply of trees led to acceptance of waste and a
view that American forests were inexhaustible.

Wood was the primary fuel and energy source
for colonial America and remained so until 1870.
Because the colonists lacked transportation, wood
for fuel and building material was cut near settle-
ments. As forests receded from settlements, it
became increasingly difficult to haul wood.
Although forests as a whole seemed inexhaustible,
local timber supplies were limited. As aresult, the
firss American forest policy on record was estab-
lished on March 29, 1626, by Plymouth Colony. The
policy forbade transport of any timber out of the
colony without the governor's and council's con-
sent. Similar policies were adopted by Rhode
Island, New Hampshire, and New Jersey. In addi-
tion, William Penn directed in 1681 that in Penn-
sylvania ("Penn's woodland") 1 acre (0.4 hectare)
of forest be left for every 5 acres (2 hectares)
cleared.

Colonia policy making included political rule by
a distant monarchy. Thus, forest policies reflected
the perceived wants of a distant society as well as
the colonists immediate needs. The tension
between these two interests seriously limited Eng-
land's forest policies for the New World.

The abundance of large trees made a colonial
shipbuilding industry possible. The Blessing of the
Bay, a ship launched at Medford, Massachusetts in
1631, marked the beginning of both this industry
(6) and a direct conflict with British interests in

Americas forests. As early as 1609, the firgt ship-
ment of masts was sent from Virginia to England
(6) (Figure 1.1). Trees of sufficient size were scarce
and hostile countries could easily disrupt supply
lines from northern and central Europe. Great Britain
was competing for European masts, so America
became its principal source of supply. In order to
protect its interests, Great Britain in 1691 granted a
new charter to the Province of Massachusetts Bay
that reserved for the crown all trees 24 inches (6l
centimeters) or more in diameter growing on lands
not in private ownership. This was known as the
Broad Arrow policy because reserved trees were
marked with a broad arrow blaze—the symbol of
the British Navy. By 1721, this policy covered dl
colonial lands from Nova Scotia to New Jersey. The
British did obtain a relatively steady supply of naval
timbers under the Broad Arrow policy, which had
to be enforced with large fines because colonists
vigorously opposed it. In 1772, for instance, in
Weare, New Hampshire, Sheriff Benjamin Whiting
arrested Ebenezer Mudgett for cutting the king's
white pine. The colonists reacted by seizing the sher-
iff in the night, beating him with rods, and forcing
him to ride out of town. This event was known as
the "Pine Tree Riot" (6). The Broad Arrow policy
likely contributed to the American Revolution.

Building and Defending the
Republic (1783-1830)

The British formally recognized United States inde-
pendence in the Treaty of Paris in 1783. America
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Figure 1.1 A sheer hulk stepping a mainmast. (Courtesy of Mr. Jack Coggins and Stackpole Books.)

then controlled her own forests. The social and eco-
nomic problems of the new nation were exacer-
bated by the old belief that American forests were
inexhaustible. The most significant change in the
forest policy process that occurred at this time was
establishing the fird American government. The
new government was based on the Articles of Con-
federation, a document designed to preserve the
states as free and independent sovereignties while
granting Congress limited authority. Thus, the Arti-
cles denied Congress the authority to levy taxes and
to regulate commerce.

The Articles of Confederation required unanimous
consent of al thirteen states. Sx states were reluc-
tant to sign because they did not have clams to large
tracts of unsettled western lands. States with such
lands had an advantage because land could be sold
to defray Revolutionary War debts. Maryland, with-
out western land, refused to sign the Articles of Con-
federation unless other states abandoned their
claims. Maryland held out until March 1781, when
New York surrendered its western land claims to
the federal government and Virginia appeared ready
to do so. Thus, ratification of the confederation also
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marked the beginning of the public domain. (The
public domain included al lands that were at any
time owned by the United States government and
subject to sale or transfer of ownership under the
laws of the federal government.) Congress pledged
to dispose of the public domain for the "common
benefit," partly to create new states and partly to
make good on its promise to grant land to Revo-
lutionary War veterans. Since Congress could not
levy taxes, it used the public domain as a revenue
source to discharge national debt and run the
government.

Although Congress was weak under the Articles
of Confederation, it managed to pass two laws that
affect the landscape to this day. The firg is the Land
Ordinance of 1785. It provided that the Old North-
west, a territory lying between the Ohio and Mis-
sissippi rivers and the Great Lakes southern shores,
should be sold to help defray national debt. The
land was surveyed before sale using the now-famil-
iar rectangular grid system of townships and sec-
tions. Only the thirteen original states and later
Texas, whose admission to the union was contin-
gent on state ownership of public lands, were not
subjected to this survey system. The Northwest
Ordinance of 1787 further provided that when a ter-
ritory could claim 60,000 residents, it could be
admitted as a state. This scheme worked so well
that it was carried over to other areas of the pub-
lic domain.

One problem facing the new Congress was the
need for a strong navy. Congress authorized con-
struction of six frigates in 1794, established a
Department of the Navy in 1798 (6), and appro-
priated $200,000 to purchase timber and lands
growing timber suitable for naval construction.
Thus, Congress bought two islands supporting live
oak off the Georgia coast. At the outbreak of the
War of 1812, the United States ill had only six-
teen ships in its entire navy against the 800 men-
of-war in the British navy. By war's end, the United
States had only two or three ships left (7). Congress
reacted in 1817 by authorizing the Secretary of the
Navy to reserve from sale, with presidential
approval, public-domain lands that supported live
oak and red cedar to rebuild the navy. An 1828 act
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appropriated an additional $10,000 for land pur-
chases. These timber reserves received no more
public support than had the earlier British Broad
Arrow policy. Looting, or timber trespass, was com-
mon. In 1821, the General Land Office commis-
sioner instructed his agents to stop illegal cutting
on the reserves (6), but officials responsible were
political appointees with little interest in confronting
timber thieves. Therefore, in 1822, Congress
authorized use of the army and navy to prevent tim-
ber depredations in Florida, but there was little
improvement.

Important Features of the Period 1783-1830
Forest policies adopted between 1783 and 1830 pro-
duced mixed results. First, revenues derived from
public land sales did not reach expected amounts.
The Land Ordinance of 1785 provided that lands
should be sold in blocks of at least 640 acres (259
hectares) to the highest bidder at not less than $1
per acre. Unfortunately, land could be purchased
elsewhere at lower prices, and the $640 required
as a minimum purchase price proved too high for
most people. As a result, people in need of land
"squatted” on the public domain in increasing num-
bers, and efforts to remove them met with little suc-
cess. Naval timber reserve policies faced similar
results because forests were regarded as inex-
haustible. In addition, the public domain was
expanding as the nation added to its land holdings
through the Louisiana Purchase and like transac-
tions, and interest in forest reserves gradually
declined. However, the policy of reserving forest-
lands as a source of timber set an important pol-
icy precedent. Congress's right to control public
lands use in the national interest was firmly
established.

The Erosion of a Myth (1830-1891)

In 1830, Andrew Jackson was elected U.S. Presi-
dent with the support of common people. Many
in the upper classes sneered at this "New Democ-
racy,” referring to "coonskin congressmen" and
enfranchised "bipeds of the forest" (7). Neverthe-
less, politicians who could boast of birth in a log
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cabin had area advantage in an election. The sturdy
pioneer and forest settler were clearly in command.
By the 1867 Alaska purchase, the public domain had
grown by more than one hillion acres (405 million
hectares) and there was a need to fill these lands
with settlers to protect them and make them pro-
ductive. During this period more than any other, the
nation's policy was to transfer land into private own-
ership and rely on market forces as a primary means
for allocating natural resources.

Exploitation of the Forests With seemingly inex-
haustible forests, and a government dominated by
western settlement and economic expansion inter-
ests, rapid resource exploitation was inevitable.
Pressure on timberlands increased as wood was
used to build on the treeless Great Plains, to con-
struct railroads, to fight the Civil War and repair
what it destroyed, and to rebuild four square miles
(10.4 square kilometers) of Chicago burned in the
Great Fire of 1871. Settlers occupying lands on the
Great Plains had to import timber. Tree planting was
thought to be a reasonable solution that might also
increase rainfall. In 1866, General Land Office
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Commissioner Joseph S. Wilson recommended that
homesteaders be required to plant trees in areas
lacking timber (6). Therefore, Congress enacted the
Timber Culture Act in 1873- Under the law, settlers
received 160 acres (65 hectares) of public land by
planting 40 acres (16 hectares) with trees and main-
taining them for a given period.

With the exception of railroad land grants, most
policies enacted during this period focused on agri-
cultural development. However, by 1878 it was clear
that large areas of public domain were more suited
to timber than agriculture and that no provision
existed for timber or timberland acquisition by the
public. Congress offered a remedy in 1878: the Free
Timber Act and the Timber and Stone Act. The Free
Timber Act stipulated that residents of nine west-
ern states could cut timber for building, mining, and
other purposes without charge to aid in farms and
mineral claims development (Figure 1.2). While this
act was well intentioned and undoubtedly provided
substantial aid to deserving settlers, it was widely
abused, as enforcement was nearly impossible. The
Timber and Stone Act provided that unoccupied,
surveyed land principally valuable for timber or

Figure 1.2 Native Americans used wood under provisions of the Free Timber Act, Black Hills Nationd
Foregt, South Dakota, in 1931. (Courtesy of U.SD.A. Forest Service)
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stone, but not agriculture, could be purchased in
160 acre (65 hectare) tracts for $2.50 per acre in
Washington, Oregon, California, and Nevada. The
purchaser had to swear that the land was for per-
sonal use and not for speculation.

Throughout this period, two major forest policy
problems existed. First, speculation and fraud in
public land sales and transfers were rampant. Spec-
ulators and lumber executives accumulated large
timberland holdings and abused public domain dis-
posal policies. Most laws were designed to encour-
age small owner-operator farms, but there was little
control over what the landowner did &fter purchase.
For example, military land bounties granted to sol-
diers for their service and to encourage enlistment
were sold to land speculators and large companies.
The sales became so common that bounty warrants
were quoted on the New York Stock Exchange (6).
Second, some timber operators made no pretense
of purchasing timberlands but simply set up lum-
ber mills on the public domain and cut trees. In
other cases, they purchased 40-acre (16 hectare)
plots and proceeded to cut timber on surrounding
public lots. These were known as "round forties"
or "rubber forties' because of the flexibility of the
boundaries.

The end of timber stealing began in 1877 with
the appointment of Secretary of the Interior Carl
Schurz. He immigrated from Germany where scarce
forest resources were carefully husbanded. Schurz
advocated a similar approach in the United States.
He took exception to the popular belief of inex-
haustible timber resources. In his firs annual report,
Schurz predicted that the timber supply would not
meet national needs in 20 years (8). Schurz vigor-
ously enforced laws against timber theft (6). He
based his authority on the March 1831 Timber Tres-
pass Law, which imposed fines and imprisonment
on those who cut timber from public lands with-
out authorization. In 1850, the U.S. Supreme Court
upheld the act and extended it to include any tres-
pass on public lands.

Conservation and Preservation of the Forests
Rapid disposal and exploitation of the public
domain characterized the period from 1830 to 1891.

Forest Policy Development in the United States

However, the myth that timber and other resources
were inexhaustible gradually eroded, while a con-
cern for conservation and preservation grew. As
early as 1801, publications by Andre Michaux and
his son, after their travels through U.S. forests, noted
"an alarming destruction of the trees" and warned
that increasing population would make timber
scarce (6). By 1849, the commissioner of patents
was also warning of timber shortages (6). In 1864,
George Perkins Marsh published his famous book
Man and Nature, pointing out undesirable conse-
guences of forest destruction. Beginning about
1866, annual reports from the Secretary of the Inte-
rior and the commissioner of the General Land
Office regularly included an expression of concern
about the exhaustion of forest resources.

In 1867, this concern translated into state action
when legislatures in both Michigan and Wisconsin
appointed committees to investigate potential
long-term consequences of deforestation. More
dramatic action was taken in 1885 by New York
when it created a "forest preserve" on state-owned
lands in the Adirondack and Catskill mountains. In
1894, the new state constitution of New York for-
bade timber cutting on the preserve. In addition,
in 1885, California established a State Board of
Forestry and granted it police powers two years
later.

Federal action aimed at forest conservation began
about the same time. In 1874, an American Asso-
ciation for the Advancement of Science (AAAS)
committee prevailed on President Ulysses S. Grant
to ask Congress to create a commission of forestry
(6). Congress attached an amendment to the Sundry
Civil Appropriations Bill of 1876, providing $2000
to hire someone to study U.S. forest problems. This
act established such a position in the Department
of Agriculture and henceforth federal forest man-
agement would be primarily performed by this
department. Franklin B. Hough, who had chaired
the AAAS committee, was appointed to the job. He
published three monumental reports containing
most of what was known about forestry in the
United States at that time. Later, he became chief
of the Division of Forestry, which was subsequently
given statutory permanence in the Department of
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Agriculture on June 30, 1886. This division was the
precursor of what is now the U.SD.A. Forest Ser-
vice. Also in 1886, Bernard E. Fernow, who had
studied forestry in western Prussia, succeeded
Hough as chief of the division.

The preservation movement had a profound
effect on forest policy. In 1832, George Catlin, a
painter and explorer of the American Wes, called
for establishment of "a nation's park" in the Great
Plains "containing man and beast, in al the wild
and freshness of their nature's beauty!" (9). Catlin's
plea for preservation was echoed by Henry David
Thoreau in 1858 when he asked, in an article in
the Atlantic Monthly, "why should not we . . . have
our national preserves . . . for inspiration and our
true re-creation?' (10). Other well-known preser-
vationists such as Frederick Law Olmsted and John
Muir followed Catlin and Thoreau. Together they
helped to found our present system of national
parks and monuments, beginning with Y ellowstone
National Park, which was set aside in 1872 "as a
public park or pleasuring-ground for the benefit and
enjoyment of the people." Yosemite Valey and the
Mariposa Big Tree Grove were set aside in 1864
for public recreation, to be managed by the state
of California. They became part of Yosemite
National Park in 1890. Sequoia and General Grant
(now Kings Canyon) became national parks that
same year.

I mportant Features of the Period 1830-1891 The
period from 1830 to 1891 saw three separate move-
ments. One, an exploitive movement, was to dis-
pose of the public domain and cut forests
extensively. At the same time—and partly in
response—two other movements encouraged sci-
entific resource management and natural scenery
preservation. One major success stands out. About
one bhillion acres (405 million hectares), nearly the
same amount of land as entered the public domain
during this period, were sold to private owners (6).
However, much land did not end up with small
farmers but added to large corporate holdings.
Another major success was the encouragement of
western expansion and settlement, but the bene-
fits were mixed with problems. A quarter-section
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of land, which would have been an adequate size
for a farm in the East where water was plentiful,
was completely inadequate for sustaining a farmer
in the arid West, and therefore many farms in the
West were abandoned. Finaly, prodigious amounts
of timber products were produced, but subsequent
generations inherited a legacy of cutover and dete-
riorated forestland. Nevertheless, this period ended
with a rapidly growing and prosperous nation that
had already taken major steps toward improving
the use of its forests.

Crystallizing a Philosophy
(1891-1911)

The circumstances affecting U.S. forest policy
between 1891 and 1911 were different from those
of any previous period. The shift from rural to urban
life was accelerating. In 1790, only 2.8 percent of the
population lived in cities with 10,000 or more
people; by 1900, 31.8 percent did (7). An urban pop-
ulation often perceives natural resources differently
than a rural population, whose livelihood is directly
and visbly land-dependent. Thus, the conflict
between the strong desire for preservation of Eadt-
ern seaboard urban residents, and the expansionist
views of Western rural residents became marked.
This was the first period without a geographic
frontier. In 1890, the superintendent of the census
in Washington announced that a frontier line no
longer existed (3). All of the United States and its
territories contained settlements. The myth of inex-
haustible resources had been eroding for decades.
However, the loss of the frontier and the presence
of large tracts of cutover land in the once heavily
forested East made it obvious that something had
to be done to conserve forests and other resources.
People saw a "timber famine" as a real possibility.
Three societal goals emerged that strongly affected
forest policy: defend the rights of the people, main-
tain a continuous supply of timber, and prevent
waste in natural resource use, particularly timber.

Creation of Forest Reserves Perhaps the most
important forest policy enacted in the United States
was the General Revision Act of 1891. Provisions
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Sidebar 1.2

TheLegacy of GeorgePerkinsMarsh

Born in Woodstock, Vermont, in 1801, Marsh
grew up on Americas frontier. As the fifth of
eight children of the local district attorney, Marsh
read intensively and ran free in the great out-
doors. Graduating at the top of his Dartmouth
class, Marsh taught Greek and Latin for a time
at a military academy. He became a lawyer, a
politician, and eventually was appointed as
ambassador to Italy by President Abraham Lin-
coln (1). His most famous work, Man and
Nature, or Physical Geography Modified by
Human Action (1) was written during his tenure
in Italy and published in 1864.

Marsh's claim that man was modifying nature
was not remarkable at the time. Forests were
being removed for agriculture, canals were being
constructed, and a spreading population erected
new towns. However, his notion that man
should consider his impact on the natural envi-
ronment, in part because a changed natural envi-
ronment would have an impact on man, was
amost radical. Marsh's thoughts anticipate by
more than a century the now widely accepted
idea of an integrated ecosystem:

.. thetrout feedson thelarvae of the May fly,
which isitself very destructive to the spawn
of salmon, and hence, by a sort of house-that-
Jack-built, the destruction of the mosquito,
that feeds the trout that preys on the May
fly that destroys the eggs that hatch the
salmon that pampersthe epicure, may occa-

sion a scarcity of this latter fish in waters
wherehewould otherwise be abundant. Thus
all nature is linked together by invisible
bonds, and every organic creature, however
low, however feeble, however dependent, is
necessary to the well-being of some other
among the myriad forms of life with which
the Creator has peopled the earth (1, p. 96).

One of the main messages in Man and
Nature is that man ought to consider fully the
impacts of his actions, not that nature should not
be modified.

Marsh's ideas were taken up by many who
read hisworks. As science progressed, the com-
plexity of natural ecosystems became more
apparent. Writers such as Rachel Carson, who
published Slent Spring in 1962 (2), pointed out
that agricultural pesticides were killing eagles
through their food chain, as well as the intended
crop bug targets. The Environmental Impact
Statement, required by NEPA, is modern soci-
ety's attempt to do what Marsh suggested: act,
but act with maximum possible knowledge of
consequences.

Sources:

1 G. P. MARH, Man and Nature, The Belknap Press
of Harvard Universty Press, Cambridge, Mass, 1967
(originally published 1864).

2. R car0N, Slent Spring, Houghton Mifflin, Boston,
1962.

included repeal of the Timber Culture Act of 1878
and Preemption Act of 1841, as well as imposition
of restrictions on the 1862 Homestead Act to dis-
courage speculation and fraud. What made this act
so important to forestry was Section 24. It provided
that "the President of the United States may, from

time to time, set apart and reserve any part of the
public lands wholly or in part covered with timber
or undergrowth, whether of commercial value or
not." The authority granted to the president by Sec-
tion 24 (also known as the Forest Reserve Act) to
set aside forest reserves from the public domain
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served as the basis for the U.S. national forest sys-
tem. Less than a month later, President Benjamin
Harrison established Y ellowstone Park Forest Reser-
vation. Over two years, he proclaimed an additional
fourteen forest reserves, bringing the total to over
13 million acres (5.3 million hectares). A storm of
protests from western interests followed, in part
because the Forest Reserve Act did not include a
provision for using the reserves. Consequently, the
westerners' argument that forest reserves were
"locked up" and could not be used was correct. Log-
ging, mining, and other activities were illegal on the
reserves. However, there was little law enforcement,
so timber theft proceeded unobstructed.

A few months before passage of the Forest
Reserve Act, Gifford Pinchot, who became the most
famous person in American forestry history,
returned from Europe where he had been study-
ing forestry under Dr. Dietrich Brandis in France.
Pinchot's motto, from the beginning of his career
until the end, was "forestry is tree farming” (11).
He did not believe in preserving forests but in using
them "wisely."

Pinchot emerged on the national forest policy
scene when he joined a National Academy of Sci-
ences forest commission formed at the request of
Secretary of the Interior Hoke Smith. The com-
mission studied the forest reserves and their
administration and made legislative recommen-
dations that would break the Congressional dead-
lock over forest reserve management. The
commission submitted a list of proposed forest
reserves to President Grover Cleveland without a
plan for their management. Pinchot argued, with-
out success, that a plan should accompany the list
so that western congressional representatives
would know that the commission wanted to use
the forests and not simply lock them up. Presi-
dent Cleveland had only ten days left in office,
so he was forced to act on the commission's rec-
ommendation. On February 22, 1897, he set aside
an additional 21.3 million acres (8.6 million
hectares) of forest reserves.

Once again, a storm of criticism arose in Con-
gress and legislation was introduced to nullify Pres-
ident Cleveland's actions. In June 1897, Congress
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passed the Sundry Civil Appropriations Act with an
amendment (known as the Organic Administration
Act). Senator Richard Pettigrew of South Dakota
introduced the amendment. It provided that "no
public forest reservation shall be established
except to improve and protect the forest ... for
the purpose of securing favorable conditions of
water flows, and to furnish a continuous supply of
timber." The act excluded lands principally valu-
able for mining and agriculture and authorized the
Secretary of the Interior to make rules for the
reserves "to regulate their occupancy and use, and
to preserve the forests thereon from destruction.”
This language dated from 1893 when Representa-
tive Thomas C. McRae introduced the firs of many
bills for forest reserve management. Early opposi-
tion came from western senators whose constituents
were accustomed to obtaining timber from public
lands without paying a fee. When a compromise
was reached to handle western criticism, eastern
senators continued to block passage of the hill
because they feared that opening up the reserves
would lead to more abuses. President Cleveland's
bold action in setting aside reserves served as the
catalyst to overcome the impasse. Enough votes
were obtained to pass the Organic Administration
Act because even some eastern senators thought
the new reserves created a hardship for people in
the West.

The General Land Office administered the for-
est reserves, an agency that Pinchot said was gov-
erned by "paper work, politics, and patronage” (11).
Reform seemed impossible, so when Pinchot
became head of the Division of Forestry in July
1898, he immediately set out to gain control of the
reserves. His good friend Theodore Roosevelt, who
became president in September 1901, after Presi-
dent William McKinley's assassination, aided Pin-
chot. Roosevelt and Pinchot were both master
politicians—persuasive, dedicated, and equipped
with boundless energy (Figure 1.3). The same ideas
about the meaning of conservation, epitomized by
such words and phrases as efficiency, wise use, for
the public good, and the lasting good of men, drove
them. To Roosevelt and Pinchot, conservation was
the "antithesis of monopoly" and, though wealthy
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Figure 1.3 Chief forester Gifford Pinchot (right)
with President Theodore Roosevet on the riverboat
Mississippi in 1907. (Courtesy of USD.A. Forest
Sarvice)

themselves, they both abhorred "concentrated
wealth," which they viewed as "freedom to use and
abuse the common man" (11). With President
Roosevelt's help, Pinchot accomplished his goal to
gain custody of the forest reserves. The Transfer Act
of 1905 moved their administration from the Depart-
ment of the Interior to the Department of Agricul-
ture. One month later, Pinchot's agency became the
Forest Service. In 1907, forest reserves were
renamed national forests.

Management of forest reserves changed dramat-
ically under the new regime. On the day the Trans-
fer Act was signed, Secretary of Agriculture James
Wilson sent a letter to Pinchot outlining the gen-
era policies to follow in managing the reserves. Pin-
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chot wrote the letter (6). In keeping with the phi-
losophy of the time, the letter required that the
reserves be used "for the permanent good of the
whole and not for the temporary benefit of indi-
viduals or companies." It also stipulated that "al the
resources of the reserves are for use" and "where
conflicting interests must be reconciled the ques-
tion will always be decided from the standpoint of
the greatest good of the greatest number in the long
run" (6). These lofty, although somewhat ambigu-
ous, goals dill guide Forest Service administration.

Many landmark policies affecting U.S. forests
were enacted during this period. The Forest
Reserve Act's precedent was copied in the Amer-
ican Antiquities Act of 1906, which authorized the
president "to declare by proclamation . . . objects
of historic or scientific interest" on the public lands
"to be national monuments." The lands had pro-
tection against commercial utilization and were
open for scientific, educational, and recreation pur-
poses. President Roosevelt used the act to set aside
eighteen national monuments, including what later
became Grand Canyon, Lassen Volcanic, and
Olympic National Parks. Roosevelt also enlarged
the forest reserves more than any other president
did. When he came to office, there were 41
reserves totaling 46.5 million acres (18.8 million
hectares) and by 1907, he had increased the
reserves (now called national forests) to 159 and
their total area to 150.7 million acres (61 million
hectares) (12). Roosevelt's zealous expansion
moved Congress, in March 1907, to revoke his
authority to establish reserves in six western states.
Roosevelt Ieft the act unsigned until after he had
reserved an additional 16 million acres (6.5 mil-
lion hectares) of forestland (12).

The end of this period is marked by a contro-
versy between Pinchot and Secretary of the Inte-
rior Richard A. Ballinger that led President William
Howard Taft to fire Pinchot as chief of the Forest
Service in January 1910. Actualy, Pinchot had
decided several months earlier to "make the boss
fire him" (12). Taft's policies upset Pinchot,
because, in his view, they did not carry on the tra-
ditions of President Roosevelt and the philosophy
of conservation.
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Sidebar 1.3

TheFather of American Forestry

You may describe a Forester from the stand-
point of his specialized education and his
application of technical knowledge to the
protection and management of the forest,
but you can not stop there. There is another
concept that is equally important. Every
Forester is a public servant, no matter by
whom employed. It makes no difference
whether a Forester is engaged in private
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The fether of American Forestry.

work or in public work, whether he is work-
ing for a lumber company, an association of
lumbermen, a group of small forest owners,
the proprietor of a great estate, or whether
he is a forest officer of State or Nation. By
virtue of his profession a Forester is always
and everywhere a public servant (1, p. 27).

continues
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Sidebar 1.3 (continued)

Gifford Pinchot firmly believed that the
forester owed his allegiance to the forest, to
the land, and to the profession of forestry. Pin-
chot is known as the Father of American
Forestry because he gave so much to the estab-
lishment of professional forestry in the United
States. Long respected and practiced in France
and Germany, where Pinchot went to study,
the forestry profession made its debut in the
United States about 100 years ago. When he
took over the country's national forestsin 1905,
Pinchot established the Forest Service as a
highly trained group of professional forest
managers. On the occasion of the 1905 Trans-
fer Act, he set forth, in the famous Pinchot let-
ter, the decentralized management philosophy
by which the Forest Service operated for most
of the twentieth century.

Pinchot was a founding member of the Soci-
ety of American Foresters (SAF). Founded in
November 1900 in Pinchot's office, membership
was limited to trained foresters. Enthusiasts such
as President Roosevelt were relegated to asso-
ciate member status (2). Today, the SAF remains
the premier professional forestry organization.

Pinchot was instrumental in establishing the
nation's firs forestry school at Yae University
and taught there after he left government. He
wrote much, including textbooks like The Train-
ing of a Forester from which the previous quote
is taken. This text outlines in detail all the dis-
ciplines that a forester must study in addition to
silviculture, such as soil science, economics and
zoology, to properly manage forest complexi-
ties. Firgt published in 1914, the book discusses
what a forester does on the job, how, and why.

Much of what modern forestry professionals
learn and practice today has roots in European
traditions brought to this country by Gifford Pin-
chot. His life of dedication to the profession, and
the courage and foresight he displayed, truly
make him worthy of the title Father of Ameri-
can Forestry.

Sources:

1. G. ANcHoT, The Training of a Forester, J. B. Lip-
pincott Company, New York, 1937 (originaly pub-
lished 1914).

2. T. M. BONNIKS=N, Politics and the Life Sciences, 15,
23-34 (1996).

I mportant Features of the Period 1891-1911  The
period from 1891 to 1911 was one of the most col-
orful and active in American forest policy history.
Specific goals guided forest policy throughout the
period. Nevertheless, eliminating waste and bring-
ing the management of national forests up to the
standard hoped for by Pinchot and Roosevelt con-
stituted too great a task given meager funding and
little time. Creation of the Forest Service, estab-
lishment of a national forest system, and crystal-
lization of a utilitarian conservation philosophy to
guide their management represented the greatest
forest policy accomplishments.

Organization, Action, and Conflict
(1911-1952)

The United States faced enormous difficulties and
hardships from 1911 to 1952. The world went to
war twice, taking a frightening toll in human lives
and property, and underwent the agonies of the
Great Depression. In the United States, disastrous
floods regularly ripped through settled valleys. At
the same time, drought cycles and improper farm-
ing practices on the Great Plains drove farmers df
the land as the soil and their livelihoods blew away
during the Dust Bowl era. Intolerable working
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conditions and low wages also drove urban labor-
ers to protest in the streets.

These were difficult years, but also relatively
simple years, in that forest problems were clearly
understood by most people and goals, though
always controversial, were also clear. These goals
included: 1) keeping watersheds of navigable
streams and rivers covered with vegetation to
reduce flooding and sedimentation, 2) keeping suf-
ficient wood flowing out of forests to meet the
nation's requirements for building its industries and
successfully ending its wars, 3) protecting the
nation's forests from overexploitation and losses
from insects, diseases, and fire, and 4) using for-
est resource production from public lands to
reduce unemployment during the Great Depres-
sion and to stabilize the economies of communi-
ties dependent on local forests. In addition, a small
but influential segment of society inspired the pub-
lic to preserve tangible parts of the United States
cultura and natural heritage.

Conservation versus Preservation By 1910, the
conservation philosophy of Catlin, Thoreau, and
Muir was gaining ground as private organizations
formed to represent this view. These "aesthetic
conservationists,” or preservationists, differed sig-
nificantly from "Pinchot" or "utilitarian conserva-
tionists." Preservationists concentrated their efforts
on protecting natural beauty and scenic attractions
from the lumberjack's axe and miner's pick by plac-
ing them within national parks. Utilitarian conser-
vationists philosophy was rooted in the idea that
resources must be "used." They referred to preser-
vationists as "misinformed nature lovers' (12). This
difference of opinion finally led preservationists to
break away from the organized conservation move-
ment because it was dominated by utilitarian phi-
losophy. When conservationists and preservationists
ceased to be alies, conflict over public lands dis-
position and management was inevitable. This con-
flict has grown in intensity. By the 1960s and 1970s,
it dominated American forest policy.

In the early 1900s, conflict between preserva-
tionists and conservationists centered on partition-
ing public lands. At first, preservationists focused
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on creating a separate agency to manage national
parks. Pinchot countered by trying to consolidate
national parks with national forests. Although
preservationists succeeded in gaining support from
Teft and Ballinger, Pinchot argued that such an
agency was "no more needed than two tails to a
cat" (12). He carried enough influence in Congress
to block the proposal. However, Secretary of the
Interior Franklin K. Lane rescued the preserva-
tionists by placing al national parks and monu-
ments under the jurisdiction of an assistant to the
secretary. He filled the post with Steven T. Mather,
a wealthy preservationist who helped usher the
National Park Act of 1916 through Congress and
was named first director of the National Park Ser-
vice. Preservationists thus obtained an administra-
tive home in the Department of the Interior and a
champion to expand and protect the national park
system.

Pinchot was no longer chief of the Forest Ser-
vice, but his successors, Henry S. Graves
(1910-1920) and William B. Greeley (1920-1928),
were utilitarian conservationists. Furthermore, Pin-
chot continued to be influential with Congress,
both as an individual and through the National
Conservation Association. Thus, the adversaries
were firmly entrenched in two separate agencies
within two separate federal departments, each with
its own constituency. Their first contest centered
on the fact that the national forests contained most
of the public land suitable for national parks, and
the National Park Service was anxious to take these
lands away from the Forest Service. The Forest Ser-
vice was not hostile toward national parks, but as
Chief Forester Graves said, "the parks should com-
prise only areas which are not forested or areas
covered only with protective forest which would
not ordinarily be cut" (8). The problem was philo-
sophical as well as territorial. The Forest Service
did not want to give up land it was already man-
aging and therefore countered Park Service
advances by vigorously resisting withdrawal of
national forestland for park purposes. The Forest
Service also continued its efforts to develop a
recreation program that it hoped would make new
national parks unnecessary.
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Forest Recreation The Forest Service recreation
program represented a response to a technologi-
cal innovation—the automobile—and expansion of
roads pleasure-seekers used to gain access to
national forests. In 1907, there were about 4,971
miles (8,000 kilometers) of roads in al national
forests. The need for roads increased with auto-
mobile use, and between 1916 and 1991 over $33
million was spent on roads in and near national
forests (10). These roads brought in so many recre-
ationists that rangers, concerned about fire hazards
and other conflicts with commodity uses, sought
to discourage them by concealing entrances to new
trails and leaving roads unposted (10). The tide of
recreationists could not be turned, however, and
the Forest Service reluctantly began providing for
their needs.

One of the celebrated accomplishments in
national forest recreation was establishment of the
nation's firs designated wilderness area. In 1918,
a road was proposed that would cut through the
Gila River watershed in New Mexico. Aldo
Leopold, an assistant district forester for the Forest
Service, protested against the road, claiming, "the
Gila is the last typical wilderness in the south-
western mountains® (10). He then proposed des-
ignating the watershed as a "wilderness" without
roads or recreational developments. No action was
taken on his proposal. Then, in 1921, when an
appropriation of $13.9 million for developing for-
est roads and highways passed Congress, he pub-
licly expressed his proposal for wilderness
protection. He defined wilderness as "a continuous
stretch of country preserved in its natural state, open
to lawful hunting and fishing, big enough to absorb
a two weeks pack trip, and kept devoid of roads,
artificial trails, cottages or the works of man" (10).
This definition has remained relatively unchanged
until the present. It took nearly three years for
Leopold to convince the district forester of New
Mexico and Arizona to approve the Gila Wilder-
ness plan. While this was a local decision, criticism
of the Forest Service by preservationists mounted
and the Park Service increased its acquisition of
national forests, leading Forest Service Chief Gree-
ley to establish a national wilderness system in 1926.
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The Forest Service was dill a popular and
aggressive agency even though it spent part of its
time defending against incursions from the Park
Service. The momentum of the Roosevelt-Pinchot
era had slowed somewhat, but the Forest Service
maintained a strong sense of mission. It advanced
on four fronts: expanding national forests in the
East, promoting forest research, developing the
national forests, and regulating forest practices on
private land.

Preservationists lobbied to add lands to the
national forest system in the East. As early as 1901,
the Appalachian National Park Association joined
with other private organizations to petition Congress
to preserve southern Appalachian forests. However,
most public lands in the East had already passed
into private ownership, so additional national forests
would have to be purchased. Congress authorized
studies but no purchases. A few years later, the
Society for the Protection of New Hampshire Forests
joined forces with the Appalachian group, and
together they succeeded in securing passage of the
Weeks Act of 1911 (11). The Weeks Act specified
that the federal government could purchase lands
on the headwaters of navigable streams and appro-
priated funds. This restrictive language reflected a
congressional view that the government had the
power to buy land for national forests only if the
purchase would aid navigation. Naturally, advocates
of eastern reserves, including Pinchot, shifted their
arguments from an emphasis on forests themselves
to the role of forests in preventing floods and reduc-
ing sedimentation. These arguments worked and,
influenced by the great Mississippi flood of 1927,
Congress accelerated acquisition of forestland when
it passed the Woodruff-McNary Act of 1928 (13).
By 1961, over 20 million acres (8.1 million hectares)
of forestland, mostly in the East, had been pur-
chased (8).

Forestry Research The second major task of the
Forest Service was expanding efforts in forest
research. Documenting relationships between
forests and streamflow accelerated forest research
activity. However, reforesting cutover lands, increas-
ing yields, and reducing waste through greater
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utilization of trees were also important research
goals. Raphael Zon deserves much credit for the For-
est Service research organization. He emphasized
applied research, stating that "science . . . must serve
mankind" (13). In 1908, he presented a plan to Pin-
chot to establish forest experiment stations on key
national forests. Pinchot, recalling his response, said
that "1 had seen forest experiment stations abroad
and | knew their value. The plan, therefore, was
approved at once" (11). When Pinchot left office in
1910, he had established two forest experiment sta-
tions and authorized the construction of the Forest
Products Laboratory in Madison, Wisconsin.
Congress was tightfisted with research funding
over the next fifteen years. A big boost came in
1925, when enough funds were appropriated to add
SiX new experiment stations. Yet funding was hap-
hazard, severely limiting research activities. With
Greeley's enthusiastic support, the Forest Service
obtained assistance from private groups to lobby
Congress for long-term research funding. Their
efforts paid off in 1928 with passage of the
McSweeney-McNary Act. This act raised research
to the same importance as other Forest Service func-
tions such as timber and grazing. Furthermore, the
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act increased appropriations for forest research and
authorized a periodic nationwide survey of timber
resources in the United States.

Civilian Conservation Corps Development of
national forests received increased attention when
President Franklin D. Roosevelt established the
Civilian Conservation Corps (CCC) by executive
order on April 5, 1933, as part of his New Deal. In
a March 21, 1933, document asking Congress for
its support, Roosevelt detailed his goals as not only
"unemployment relief during the Great Depression
but also advanced work in "forestry, the preven-
tion of soil erosion, flood control, and similar proj-
ects." He thought of the CCC as an investment
"creating future national wealth” (9). Between 1933
and 1942, when the CCC started to disband because
of World War Il, over two million people worked
in the program with as many as a half million
enrolled at one time (Figure 14). The Forest Ser-
vice received nearly half the projects, but the Park
Service and other federal agencies also received
substantial aid from the program (8). Although
some people criticized the CCC for hiring enrollees
from lists of Democrats (8), its accomplishments

Figure 1.4 Civilian Conservation Corps camp in the territory of Alaska. (Courtesy of U.SD.A. Forest Service)
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outweighed its problems. Y oung people built trails,
thinned forests, fought fires, planted trees, and con-
structed campgrounds and other facilities. Their
efforts substantially advanced the development of
the national forests.

Regulation and Control of the Forests The most
controversial action by the Forest Service during
the period was its attempt to regulate private for-
est management. The agency had played an advi-
sory role in private timber management until
passage of the Transfer Act of 1905, when much
of its attention shifted to managing the newly
acquired national forests. Cooperation with private
owners was generally accepted as beneficial to all
concerned at the time. However, Pinchot later
recalled that he had been "misled" into thinking
that timber owners were interested in "practicing
forestry” (11).

Regulation created a split in professional forester
ranks. A Pinchot-led faction favored federa control,
and Forest Service chiefs Graves and Greeley led
the state control fight. Pinchot argued that "forest
devastation will not be stopped through persuasion”
but by "compulsory nation-wide legislation” (6). Pin-
chot believed that the lumber industry could con-
trol state legislatures. In his view, only the federal
government had the power to enforce regulations.
The Forest Service argued that federal regulation was
unconstitutional and the federal role should focus
on cooperation rather than direct intervention in pri-
vate forest management. The line was drawn and
Congress became the battlefield. Bills favored each
position, and both sides stood firm. Pinchot said it
was "a question of National control or no control
at dl" (8). The bills stalled. Greeley then proposed
a compromise measure that dropped regulation
entirely and emphasized fire control. After al, he
contended, timber cutting was "inggnificant" in com-
parison to wildfires as a cause of deforestation (8).
Pinchot agreed (8), and Congress passed the
Clarke-McNary Act of 1924.

Although the Weeks Act previously authorized
state and federa cooperation in fire control,
Clarke-McNary expanded cooperation into other
areas. It enabled the Secretary of Agriculture to assist
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states in growing and distributing planting stock and
in providing aid to private owners in forest man-
agement. These two acts stimulated the establish-
ment of state forestry organizations throughout the
country. The Clarke-McNary Act also expanded the
Weeks Act provisions for land purchases.
Clarke-McNary set a precedent by authorizing pur-
chase of land in the watersheds of navigable streams
for timber production as well as streamflow pro-
tection. Purchase of timberland, particularly after
it had been logged, was one approach to solving
the deforestation problem on which most parties
could agree. Overall, the Clarke-McNary Act is one
of the most important pieces of legislation in Amer-
ican forest policy.

World War Il increased the nation's timber
appetite. Great quantities of timber were harvested
from both public and private lands, and certain
important tree species were in short supply. For
example, loggers almost cut in Olympic Nationa
Park because of the need for Sitka spruce to build
warplanes. Rapid cutting to satisfy wartime timber
requirements also intensified the public-regulation
controversy. Timber executives mounted a major
publicity campaign to thwart further federal regu-
lation. They were particularly concerned about
attaching conditions to cooperative funds allocated
under the Clarke-McNary Act.

Heightened pressure on forest resources
induced by war and by proposed federa regula-
tions motivated passage of forestry legislation at
the state level. For example, the continued threat
of federal control helped lumber interests decide
to support state laws as the least offensive alter-
native. By 1939, five states had enacted legislation
to curtail destructive cutting practices, but they
were ineffective. The Oregon Forest Conservation
Act of 1941 set a precedent for more effective state
action, aimed primarily at securing and protect-
ing tree reproduction, including several specific
and quantitative guidelines. Landowners had to
obtain an approved, alternative timber manage-
ment plan to deviate from practices specified in
the law. Likewise, the state forester could correct
problems on timberlands caused by violating the
law and charge the owners. Similar acts passed
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in Maryland (1943), Mississippi (1944), Washing-
ton (1945), California (1945), and Virginia (1948).
Other states, such as Massachusetts (1943), Vermont
(1945), New York (1946), and New Hampshire
(1949), relied on incentives and voluntary control
of cutting on private land (6).

At the federal level, Congress enacted two major
forest policies in 1944. Congress amended federal
income tax laws to allow timber owners to declare
net revenue from timber sales as capital gains
instead of as ordinary income. This law reduced
taxes and helped to encourage timber owners to
retain forestland in timber production. It also helped
to discourage them from abandoning land to avoid
paying delinquent taxes.

Congress also passed the Sustained Yield For-
est Management Act of 1944. Sustained yield, in a
general sense, means that an area is managed to
produce roughly equal annual or regular periodic,
yields of a resource such as timber. This concept
can be traced back centuries in Europe where tim-
ber resources were scarce, and predictable, steady
yields were essential. The U.S. frontier economy
made this approach politically difficult until war-
induced shortages helped to make the idea more
acceptable. However, the Sustained Yield Forest
Management Act focused on safeguarding forest-
dependent communities from local timber shortages
rather than national needs. The act authorized the
Secretaries of Interior and Agriculture to establish
sustained-yield units of either federal timberland or
a mixture of private and public timberland. Thus,
the secretaries could enter into long-term agree-
ments with private forest owners to pool their
resources with the government to supply timber to
local mills. Opposition from small companies and
labor unions prevented the establishment of more
than one cooperative sustained-yield unit. However,
the Forest Service did establish five federal sus-
tained-yield units on national forests (8).

In 1946, President Truman signed an executive
order to create the Bureau of Land Management
(BLM) (22). This order combined the lands in the
Department of the Interior held by the Grazing Ser-
vice and those ill held and managed by the Gen-
erd Land Office, which was established in 1812 to
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survey lands and manage the transfer of territory
to private hands. The BLM owns great tracts of tim-
berland in the western United States, most acquired
through default of original grantees of federal lands.

The rapid and destructive cutting practices asso-
ciated with the war left behind millions of acres
that were not producing timber. Equally troubling
was the fact that timber harvests exceeded forest
growth. The Forest Service laid blame squarely on
the shoulders of private timberland owners. The
debate became acrimonious and technical argu-
ments were set aside as the issue degenerated into
an emotional squabble. One timber industry rep-
resentative accused the Forest Service of leading the
country into "totalitarian government and ultimately
socialism,” and even called the Assistant Chief of
the Forest Service, Edward C. Crafts, a "dangerous
man" because Crefts felt the public had the right
to protect its interests in private land (8). Dwight
D. Eisenhower settled the debate when, during his
campaign, he said that he was against "federa dom-
ination of the people through federal domination
of their natural resources" (8). Eisenhower became
president in 1952. He appointed Governor Sherman
Adams of New Hampshire, a fomer lumberman, as
his presidential assistant. Adams stated earlier that
natural resources could be conserved and distrib-
uted "without succumbing either to dictatorship or
national socialism" (8). The Forest Service, sensing
that the election might bring a philosophical change,
moved to have Richard E. McArdle appointed chief,
in part because he was not identified with the reg-
ulation issue (14). The decision proved sound.
McArdle dropped the Forest Service regulation cam-
paign and retained his position through the change
of administrations.

Important Features of the Period 1911-1952  An
evaluation of forest policies between 1911 and 1952
shows the usual mixture of success and failure. The
goal of preventing forest resource overexploitation
conflicted with that of furnishing wood needed to
fight World Wars | and 1. Maintaining forest cover
in the headwaters of navigable streams was only
partially accomplished. The government could not
purchase al such watersheds, and purchased
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cutover lands were not always reforested. Tech-
nological constraints and shortages of money and
workers during much of the period made it diffi-
cult to protect forests adequately from insects, dis-
eases, and fire.

Nevertheless, the period produced at least four
major accomplishments, although none of them
represented a major societal goal when the period
began. Firg, the National Park System grew in size
to include the nation's most scenic areas and a new
agency was established to coordinate their man-
agement. Second, the Forest Service established a
wilderness system. Third, cooperative arrangements
in forest management developed among state,
federal, and private timberland owners. Findly, the
CCC converted the adversity of the Great Depres-
sion into a significant contribution to the develop-
ment of U.S. forests.

Adjusting to Complexity
(1952-present)

Although the forest policy problems of previous
periods were never simple, they still seem more
comprehensible then the problems faced by con-
temporary society. Since World War 11, the United
States has experienced unparalleled material afflu-
ence and technological advances. A burgeoning
population has heightened competition for essen-
tial natural resources. After World War 1l came a
rapid growth in timber demand, particularly for
housing construction, that resulted in a continua-
tion of destructive logging practices. Timber needs
were too great to be satisfied from private lands
alone, so heavy logging reached into the national
forests. At the same time, prosperity, supported by
rapid exploitation of natural resources, made it pos-
sible for people to spend more of their leisure time
in the nation's forests, leading to "mass recreation.”
The numbers of people visiting the nation's wild-
lands increased tremendously and the nature of
those visits changed to include more'cars and
developed recreational sites (22). Extractive use and
intensive recreational use, other than hunting, gen-
erally conflict with each other. Therefore, issues in
the 1950s and 1960s were broader than issues that
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divided preservationists and utilitarian conserva-
tionists in previous periods.

Global events such as the Cold War, the wars in
Korea and Vietnam, and the Watergate scandal
played an important role in the development of for-
est policy. The Government's lack of candor con-
cerning these events caused a large segment of
society to become suspicious of many public offi-
cials and, consequently, distrustful of those in
authority, including professional foresters. Public
demands for citizen participation in resource man-
agement decisions were largely a result of this lack
of trust. Professional foresters were unprepared for
this intense public scrutiny.

Mogt forest policy goals from 1911 through 1952
carried over into the current period. The end of For-
est Service efforts to impose federal regulation on
private forest management in 1952 was a mgjor turn-
ing point for the forestry profession. Foresters accus-
tomed to strong public support for the way they
managed forests now became defensive. They also
faced the challenges of reducing conflicts over
resource uses, and providing a growing nation with
more goods and services from a fixed land base.
Achieving these goals had become more difficult in
the political and economic complexity of the period
and the resulting uncertainty. In 1981, tax cuts and
recession created a $200 billion annual federa
deficit, followed by major budget reductions in fed-
era forestry programs (15). Then, in 1982, stumpage
prices fdl 60 percent because housing construction
declined sharply. Consequently, the timber indus-
try began selling timberland and cutting back on per-
sonnel and operations.

Multiple Uses of the Forests Recreational use of
national forests grew steadily during the pre-World
War 1l years, but never reached parity with tim-
ber production as an objective of forest manage-
ment. Recreation achieved formal recognition as
an objective in 1935 when the Division of Recre-
ation and Lands was created in the Forest Service.
However, much recreation spending was on camp-
grounds and other facilities to keep recreationists
confined and out of the way of commodity users.
Fire prevention was aso an important reason for
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concentrating people in campgrounds (16), partic-
ularly in southern California

Following WWII, a huge demand for forest prod-
ucts dominated the attention of professional
foresters, but they overlooked the equally enormous
growth in recreation. For example, recreation vis-
its to national forests climbed from fewer than 30
million in 1950 to about 233 million in 1982 (17,
18). The explosive increase in recreational use
revived the idea, prevalent in the 1930s, that the
Park Service should administer recreation. This
spuned competition between the National Park Ser-
vice and the Forest Service over authority to admin-
ister recreational use of public lands.

In 1956, the National Park Service received fund-
ing for its "Mission 66," a ten-year plan to expand
and upgrade recreational facilities in national parks.
The Forest Service, not to be left out, responded
with Operation Outdoors in 1957 to garner funds
for recreation on national forests, with a focus on
the more "primitive" recreation available in national
forests as opposed to the more developed oppor-
tunities found in national parks. Operation Out-
doors laid a critical foundation for the first Forest
Service effort to emphasize nontimber uses. On the
other hand, the BLM also tried for recreation dol-
lars with its Project 2012 (to celebrate the 200th
anniversary of the creation of the General Land
Office), but it was less successful.

While getting funding for Operation Outdoors,
Forest Service attempts to increase other recreation
funding met with limited success because of a lack
of statutory responsibility to provide recreational
facilities on national forests (16). The Forest Ser-
vice had to find a way to increase its recreational
budget and at the same time protect itself from
what it viewed as unacceptable demands from the
timber industry, the grazing industry, and the Park
Sarvice for exclusive use of certain national for-
est lands. The concept adopted for defending the
agency was "multiple use." In other words, the
Forest Service felt that obtaining congressional
endorsement to manage lands for several uses,
including grazing, wildlife, recreation, watershed,
and timber, would both legitimate the agency's
management of al resources and enhance its fund-
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ing position in Congress. The legal vehicle was
the Multiple Use-Sustained Yield Act (MUSY) of
1960, through which Congress directed that
national forests be managed for outdoor recre-
ation, range, timber, watershed, and wildlife and
fish purposes.

Although Edward C. Crafts said, "the hill con-
tained a little something for everyone" (19); it was
nevertheless opposed by the timber industry, the
Sierra Club (a preservationist group), and the Park
Service. The lumber industry thought that timber
had always been given the highest priority in
national forest management and that the bill would
eliminate this preferential treatment by placing dl
resources on an equal level. Their opposition to the
bill turned into mild support when the bill was
amended to include the following phrase: "The pur-
poses of this Act are declared to be supplemental
to, but not in derogation df, the purposes for which
the national forests were established as set forth in
the Act of June 4, 1897" (10). In other words, since
the Organic Administration Act of 1897 specified
timber and water as the resources that forest
reserves were meant to protect, they felt that these
resources would be given a higher priority than
other resources. However, it is generally agreed this
ranking covers the establishment of national
forests and does not extend to forest management
(19, 20).

The Sierra Club opposed the multiple-use hill
for two reasons. First, members wanted wilderness
added to the resource list so that wilderness would
recieve equal but separate recognition from recre-
ation. This issue was partially resolved when the
bill was amended at the request of the Wilderness
Society to state that wilderness was "consistent with
the purposes and provisions" of the bill (21). Sec-
ond, the Sierra Club and the Park Service believed
the real purpose of multiple-use was to stop the
Park Service from taking national forest lands to
make national parks. However, they failed to
include an amendment stating that the bill would
not affect creation of new national parks (19). Pres-
ident Eisenhower signed the Multiple Use-Sus-
tained Yield Act of 1960 even though it did not
fully satisfy the Sierra Club and the Park Service.
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The Multiple Use-Sustained Yield Act has been suc-
cessful in accomplishing the Forest Service's goals.
The Forest Service preserved its broad constituency,
its political flexibility, and its varied responsibilities.
However, the boost in congressional funding for
nontimber resources that was expected to follow
passage of the act did not materialize. Only wildlife
management received a significant average increase
in funding relative to Forest Service requests (20)
(Figure 15).

One unresolved multiple-use issue involves pri-
orities for allocation among uses. The Multiple
Use-Sustained Yield Act evades priorities entirely.
It mandates that all uses mentioned are appropriate
for national forest management; that al uses will
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be given equal consideration; that al uses will be
managed according to sustained-yield principles;
and that land productivity will not be impaired.
Now the broader concept of "ecosystem manage-
ment" integrates multiple-use management within
the higher priority of sustaining an ecologica sys-
tem. The Forest Service adopted this concept by
an administrative decision. However, this decision
creates new issues because it raises the standard
of sustaining an ambiguous, and possibly unde-
finable, ecological system above all other purposes
for national forests specified in existing law.

The Wilderness System MUSY did not eliminate
Forest Service problems with single-use advocates.

Figure 1.5 Bul moose in the Galain Nationa Forest, Montana. (Courtesy of U.SD.A. Forest Service)
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The wilderness issue remained. Creation of a wilder-
ness system aided the agency in defending its
boundaries, but also created a preservation-oriented
constituency that wanted to protect scenic and road-
less areas against Forest Service commodity use
programs.

Over the years, the Forest Service added to its
wilderness system and refined administrative reg-
ulations. The agency developed a classification
scheme including a continuum of protection lev-
els from primitive areas, which permitted some
roads and logging, to wild and wilderness areas that
prohibited these activities. In 1940, the Forest Ser-
vice extended greater protection to primitive areas
as well (10). However, wilderness enthusiasts

watched as the Forest Service gradually reduced the
sze of wilderness, wild, and primitive areas. Log-
ging roads advanced and technology increased tim-
ber utilization in remote areas, so pressures to open
protected lands to harvesting increased. Because the
Forest Service could change wilderness boundaries,
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preservationists sought increased security from con-
gressional action for wilderness designation. In
addition, they wanted to establish wilderness on
other federal lands, particularly within national
parks and monuments. After eight years of debate
and eighteen public hearings, Congress passed the
Wilderness Act of 1964 (Figure 1.6).

The wilderness system created by the Wilder-
ness Act set aside 9.1 million acres (3.7 million
hectares) of land in fifty-four areas that the Forest
Service originally identified as wilderness and wild
areas. Some existing uses of the land, like graz-
ing, could continue. Similarly, mineral prospecting
could continue until 1983 (22). National Park Ser-
vice lands were not included in the original wilder-
ness areas, but Congress designated some lands for
study and many wilderness areas now exist in
national parks. Bureau of Land Management lands
were not included under the Wilderness Act until
passage of the 1976 Federal Land Policy and Man-
agement Act (22). This act legislatively authorized

Figure 1.6 Packing into the
Pecos Wilderness Area of the
Santa Fe Nationd Forest, New
Mexico. (Photograph by Harold
Wdlter, courtesy of USD.A.
Forest Service)
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the BLM, defining a land management mission
more than thirty years after executive reorganiza-
tion established the Bureau (22).

One of the more interesting debates concerned
the renewability of wilderness as a resource. The
Forest Service stated that wilderness could not be
renewed. In other words, land used for other pur-
poses could not be restored to its original wilder-
ness character. On the other hand, preservation
groups contended that "certain areas not wilderness

. if given proper protection and management can
be restored and regain wilderness qualities’ (23).
This was an important issue in the eastern United
States because timber production and agriculture
had already affected much public land. The Forest
Service fdt that most of these lands no longer
retained their original character, so it resisted
attempts to classfy wilderness areas in the East.
Instead, it proposed a new eastern roadless area
system that would be less restrictive and separate
from the national wilderness preservation system.
Preservationists refused to accept this alternative
and succeeded in pressuring Congress to pass the
Eastern Wilderness Act of 1975. The act added six-
teen new areas to the wilderness system totaling
nearly 207,000 acres (83,772 hectares). An additional
125,000 acres (50,587 hectares) in seventeen areas
in national forests were set aside for the Secretary
of Agriculture to evaluate for possible inclusion in
the wilderness system.

Wilderness advocates could not satisfy their
appetite for land. Their sights included all national
forest roadless areas as well as congressionally des-
ignated wilderness study areas. The Forest Service
responded in 1967 by conducting a nationwide
inventory and evaluation of roadless lands within
national forests for wilderness suitability. The pro-
cedure known as RARE (Roadless Area Review and
Evaluation) identified 1,449 sites containing approx-
imately 56.21 million acres (22.7 million hectares).
In 1973, the chief of the Forest Service designated
235 of these sites for further study as possible
wilderness areas.

Many people criticized the RARE process, so a
new RARE Il process began in 1977. In January
1979, Secretary of Agriculture Bob Bergland made
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public the results and recommended to Congress
that 15.1 million acres (6.1 million hectares) of
national forests be added to the wilderness system,
and that an additional 11.2 million acres (4.5 mil-
lion hectares) be held for "further planning" because
of a need for more reliable information on minera
deposits. There was hope that this recommenda-
tion would bring resolution to the wilderness ques-
tion. However, preservationists reacted with "acute
disappointment” to the recommendation, feeling
that it fel short, while the timber industry argued
that it was excessive (24).

Advocates were gill demanding more wilderness
twenty years after passage of the Wilderness Act.
Therefore, the Ninety-eighth Congress added 6.9 mil-
lion acres (2.8 million hectares) of wilderness to the
system, bringing the total to 32.4 million acres (13.1
million hectares). The Eastern Wilderness Act and
subsequent congressional actions led to a gradual
change in the standards used to judge wilderness
quality. Today, many groups use wilderness desig-
nation as a way to preserve areas that would not
have qualified as wilderness under provisions of the
Wilderness Act of 1964. In Wisconsin, for example,
one wilderness area contains a red pine plantation.
Likewise, current forests in many western wilder-
ness areas are growing so thick that wildfires often
burn hotter than would have occurred in the his-
toric forests. These extremely hot fires threaten local
communities and devastate the wilderness charac-
ter of the land. Thus, wilderness is gradually losing
its distinction as the repository of the last remnants
of the historic American landscape. Clearly, wilder-
ness issues will be around for some time.

The Clearcutting Issue Wood consumption
increased in the 1970s at the same time that envi-
ronmental constraints, such as air and water pol-
[ution control and restrictions on the use of
pesticides and herbicides, were limiting timber pro-
duction. Furthermore, net losses of timberland in
al ownerships to nontimber purposes averaged
about 4.9 million acres (2 million hectares) per
decade. Consequently, foresters believed that
wood shortages could develop at some point in the
future. Although their apprehensions have not been
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borne out, preservationists and land managers dill
disagree over which methods are best for produc-
ing timber.

The focal point of the debate is clearcutting,
which is a regeneration method in which al the
trees on a certain area of land are cut and the site
regenerated by natural seeding, seeding from air-
creft, or replanting of pioneer tree species that grow
in openings. Preservationists claimed that clearcut-
ting has "an enormously devastating environmen-
tal effect which includes soil destruction, stream
siitation, and a stinging blow to the aesthetic sense”
(25). Where properly applied, clearcutting is less
damaging than wildfire but, like a wildfire, little can
be done to reduce the unpleasant appearance of
a recent clearcut.

Concern over national forest management
practices erupted in November 1970, when Sena-
tor Lee Metcalf of Montana released the Bolle
Report, titled A University View of the Forest Ser-
vice, and put it into the Congressional Record. Sci-
entists from the University of Montana prepared
the report at Metcalf's request. The report not only
criticized Forest Service management practices, but
it also uncovered a deep division within profes-
sional forester ranks. The problem began in 1968
when residents of Montana's Bitterroot Valey com-
plained that clearcuts damaged the national forest
surrounding them. Most disturbing to local resi-
dents was the Forest Service's practice of terrac-
ing steep mountain slopes to prevent erosion and
improve timber reproduction. The Forest Service
received a torrent of letters demanding that these
practices be stopped. The Forest Service responded
by appointing a task force to conduct an impar-
tid analysis of management practices in the Bit-
terroot National Forest. The task force released its
findings in April 1970, a full six months before the
Bolle committee, and was remarkably candid. Task
force members found, for example, that the atti-
tude of many national forest gaff was "that resource
production goals come fir¢ and that land man-
agement considerations take second place" (26).
The Bolle committee concurred with many of the
findings in the task force report, but also found
that "the Forest Service is primarily oriented toward
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timber harvest as the dominant use of national
forests' (26). In sum, the Forest Service did an out-
standing job of producing timber, but it faled to
adjust to changing social values.

The Forest Service modified forest management
policies on the Bitterroot National Forest, but dis-
regarded national implications of public concerns
over clearcutting. A few months after the Bolle com-
mittee report was released, the Subcommittee on
Public Lands of the Senate Interior and Insular
Affars Committee, chaired by Senator Frank
Church of Idaho, held hearings on public lands
management practices, focusing on clearcutting in
the national forests, especially in Montana, West Vir-
ginia, Wyoming, and Alaska. The subcommittee
concluded that clearcutting had to be regulated and
found that the Forest Service "had difficulty com-
municating effectively with its critics, and its image
has suffered” (27). Although the Forest Service had
taken some actions to adjust to public concerns over
clearcutting, the subcommittee fdt they "have made
little impact" (27). The Forest Service lost the oppor-
tunity to make forward-looking revisions in man-
agement policies and instead had to accept the
Church guidelines.

The clearcutting of hardwood forests in the
Monongahela National Forest in West Virginia fur-
ther increased the controversy, and the issue remains
unresolved to this day (Figure 1.7). Clearcutting
replaced selective cutting in the Monongahela
National Forest in 1964, and the reaction was amost
immediate. Concerned citizens pressured the West
Virginia legislature to pass resolutions in 1964, 1967,
and 1970, requesting investigations of Forest Ser-
vice timber management practices. A Forest Service
specia review committee confirmed that abuses had
occurred (28). As aresult, timber management poli-
cies were changed to encourage a variety of har-
vesting techniques. In addition, clearcuts were
limited to 25 acres (10 hectares) or less, and dis-
tances between clearcuts were regulated. Since
many timber sales were under contract using the
old 80-acre (32-hectare) limit, Forest Service reforms
could not bring immediate results (29).

These reforms failed to satisfy preservationists.
They wanted all clearcutting stopped immediately.
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Figure 1.7 Clearcuts (background) on the Monongahela National Forest (Gauley Didtrict), Wes Virginia
(Photograph by R. L. Giese)

In May 1973, the lzaak Walton League of America
and other preservation organizations filed suit alleg-
ing that clearcutting violated a provision in the 1897
Organic Administration Act stating that only
"dead, matured, or large growth of trees" could be
cut and sold from a national forest. In December
1973, Judge Robert Maxwell of the Northern Dis-
trict Federal Court of West Virginia accepted this
interpretation. His ruling effectively banned
clearcutting on national forests. The Fourth Circuit
Court of Appeals unanimously upheld the lower
court's decision in 1975, and the Forest Service
halted dl timber sales on national forests within
the jurisdiction of the court. In 1976, the U.S. Dis-
trict Court of Alaska used the same reasoning to
issue a permanent injunction against timber har-
vesting on a large area of Prince of Wales Island.
These and similar lawsuits halted timber sales on
national forests in six states (30).

The Monongahela decision produced a number
of bills in Congress to overcome the timber pro-
duction bottleneck. For example, a preservation-
ist-sponsored bill would have instituted legislative
prescriptions on timber harvesting. Acting with
unusual speed, Congress passed an alternative bill
titled the National Forest Management Act (NFMA).
It was signed into law on October 22, 1976. The
act contained many important provisions. Together
with the Forest and Rangeland Renewable
Resources Planning Act of 1974 (RPA) (see "Addi-
tional Legislation” later in this chapter), the NAMA
requires the Forest Service to prepare compre-
hensive interdisciplinary forest plans for all admin-
istrative units at ten-year intervals. By 1986,
twenty-five national forest plans were in find form,
but most were challenged by interest groups. By
the mid-1990s, al forest plans had been finaized
and approved by the Forest Service Chief, though
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court challenges to some plans remain. The NFMA
repealed the section of the Organic Administration
Act of 1897 that served as the basis for lawsuits
that stopped national forest clearcutting. It allows
clearcutting when it is found to be the "optimal"
(left undefined) silvicultural treatment. Clearcuts
today are less extensive and nontimber values, such
as wildlife and recreation, have a greater role in
decisions about regeneration methods. While the
NFMA did not completely resolve the clearcutting
controversy, it did make foresters more aert and
sensitive to public opinion. The act also brought
forest management closer to the multiple-use ideal.

Judicial Involvement in Resource Policy Making
The Monongahela decision illustrates the growing
importance of courts in forest policy development.
In 1978, for example, the U.S. Supreme Court fur-
ther complicated management of the national forests
by handing down the Rio Mimbres decision. The
Rio Mimbres flows through the Gila National For-
est in New Mexico. The dispute centered on the
legal right of the Forest Service to have enough
water to manage the multiple uses of a national for-
est versus the rights of upstream water users who
wanted water for irrigation and other purposes. As
in the Monongahela decision, the Organic Admin-
istration Act of 1897 was used against the Forest
Service. The Court interpreted the act to mean that
forest reserves were set aside to maintain timber
supplies and favorable waterflows. The act did not
mention rights to water for other purposes. In
essence, the Court ruled that the Forest Service had
no legal right to Rio Mimbres water and that it
would have to satisfy water needs through state
water rights procedures (15). Thus, courts dramat-
ically increased the complexities and uncertainties
of national forest management.

The courts normally limit the number and scope
of their reviews of administrative decisions. The
judiciary gradually became more involved with
administrative review as preservationists, frustrated
in their dealings with administrators, turned to the
courts for relief. The number of suits increased dra-
matically after the "Scenic Hudson" case of 1965,
in which the court decided that an organization
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whose principal interest is scenic beauty could sue
government agencies (31). This decision opened the
door to the courts and ushered in judicia involve-
ment in resource policy-making, including the
Monongahela case. Lawsuits are expensive, time-
consuming, and often embarrassing to the agency
involved. Thus, just the threat of a lawsuit can
increase participation by citizens in formulating
agency policy. Preservationists also use lawsuits as
a delaying tactic.

Passage of the National Environmental Policy Act
of 1969 (NEPA) and similar legislation enacted by
various states greatly expanded opportunities to file
lawsuits. NEPA established a detailed procedure for
assessing environmental consequences of federa
actions dignificantly affecting the quality of the
human environment. These procedures require that
agencies consider so many potential effects that it
is difficult to fully comply with the law, which
invites litigation on procedural grounds alone. Fur-
thermore, NEPA is one of the firs environmental
policies using "sunshine provisions," which require
that decision-making be open to public view and
comment. Thus, the public is more aware of reg-
ulatory decisions and can quickly respond with lega
challenges. This delays decisions and, in many
cases, brings about changes in forest policy. The
large volume of environmental legislation passed
by Congress and the states during the late 1960s
and 1970s also provided increased opportunities for
lawsuits, in part because the laws included citizen
suit provisions that permitted individuals to sue an
agency to mandate enforcement of the law.

Additional Legislation The Forest and Range-
land Renewable Resources Planning Act of 1974
(RPA) was perhaps the most far-reaching forest
policy enacted during this period. The RPA was
part of a congressional effort to gain greater con-
trol of the budgetary process. Congress was react-
ing to what it perceived as a decline in its authority
relative to the executive branch (32). Furthermore,
Congress had always shown greater support for
resource programs than the executive branch, par-
ticularly the Office of Management and Budget
(OMB), and RPA was one means of pressuring the
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president to raise budget requests for natural
resources management.

RPA initiated a procedure for setting goals and
formulating forest policies. The act requires the Sec-
retary of Agriculture to make periodic assessments
of national needs for forest and rangeland
resources. Then the Secretary must make recom-
mendations for long-range programs that the For-
est Service must carry out to meet those needs. The
act required the Secretary to tramsmit the assess-
ment and program to Congress in 1976 and again
in 1980. A new assessment was required every ten
years thereafter, and the program is to be revised
every five years. Subsequent assessments included
comprehensive analyses of the forestry and forest
products sectors in the United States and world-
wide, pointing to a need for improved information
to better manage forests under al ownerships. In
addition, the president is required to submit a
statement to Congress with each annual budget
explaining why funding requests differ from the
program approved by Congress.

The Forest Service took advantage of the oppor-
tunity provided by RPA. In its first budget request
under RPA, the agency asked for substantial
increases in funds. Congress responded favorably,
and President immy Carter signed the appropria-
tions bill for the 1978 fisca year. The Forest Ser-
vice budget was raised $275 million over the
funding level of the previous fisca year (33). Sub-
sequent budgets did not do as well. Massive fed-
eral deficits forced budget reductions that resulted
in a 30 percent decline in national forest funding
between 1978 and 1986 (34). While recent federal
budgets have not had the sizable deficits of the past,
Forest Service budgets have been largely fla or
declining in both real and nominal terms as enti-
tlement spending grows.

Although many important policies dealing with
forest resources developed during this period, a
series of laws adopted for other purposes pro-
foundly affected forest management as well. These
policies include enactment of NEPA (already dis-
cussed), Clean Air Act of 1970, Federal Water Pol-
[ution Control Act of 1972, Federal Environmental
Pesticide Control Act of 1922, Endangered Species
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Act of 1973, Toxic Substances Control Act of 1976,
and Clean Water Act of 1977. Two mgjor attributes
of these policies are particularly important. Firgt,
they rely on complex and detailed federal and state
regulation procedures and the exercise of federal
police powers. They also mandate public involve-
ment in the regulatory process, including public
hearings and comment periods on proposed reg-
ulations. Second, they focus on broad environ-
mental goals rather than forestry, yet they
influence forest policy. For example, Section 208
of the 1972 Federal Water Quality Act amendments
required the establishment of enforceable best
management practices to control water pollution.
These practices apply to timber harvesting and sil-
vicultural treatments on public and private forest-
lands, and they further complicate the forest policy
process (35).

The 1980s saw much litigation concerning
forestry move through the courts and relatively lit-
tle legislation move through Congress. The idea of
"conflict resolution” became a natural resource man-
agement specialty because lawsuits proved too
cumbersome and time-consuming for use in
resolving disputes over resource use. Mediation and
stakeholder meetings to collect information, assure
that all viewpoints are aired, and hammer out pos-
sible solutions were hailed as the future of public
natural resource management, as indeed they have
become. Those most closely involved in an issue
come together to work out a solution that is accept-
able to everyone.

After more than a decade of litigation over the
adequacy of national forest plans in meeting dl of
the requirements imposed by RPA, NFMA, NEPA,
and various other laws, and squabbles over wilder-
ness, the Endangered Species Act of 1973 (ESA)
moved to center stage in the 1980s, 1990s, and
2000s. It may be the most important law affecting
forest policy development in the United States.
Although not originally controversial, the ESA
became more onerous to many agencies and
landowners as the U.S. Fish and Wildlife Service
became more aggressive in carrying out its provi-
sions. Thus, subsequent amendments attempted to
ease the burden on affected interests, but with



Profile of Forest Policy Development

limited affect. For example, the 1978 amendments
created the "God Squad,” a presidentially appointed
cabinet-level committee convened to evaluate sit-
uations where a species' critical habitat designation
and recovery measures have a profound economic
or other impact. Subsequent amendments allowed
private landowners to be issued "incidental take
permits’ in return for developing a habitat con-
servation plan for the at-risk species where the crit-
ical habitat involves private land.

Perhaps the most well known ESA impact on
forestry stems from listing the northern spotted owl
as a threatened species in northern California, Ore-
gon, and Washington. This decision curtailed har-
vesting of old growth forests (generally more than
200 years old) by court injunctions in 1989. Hun-
dreds of sawmills and other processing facilities uti-
lizing this timber shut down, causing economic
depression in the myriad small towns in which these
facilities were mgjor employers. The loss of pub-
lic timber also shifted the burden of meeting the
nation's wood fiber needs to private forest
landowners and it dramatically increased reliance
on foreign imports. Since most of the remaining old
growth forests in this region are on federal lands
(Forest Service or BLM), government appeared on
al sides of the debate: as land manager, as enforcer
of the ESA, and as states and counties which stood
to lose substantial revenues because so much tim-
ber harvesting had ceased. The rhetoric surround-
ing this issue was extreme, some local economic
losses were severe, and emotions remain high. Mat-
ters reached such a level that the God Squad was
convened under the ESA to determine whether
some timber sales in process on BLM lands would
be allowed to continue.

In the South, the red-cockaded woodpecker
(RCW) weas listed as endangered in 1970. The effects
on Southern forestry have been much smaller than
in the Pecific Northwest, in large part because
remaining RCW habitat is mostly on public land,
which is a smal part of commercial forestland in
this region.

The U.S. Supreme Court ruled on many of the
issues surrounding the presence of endangered
species on forested lands. In particular, the Court
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clarified how the ESA applies to private lands. Pri-
vate property rights are a precious part of Amer-
ica's cultural heritage, so balancing the rights of
landowners against the public interest remains a
legal issue. A 1995 Supreme Court decision in Bab-
bitt v. Sweet Home, et al. affirmed that the ESA
applies to private lands and that a habitat conser-
vation plan is the remedy for landowners. How-
ever, these plans are expensive to prepare and
difficult to implement. Consequently, efforts are
underway to find workable alternatives for small
landowners. "Safe Harbor" is one proposed rem-
edy under which small landowners can agree, as
part of a statewide habitat conservation plan, to
maintain some habitat on their lands for a given
number of animals (36). Under "Safe Harbor," small
landowners can work together by trading agree-
ments. It is possible for one landowner to main-
tain al needed habitat in an area Then other
landowners compensate the owner who accepts
responsibility for maintaining the habitat so that they
are free to harvest timber on their lands.

A group of concerned citizens in Quincy, Cali-
fornia, pioneered another innovative alternative to
public forest management. They are known as the
Quincy Library Group because they met in the town
library. They succeeded in forging a compromise
plan to protect their community from two interre-
lated problems. First, they needed a way to revi-
talize the local economy that had suffered from
reduced timber harvests on public lands. In addi-
tion, the lack of forest management allowed trees
to become denser and dead fuel began piling up
underneath them. Therefore, their community also
faced a growing threat from wildfires. After severa
years in development, their plan to resolve these
issues became law in The Herger-Feinstein Quincy
Library Group Forest Recovery Act of 1999, which
passed in Congress as an amendment to the
Omnibus Appropriations Bill. Similar programs for
locd participation in forest management exist in sev-
eral communities, such as the Applegate Partner-
ship in southwestern Oregon. However, the
Canadian government has gone farther than any
other country's in creating opportunities for local
participation. They launched their Model Forests
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Sidebar 1.4

Rediscovering the Local Community

Today's forest management issues frequently
involve vast areas of land and national interests.
Local communities that must live with decisions
to resolve such issues often become victims of
the policy process rather than participants. Fur-
thermore, the grand scale of these issues makes
relationships within them highly complex,
which increases uncertainty about the conse-
guences of actions designed to resolve the
issues. National interest groups, who lack
detailed firsthand knowledge of local conditions,
further complicate such problems by ignoring
uncertainties, and oversimplifying issues so that
they can prescribe simple solutions. Decisions
reached in this manner often generate unantic-
ipated and undesireable social and ecological
side effects. Many of these side effects are so
serious that they ignite further conflict. Keeping
decision making centralized at the national level
cannot break the cycle of conflict, smplistic solu-
tions, and new conflicts that such decisions
inevitably generate.

Conflict can be a constructive force in an
open society, but it has limits. Conflict often
focuses on the outcome of a decision. The
process that leads to a decision may not be as
important to interest groups as winning. Further

conflict then develops because the needs of los-
ers in the process remain unfulfilled. This is
another reason why conflict often fails to deliver
acceptable or sustainable decisions.

Cooperation focuses on the process that leads
to a decision. It represents recognition by the
participants that there are no right or wrong
answers, only acceptable solutions. People who
work together for their individual and common
interests develop a better understanding of each
other and the issue being addressed. Thus, coop-
eration usually leads to mutual respect and it
increases the likelihood of achieving a durable
consensus (1).

Decades of conflicts over forest management
have led to weariness with endless lawsuits and
acrimonious debates. Decisions that resulted
from these debates tended to ignore some
groups and favor others, which led to frustra-
tion and a search for new ways to reduce con-
flict by promoting cooperation. What has
emerged is the rediscovery of the local com-
munity. In the United States, the two best-known
local groups working to resolve forest manage-
ment issues are the Quincy Library Group and
the Applegate Partnership. They both developed
from efforts by local community leaders, loggers,

Program in 1992 through the Canadian Forest Ser-
vice. Now the program is international, with ten
forests in Canada, three in the United States, includ-
ing the Applegate Partnership, and seven more in
such countries as Chile, Russia, Mexico, and Japan.

Small Private Forestry Landowners who do not
have a wood-processing facility are called nonin-
dustrial private forest (NIPF) landowners (also see
Chapter 10 on NIPFs). Much forest policy focuses

on NIPF landowners because they own about 60
percent of the commercial timberland in the United
States. For example, the Clarke-McNary Act of 1924
targets NIPFs of less than 1,000 acres (404.7
hectares). These NIPF landowners can obtain cost
sharing for reforestation and technical assistance if
they meet certain criteria. The Forestry Incentives
Program of 1973 provided further assistance to smdl
landowners. States administer many of these
cooperative programs.
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farmers, ranchers, and environmentalists who
came together because conflict was damaging
their communities. They are all striving to
achieve the same goal: a sustainable balance
between human well-being and healthy and pro-
ductive forests.

The Applegate Partnership deals with issues
involving al forest ownerships in the Applegate
River watershed in southwestern Oregon. There
is no hierarchy, nor are there officers, and the
chair position rotates at each meeting. Thus, all
participants have equal status and the meetings
are open to everyone. Public and donated funds
support the organization, and members work to
ensure that all interests are respected and fairly
considered in decisons.

The Quincy Library Group concentrates on
national forests around the town of Quincy, Cal-
ifornia. Anyone who shows up at a meeting can
join, and decisions are made by consensus,
because each member has a veto. They reached
a consensus on a forest management plan for
the surrounding forests that was rejected by
national environmental groups and the Forest
Service, so the Quincy Library Group went to
Congress. The result was the passage of the
Herger-Feinstein Quincy Library Group Forest
Recovery Act of 1999 that requires the Forest Ser-
vice to carry out a national forest management
plan similar to the one proposed by the group.

Canada has taken a different path to coop-
eration. The government, through the Canadian

Rediscovering the loca community.

Forest Service, created a Model Forest Program.
It encourages stakeholders, scientists, and pub-
lic and private landowners to work together to
develop sustainable forests that incorporate a
broad range of values. The program began with
ten Model Forests, but the idea is so popular that
it is now part of the International Model Forest
Network. To date, there are Model Forests in six
countries and the list is expanding. Thus, redis-
covering the local community could change the
future of forest management worldwide.

Source:
1. T. M. BONNICKSEN, Poalitics and the Life Sciences, 15,
23-34 (1996).

Congress passed the Forest Stewardship Act in
1990 in response to growing concerns about the
management of small private forestlands. The act
includes three main provisions. First, the Forest
Stewardship provision renders technical assistance,
but it requires that a forest stewardship plan be pre-
pared by a professional forester and approved
by the state forestry agency. The stewardship plan
musgt include land management objectives and
grategies for multiple-use management, though the

landowner need not manage for al potential uses.
The second maor provision is the Stewardship
Incentives Program, which provides technical
assistance and cost sharing to those who have an
approved ten-year stewardship plan. The third
major provision is the Forest Legacy Program. This
program permits landowners to retire lands of spe-
cid character or lands that are environmentally sen-
ditive in return for payments from the state. Small
landowners will increasingly be required to plan
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with the assistance of resource professionals and
demonstrate how their efforts benefit society in
order to receive public monies.

Important Features of the Period 1952 to the Pre-
sent  An evaluation of American forest policy since
1952 shows a gradual transition to a more balanced
and environmentally aware approach to resources
management. The growing strength of nontimber
interest groups fostered this change, but timber pro-
duction remains critically important to the nation's
economy and forest management. Citizen partici-
pation in local decision-making increased, and will
likely continue to do so, although the traditional leg-
islative and judicia processes continued to play an
important role in forest policy development. Much
work remains to achieve equity and harmony among
affected interests. In spite of conflicts, and with the
exception of many small communities in the Wegt,
most groups received substantially more forest
resources from al ownerships, including timber
products, than they obtained in any previous period.

Concluding Statement

In this chapter, we traced the history of forest pol-
icy development in the United States as seen
through the policy process. This approach neces-
sarily simplifies history, but certain general princi-
ples about forest resource policy making emerge,
principles that will remain unaltered into the fore-
seeable future.

Firg, the forest policy process is inherently sub-
jective. The preferred forest policy of one group
may be seen as disastrous by another group. The
search for objective measures to set goals and
resolve forest policy issues has proved futile. No
single criterion can ensure agreement among all
contending interests as each group uses different
standards to judge forest policies. Therefore, con-
verting the forest policy process to science is not
likely, nor will scientists and professionals be del-
egated authority to make the decisions. Active cit-
izen participation will remain an essential part of
the forest policy process.

Forest Policy Development in the United States

Second, both the lack of objective criteria for
assessing policies and citizen participation ensure
that debate and compromise will continue to be the
central means for making forest policy decisions.
A professional forester or natural resource manager
must be prepared not only to engage in these
debates but also to compromise. The time when
professional judgment was accepted without ques-
tion has passed. (The following chapter discusses
the forestry profession, and its responsibilities and
career opportunities.)

Finally, the forest policy process is growing more
complex. As demand for forest resources increases
and diversity among interest groups widens, pro-
viding for society's needs in an equitable and cost-
effective manner becomes more difficult. Important
strides have been made in resolving forestry issues,
but the unending search for creative answers
remains the challenge of American forest policy.

References

1. K. E. BOULDING, Principles of Economic Palicy,
Prentice-Hall, Englewood Cliffs, N.J,, 1958.

2.J. E. ANDERSON, Public Policy-Making, Holt, Rinehart
& Winston, New York, 1979.

3. G. F. CARTER, Man and the Land—A Cultural Geog-
raphy, Holt, Rinehart & Winston, New York, 1975.

4. H. E. DRIVER, Indians of North America, Univ. of
Chicago Press, Chicago, 1961.

5. G. M. DAY, Ecology, 34, 329 (1953).

6. S. T. DANA, Forest and Range Polity: 1ts Development
in the United Sates, First Edition, McGraw-Hill, New
York, 1956.

7. T. A. BAILEY, The American Pageant, D. C. Heath,
Boston, 1961.

8. H. K STEEN, The U.S Forest Service: A History, Univ.
of Washington Press, Seattle, 1976.

9. R. NASH, ed., The American Environment, Addison
Wedey, Reading, Mass., 1968.

10. J. P. GILLIGAN, "The Development of Policy and Admin-
istration of Forest Service Primitive and Wilderness
Areas in the Western United States," Vols. | and I,
Ph.D. dissertation, Univ. of Michigan, 1953



References

11

12.

13.

14.

G. PINCHOT, Breaking New Ground, Harcourt Brace,
New York, 1947.

S. P. HAYS, Conservation and the Gospel of Efficiency,
Atheneum, New York, 1975.

D. C. SWAIN, Federal Conservation Policy 1921-1933,
Univ. of Caifornia Press, Berkeley, 1963.

E. C. CRAFTS, "Forest Service Researcher and Con-
gressional Liaison: An Eye to Multiple Use," For. Hist.
Soc. Publ., Santa Cruz, Cdif., 1972.

15. J. RAMM AND K. BARTOLOMI, J. For., 83, 363, 367, (1985).

16.

17.

18.

19.
20.

21
22.

F. W. GROVER, "Multiple Use in U.S. Forest Service Land
Planning," For. Hist. Soc. Publ., Santa Cruz, Cdif., 1972.
President's Advisory Panel on Timber and the Envi-
ronment, Final Rept., U.S. Govt. Printing Office, 1973.
A. S. MILLS, "Recreational Use in National Forests." In
Satistics on Outdoor Recreation, Part Il, C. S. Van
Doren, ed., Resources for the Future, Washington,
D.C., 1984.

E. C. CRAFTS, Am. For., 76, 13, 52 (1970).

R. M. ALSTON, "FOREST—Goas and Decision-Making
in the Forest Service" U.SD.A. For. Serv., Inter-
mountain For. Range Expt. Sta, Res. Pap. INT-128,
1972,

E. C. CRAFTS, Am. For., 76, 29 (1970).

S. T DANA AND S K. FAIRFAX, Forest and Range Pol-
icy: Its Development in the United States, Second

23.

24.

25.
26.

27.

28.

29.

30.

31
32.

33.
. N.SAMPSON, Am. For., 92, 10, 58 (1986).
35.

36.

37

Edition, McGraw-Hill, Second Edition, New York.
1980.

T. M. BONNICKSEN, California Today, 2, 1 (1974).
R. PARDO, Am. For., 85, 10 (1979).
N. WOOD, Serra Club Bull., 56, 14 (1971).

A. W. BOLLE, "A University View of the Forest Servce,"
U.S. Govt. Printing Office, Doc. 91-115,1970.

U.S. Senate, "Clearcutting on Federal Timberlands,"
Rept., Public Lands Sub-Committee, Committee on
Interior and Insular Affars, 1972.

G. O. ROBINSON, The Forest Service, Johns Hopkins
Press, Baltimore, 1975.

L. POPOVICH, J. For, 74, 169,176 (1976).

J. F. HALL AND R. S. WASSERSTROM, Environ. Law, 8, 523
(1978).

C. W. BRIZEE, J. For., 73, 424 (1975).

D. M. HARVEY, "Change in Congressional Policymak-
ing and a Few Trends in Resource Policy." In Cen-
ters of Influence and U.S. Forest Policy, F. J. Convery
and J. E. Davis, eds., School of Forestry and Envi-
ronmental Studies, Duke Univ., Durham, N.C., 1977.

L. POPOVICH, J. For., 75, 656, 660 (1977).

J. A ZIVNUKA, J. For., 76, 467 (1978).
R. BONNIE, J. For, 95, 17 (1997).



Forestry. The Profession
and Career Opportunities

Paths to the Profession
Career Decisions
Forestry Curricula
General Education
Professional Education

Career Opportunities

Sources of Employment
Public Forestry in Federal Agencies
Public Forestry in State Settings
Forestry in Private Industry

Forestry provides a diverse set of opportunities,
which can lead to a challenging and fulfilling career.
Many people are attracted to forestry by their out-
door orientation or environmental concerns, others
by the mathematical and engineering applications
so important in modern forestry; ill others find the
biological aspects of forestry to their liking. Some
people find rewarding the elements of social stud-
ies in forestry such as economics, sociology, and
political science. Stll others are taken with appli-
cations of new technologies such as global posi-
tioning systems and satellites, or new disciplines like
landscape ecology and geographic information sys-
tems in forestry. Whatever the motivation, a sense
of stewardship and an appreciation of natural rela
tionships are common denominators among those
who pursue forestry as a professional career.
Events in recent decades have created momen-
tous changes in the forestry profession. Passage of
the National Environmental Policy Act and the
establishment of the Environmental Protection
Agency, along with various state versions of envi-
ronmental and forest practices acts, require assess-
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Concluding Statement
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ment of the environmental consequences of for-
est management decisions. The Forest and Range-
land Renewable Resources Planning Act of 1974
and the National Forest Management Act (NFMA)
of 1976, and the Federal Land Policy and Man-
agement Act of 1976 provided new opportunities
to set national goals and formulate forest policies.
Lega challenges to timber management practices
on federal lands, like those arising from the Monon-
gahela clearcutting issue, have led to changes in
timber-management policies. In 1999, after 20 years
of experience under the forest land management
planning rules of the NFMA, the Forest Service
issued new planning regulations.

The net result of these changes has been to cre-
ate an institutional setting for forestry that is very
different and more complex than ever before. As
a society, we are now more concerned with ecosys-
tem management and resource planning, which
must deal with issues relating to diversity and bio-
logical conservation, wilderness, endangered
species and the right of the people to influence the
direction of resource management. Modern foresters
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are challenged, interested, and motivated by the
complexities of their profession in a milieu of bio-
logical, quantitative and social sciences.

During a forestry career, a person usually
encounters a progression of duties and expecta-
tions. Early on, foresters are very dependent on
technical field skills (Figure 2.1). As they move up
the career ladder into the broader aspects of land
management, economics and decision-making
skills become more pertinent to their professional
performance. The next stage of the career often
places foresters in the role of people managers who
must draw broadly on a background of technology
and experience in land management, as well as
cope with the challenges generated by people both
inside and outside their sphere of control. That
such an evolution happens is evident by the fact
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that of over 12,000 Society of American Foresters
members who reported the level of their jobs, 52
percent of these active professionals are in man-
agement, administrative, or Saff specialist positions
(1). The general direction of a forestry career is
therefore from exercising technical forestry skills to
employing business and management practices.
However, the ability to communicate well and to
work effectively on multidisciplinary teams is an
asset at all stages of a person's career.

Paths to the Profession

Career Decisions

For students making tentative career choices,
forestry is sometimes a mystery. Their perception

Figure 2.1 Students learn technica forestry sKills in the fidd during the required summer camp experience.
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of forestry may focus on operating sawmills, cut-
ting trees, or outdoor recreation. However, as will
be evident over the course of this chapter, mod-
ern forestry positions emphasize business
approaches, computer science, socia science, math-
ematics and engineering skills, as well as the life
sciences. Careers in forestry can provide a variety
of stimulating challenges in areas that students not
primarily interested in biology usually do not con-
sider seriously.

In planning for careers, students must use test-
ing and classification services with caution. To a
large extent the counseling services at the high
school and college levels are usually out of date
with respect to forestry. Vocational tests often suf-
fer from biases and outdated bases of information.
Typicaly, current automated testing systems picture
a firefighter wearing a hard-hat or a logger with a
chainsaw as characterizing forestry. These out-
moded perceptions fal to do justice to the skills
and education of the modern forestry professional
whose background embraces computer science,
ecology, operations research, business, policy,
resource planning and management, engineering,
and communications.

Vocational tests are widely available and gen-
erally fdl into three categories: aptitude, interests,
and personality. The outcomes of some of these
tests are clearly wrong (based on outdated infor-
mation), and others are incomplete. The Holland
Classification, for example, takes interests, values
and skills of individuals and combines them into
six personality types (2). A combination of R (real-
istic), S (social), and | (investigative) types leads
to forester in the Holland Code of occupations.
If you undergo an analysis under this system using
terms such as business management, taking risks,
organizing, computing, writing, or decision-mak-
ing as inputs, you will not be led, for example,
to the following important aspects of forestry:
planning, trade, paper processing, systems analy-
sis, managerial activities, marketing, technical writ-
ing, or administration. Moreover, the concepts of
artificial intelligence and expert systems, land-
scape ecology, biotechnology, and geographic

information systems—each a component of
forestry—have not yet found their way into the
repertoire of the occupational codes or counsel-
ing services.

Some counselors and their subjects place too
much credence and emphasis on test results. If
taken as an end point rather than a beginning, test
results are likely to lead to incorrect conclusions.
This is so because the popular Srong vocational
interest approach incorporates the Holland codes.
Self-directed career searches and the Holland Dic-
tionary (2) provide required educational develop-
ment. However, the educational preparation
specified does not include advanced mathematics
or the ability to read technical literature—such a
background would not even quaify a forestry pro-
gram for accreditation. If you have interests or
background in advanced mathematics, computer
science, or statistics, an aptitude survey or voca-
tional interest test will erroneously declare that you
are overqualified for forestry. Because of the inter-
dependency of these counseling tools, incorrect
information in one of the components automatically
creates flaws in the others.

If you wish to choose career possibilities with
an open mind and an eye to future satisfaction, you
should use testing information as only one of sev-
eral sources of input. The informed person will
develop a mixed strategy for choosing a career.
Testing can provide some direction, but it should
also stimulate questions. Interviews with counselors
may help interpret the outcome of testing (Figure
2.2). Armed with vocational testing information, you
can greatly enhance decisions on careers or aca
demic majors by looking into careers, talking with
advisors in college forestry departments, inter-
viewing professionals engaged in fields that inter-
est you, and taking a summer job to gain firsthand
experience.

Never before have opportunities for exploring
forestry issues been so easy and widespread. In this
book, we help you to capitalize on this rich
resource of information by interspersing references
to websites globally. By using computers, you can
expand on specialized information as interested.



Paths to the Profession

Figure 2.2
counsdors can help in career choices. (Photo by W.
Hoffman, UW-Madison.)

Interactions with knowledgeable

Forestry Curricula

The Society of American Foresters (SAF) defines
forestry as "the science and art of attaining desired
forest conditions and benefits. As professionals,
foresters develop, use and communicate their
knowledge for one purpose: to sustain and
enhance forest resources for diverse benefits in per-
petuity. To fulfill this purpose, foresters need to
understand the many demands now and in the
future® (3). Within this context, the SAF prescribes
the curricula upon which professional forestry is
built. The general requirements specified by the SAF
fdl into two categories, and a brief description will
sarve to show the diversity and strength of a forestry
education.

General Education This component must provide
coverage and competency in the following areas:

1. Communications. Oral and written compe-
tencies of communication must be demonstrated.
Programs reinforce these skills throughout the
entire curriculum.

2. Science, Mathematics and Computer Liter-

acy. Competency is required in:
Biological Science—understanding (a) patterns
and processes of biological and ecological sys-
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tems across space and time, and (b) molec-
ular biology, cells, organisms, populations,
species, communities and ecosystems.

Physical sciences—understanding of physical and
chemical properties, measurements, structure,
and states of matter.

Mathematics—understanding and using basic
approaches and applications of algebra,
trigonometry and statistics for analysis and
problem solving.

Computer Literacy—using computers and other
electronic technologies in professional life.

3. Social Sciences and Humanities. Competency

is required as an understanding of:

Mora and ethical questions and using critical rea-
soning skills,

Human behavior and social and economic struc-
tures, and

Dimensions of the human experience.

Professonal  Education Competencies  are
required in the following major areas:

1. Ecology and Biology—understanding taxon-
omy, distribution and ecological characteristics
of trees and their associated vegetation and
wildlife; physiology of trees; genetics; ecologi-
ca principles including structure and function
of ecosystems; soil formation, classification and
properties; silviculture including control of
composition, growth and quality of forest
stands, and fire ecology and use; entomology
and pathology, and integrated pest management.
Ability must be shown to conduct forest and
stand assessments and to create silvicultura pre-
scriptions.

2. Measurement of Forest Resources—identify-
ing and measuring land areas and conducting
spatial analysis, designing and implementing
comprehensive forest inventory; and analyzing
inventory information to project future forest
conditions.

3. Management of Forest Resour ces—analyzing
economic, environmental and social conse-
guences of resource management strategies and
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decisions; developing management plans with
specific multiple objectives and constraints;
understanding harvesting methods, wood prop-
erties, products manufacturing and utilization;
and understanding administration, ownership
and organization of forest enterprises.

4. Forest Resource Policy and Administra-
tion—understanding forest policy, processes of
how local and federal laws and regulations gov-
ern forestry, professional ethics and ethical
responsibility, and integrating technical, finan-
cial, human resources and legal aspects of pub-
lic and private enterprises.

The mission of the Society of American Foresters
is "to advance the science, education, technology,
and practice of forestry; to enhance the competency
of its members; to establish professional excellence;
and to use the knowledge, skills, and conservation
ethic of the profession to ensure the continued
health and use of forest ecosystems and the pres-
ent and future availability of forest resources to ben-
efit society" (3). An important function of the SAF
is the study and development of standards in
forestry education and accreditation of forestry
schools, and these processes further the objectives

in its mission. The SAF is recognized by the fed-
eral government as the official accrediting agency
for forestry programs in the United States. A cur-
rent listing of forestry schools in the United States
and descriptions of their programs are available on
SAF's website (4).

Forestry is atypical among professions because
of the high percentage of baccalaureate-trained
professionals and the small fraction of <df-
employed professionals, the highest percentage
being employed in the public and private sectors
(Table 2.1).

Although the majority of students terminate their
formal education at the bachelor's level, increas-
ing numbers are proceeding to advanced graduate
degree programs, which they enter either from a
forestry undergraduate curriculum, or from any
number of other undergraduate majors, including
mathematics, engineering, botany, and economics
or other social sciences. Students who enter from
another major are eligible to pursue the firg pro-
fessional degree at the master's level. According to
the Occupational Outlook Handbook (5), the
increasingly complex nature of forestry has led
some employers to prefer graduates with advanced
degrees.

Table 2.1 Employment Distribution of Society of American Foresters Membership (1)
Employer Sector Number? Percent
Government

Federal 2,196 17

State or local 1917 15

Other than U.S. 64 <1
Private industry 3,728 28
Self-employed

Consulting 2,116 16

Other self-employed 705 5
College/university 1,350 10
Association/foundation 252 2
Other 341 3
Unemployed 93 <1
Not indicated 429 3

Total 13,191 100

This table excludes, compared to the origina information base, retirees and students (constituting over 5,000 other Society of
American Foresters members) who would not normally be seeking full-time professional employment.
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The relative balance among educational levels
in recent forestry recruitment provides a good idea
of opportunities. A 1998 report (6) noted that for
entry-level forestry hirings over a two-year period,
75 percent were filled at the bachelor's level, 18
percent at the associate degree level, and dightly
over 2 percent were at the master's level. A year
later, another analysis was completed (7) indicat-
ing that for the previous five-year duration, 70 per-
cent of the forestry recruitment was at the
bachelor's level. Respondents to the 1998 study
revealed their intentions, for the foreseeable
future, to recruit people at the bachelor's level for
about three-fourths of all forestry positions.

The Bureau of Labor Statistics has its Occupa-
tional Handbook available electronically. Informa-
tion about "Foresters and Conservation Scientists'
can be found at their website (5). Nature of the
work, working conditions, employment, training,
job outlook, and sources of information are
included in the descriptive material. The handbook
is updated and republished periodically so inter-
ested people can find reasonably current informa-
tion in this source.

Career Opportunities

New careers in forestry continually emerge as gen-
eral technology advances. Today, computer appli-
cations in forestry have become important in
virtually al aspects of the field. As an example,
expert systems based on principles of artificia intel-
ligence promise exciting methods for assessing and
diagnosing forestry problems in much the same way
these systems are used in the medical field. Remote
sensing of the environment and geographic infor-
mation systems have become invaluable tools in
managing forest resources. Biotechnology and
genetic engineering show potential for application
to forestry, especially for improving the yield and
value of forest products. Scientists are modifying
species to increase resistance to diseases and her-
bicides. There is now a greater emphasis on inter-
national forestry, and for filling these worldwide
positions, skills in foreign languages and knowledge
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of agroforestry practices are especially important.
For an expanded discussion on the variety of spe-
cidties available in the profession, the interested
reader is referred to Opportunities in Forestry
Careers (8).

Students often fal to realize that a degree in
forestry provides an excellent general education,
one that can be viewed similarly to the liberal arts
bachelor's degree programs offered at many insti-
tutions. Students undecided on an academic major
should not miss the opportunity to explore
forestry, either as a major emphasis or as a minor
field to serve as a companion to a degree in sta-
tistics, mathematics, engineering, or environmen-
tal science. A forestry education provides a
background for a broad variety of jobs in man-
agement, business, or computer science and stu-
dents pursuing forestry degrees should not constrain
their job searches just to forest management posi-
tions, especially if their interests are broader.

Though the emphasis of this book is on forestry,
a group of related programs also offer coursework
leading to rewarding careers. Wood science and
technology and pulp and paper science majors,
available at many forestry schools and colleges, typ-
ically have high placement rates for graduates.

Sources of Employment

Public Forestry in Federal Agencies

With 5,000 foresters, agencies within the federal gov-
ernment constitute a large employment base of pro-
fessional foresters; 17 percent of the active SAF
foresters in the United States fdl within this group.
The Forest Service (U.SD.A.) has atotal permanent
work force of 29,000 people. This department is the
largest federal employer of foresters. In 1999, there
were about 4,000 professional foresters and 7,000
forestry technicians working in the Forest Service.
This group of professionals is entrusted with man-
aging large and widely dispersed holdings in numer-
ous national forests comprising 191 million acres.
In addition, the Forest Service works cooperatively
with state and private enterprises and conducts
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research at its forest and range experiment stations,
at the Institute of Tropical Forestry, and at the For-
est Products Laboratory (Figure 2.3). An employment
overview of this agency is available online and also
provides links to other sites of potential interest (9).

An administrative perspective of new hires in the
Forest Service is that:

Today's forestry professionals entering the fed-
eral workforce still need the technical skills and
understanding of ecosystem functions that
their predecessors possessed. However, they face
a full array of new challenges in managing nat-
ural resources. The Forest Service is changing,
much as the society we serve is changing. Our
job is one of stewardship of public lands with
lots of collaboration from the public we serve.
We must all understand the concept of customer
service. Our daily jobs involve satisfying many
internal and external customers. How effec-
tively we do so figures largely in our professional
success. Thenew forester must keep in mind the
long-term nature of resource management.
Whereas most of our customers may look to the
productivity and beauty of a forest for a decade,
or for their lifetime, the forester must ensurethe
needs of future generations and the health of
forest ecosystems far into the future (10).

Figure 2.3 The U.S. Forest
Products Laboratory in Madison,
Wisconsin, is a research and
development laboratory and is
part of the Forest Service.
(Courtesy of U.SD.A. Forest
Service.)

Other agencies in the U.S.D.A. that employ
forestry graduates include the Natural Resources
Conservation Service, Cooperative Agricultural
Extension Service and the Agricultural Research Ser-
vice. Elsewhere in the federal government, pro-
fessional foresters are found in the U.S. Department
of Interior (Bureaus of Land Management, Outdoor
Recreation, and Indian Affairs, as well as the
National Park Service and the Fish and Wildlife Ser-
vice), Tennessee Valley Authority, and an assorted
smaller number in the Departments of Defense and
Commerce, the Office of Management and Budget
and the Environmental Protection Agency. Hirings
in federal agencies are made through the U.S. Office
of Personnel Management.

Public Forestry in State Settings

Most of the states, through their departments of nat-
ural resources (or some similar title), maintain a staff
of forestry professionals to carry out state policies
in managing their forest resources. There are over
5,000 foresters in the state natural resource depart-
ments and they represent 15 percent of the active
practicing foresters who hold membership in the
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SAF. This represents a large pool of positions, and
collectively the states now have a larger work force
than the Forest Service, a condition that was the
reverse until the early 1990s. In addition, the state
agencies hire over 7,000 seasonal or temporary
employees each year; with a wide variety of sea-
sonal positions across the country, the states offer
excellent opportunities for pre-professional expe-
rience. Together, the states also employ over 9,000
technicians; these positions are supportive in nature,
normally do not require a 4-year degree, and typ-
ically the salaries in the category are lower than
those for professional foresters. For the most part
the forestry programs and employees are adminis-
tered by the state forester, usually located in the
capitol city. The National Association of State
Foresters maintains a website (11) with current
employment opportunities listed as well as links to
each of the states' department of natural resources
where local employment and program information
are available.

One chief state forestry administrator summarized
the setting for this sector as follows:

Forestersworking in a state forestry agency are
faced with the need to be proficient in a broad
range of functions, from the biophysical aspects
of forest resource management to complex
social interactions with people and groups that
have diverse interests and strongly held values
relating to forests and natural resources and
how they should be managed. Forestry profes-
sionals require broad-based knowledge of for-
est science with an integrated natural resources
management per spective. They must be able to
use that knowledge to develop, interpret, and
implement policies and procedures to sustain
and enhance functioning forest ecosystems; pro-
vide a sustainable supply of forest resourcesto
meet human needs (material, economic, and
social); protect livesand property from wildfire;
and provide an economic return to citizensand
corporate organizations. It is essential that
graduates leave school with that basic knowl-
edge and an initial development of those abili-
ties (10).

Other state agencies employing foresters,
though to a lesser extent, include the park serv-
ices, fish and game divisions, and in some states,
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departments of highways and taxation, and com-
missions of public lands. At about 8 million acres
nationally, community forests represent an impor-
tant component of public forests at the state level.
Some were established over 100 years ago. Many
are owned and managed by municipalities, but
others may be operated by counties, schools, or
other public institutions largely for multiple-use.
The school forests often serve an important role
in the environmental education programs of local
districts.

The increasing importance of forests and trees
in the urban setting has given rise to a new empha-
sis on urban forestry (see Chapter 22, devoted
entirely to urban forestry). This emerging area
requires integration of traditional forestry and arbori-
culture.

Forestry in Private Industry
By far the largest amount of commercial forest area
in the United States is privately owned. An impor-
tant part of this is held by forest products compa-
nies to provide a supply of wood for production
of lumber, pulp and paper, and other wood prod-
ucts. "Whereas federal and state resource agencies
primarily manage forests, industrial firms both pro-
duce timber and utilize it to manufacture products.
Thus, industry also offers a diverse set of oppor-
tunities for foresters. Industrial foresters may be
involved in wood procurement as well as the man-
agement of forests. Private industry also promotes
modern forestry practices through forma "tree farm"
programs. The total number of professional
foresters in this category is elusive; however, Wille
(8) reports that about 10,000 foresters are employed
by private industry. Electronic access to a large num-
ber of forest products industries can be gained
through the American Forest and Paper Association
(12), where an extensive roster of URLs is main-
tained for individual member firms nationwide and
for related associations dealing with, for example,
recycling, international trade, pulp, paper, plywood,
veneer, and hardwoods.

From a corporate perspective, industrial forestry
firms.
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... seek foresters who are technically sound but
also educated. New contributions from the fields
of ecology and biotechnology rapidly increase
the demands for an even more basic under-
standing of forest science and art—and social
interaction with diverse stakeholders requires
professionals who are broad in their thinking,
who understand people, and who demonstrate
clear leadership in their decisions and actions.
Forestry leaders must integrate forest science,
social, and business skills ... We need not just a
deep scientific and technical education, not just
a how-to education of forestry on the ground,
but the broad professional under standing of the
science, the sociology, the economics, and the
politics associated with the management of
complex natural resourcesthat areimportant to
the public ... (10).

International Forestry

One of the greatest challenges for the forestry pro-
fession is the wise use of tropical forests. Spurred
by population growth and the pressure to gain for-
eign exchange, developing countries are experi-
encing depletion of vital forest resources. Nearly
half of the world's population depends on wood
for fuel; in fact, about 60 percent of the total pro-
duction of the world's forests is consumed as fuel.
An interesting paradox is that in the developed
world 80 percent of the wood produced is used
for industrial purposes, and in the developing coun-
tries 80 percent of the wood produced is used for
energy. The Food and Agriculture Organization of
the United Nations (FAO) regards the dependence
of developing nations on dwindling supplies of fuel-
wood as a crisis. Over and above the pervasive
fuelwood shortage, tropical forests are being whit-
tled away by resettlement programs, development
projects, clearing for agricultural purposes and
ranching, and logging without attendant forest man-
agement. Tropical forests decline each year by an
area equivalent to Austria and Switzerland (13). This
rate of destruction is a major social issue of our
time—so crucia that every nation has a stake in
its solution. FAO is partitioned into eight depart-
ments, one of which is Forestry and Sustainable
Development. The forestry program, headquartered

in Rome has a website (14) with excellent global
information put together with a neutral approach
in a factual format.

International forestry activities are conducted
along three general fronts. Community forestry
functions in rural development, improving work
opportunities and consumable goods and enhanc-
ing the environment. With the participation of local
people, the community forestry approach takes
into consideration the importance of forestry in
land use planning and its strong relationship to
watershed management, arid-zone reclamation,
soil fertility, and integrating forestry and agricul-
ture. Among the techniques available for com-
munity approaches are: multiple-product forestry,
the use of forests for wood, edibles, and other
products; small-scale forestry, cultivating village
woodlots for the production of fuelwood; agro-
forestry, combining of forest and agricultural crops;
and silvi-pastoral systems, controlled grazing of for-
est vegetation. Forest-based industries are being
established, but they can benefit the country only
if sustainable development of carefully managed
forests is achieved. Required are intensified man-
agement and reforestation, development of appro-
priate harvesting, transportation and marketing
systems and intelligent use of residues. The con-
servation of forest ecosystems is recognized as an
important emerging area. Tropical forests help to
maintain a stable global environment, provide a
major genetic reservoir, and offer a source of new
forest products and medicines. Wise use of these
ecosystems is a high priority among international
strategists.

There are numerous opportunities for con-
tributing to the international forestry effort. The
Peace Corps supports forestry projects in many
parts of the developing world. Staffed primarily by
volunteers, it provides excellent opportunities for
professional and personal development. Non-
governmental organizations such as CARE play an
important role in international forestry. The Food
and Agriculture Organization collects and analyzes
information on forestry, serves as a magor source
of technical assistance, and helps to identify invest-
ment opportunities in the forestry sector.
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The U.S. Agency for International Development
(USAID) pursues two strategic goals relevant to
environmental protection: 1) reducing long-term
threats to the global environment, particularly loss
of biodiversity and climate change, and 2) pro-
moting sustainable economic growth locally,
nationally, and regionally. Forest and other natu-
ral resource management practices form a key ele-
ment of many USAID assistance efforts in the
agency's major spheres of action, notably sub-
Saharan Africa; Asia and the Near East; Latin Amer-
ica and the Caribbean; and Europe. In addition to
its permanent d&ff, USAID accomplishes forestry
work by employing people for varying periods of
time, for short-term consultancies as well as long-
term assignment overseas. To this end the Office
of International Programs within the Forest Ser-
vice-U.S.D.A. maintains a large roster of individu-
als competent in tropical forestry. The Office of
International Programs also offers technical assis-
tance and training in forest management and for-
est conservation to a wide variety of international
partners. In addition to its usual governmental part-
ners, this program has recently expanded its array
of cooperators to include more nongovernmental
and international research organizations.

Research and Teaching

There are over 1,300 people involved as forestry
faculty in educational programs at the colleges and
universities in the United States. The primary func-
tions of faculty positions are distributed approxi-
mately as follows: instruction—45 percent;
research—45 percent; and extension (outreach)—
10 percent. The largest number of faculty are in for-
est management, although well represented are the
areas of: forest biology; wood science, technology,
and industry; biometry; forest hydrology; forest
engineering; and urban forestry. All faculty posi-
tions require advanced graduate education and, for
the most part, a doctorate. Another group of over
600 foresters serves in professional g&ff roles in
forestry departments at universities, while others
teach in instructional programs at community col-
leges or technical schools.

47

An active and comprehensive organization
known as the National Association of Professional
Forestry Schools and Colleges serves to advance
the science, practice and art of forest resource man-
agement through the encouragement and support
of forest resource education, research, extension
and international programs at the university level.

Some of the larger forest products firms conduct
substantial research and development programs,
although the number of scientists involved is
unknown. The Forest Service plays a mgor role in
research activities, and to a lesser extent, some of
the major forested states also support research
efforts.

Embracing forestry research on a global scaleis
the International Union of Forestry Research Orga-
nizations (IUFRO). Its lead office is located in
Vienna, Austria; this organization is over 100 years
old. IUFRO is a nonprofit, nongovernmental inter-
national network of 700 member institutions
involving 15,000 participating forest scientists. The
main purpose of IUFRO is to promote international
cooperation in scientific studies embracing the
entire field of research related to forestry. Each year
over 50 conferences and symposia are sponsored
around the world, and every fifth year IUFRO holds
a World Congress. Like FAO, IUFRO hosts an on-
line reference library where literature searches may
be done at its website (15).

Consulting Forestry

Some professionals choose a private consulting
practice. Mogt of the consultants operate as sole pro-
prietors, and except for a small number of part-
nerships, the rest are organized as consulting firms.
There are over 2,000 consulting foresters in the
United States. Consultants provide advice and assis-
tance related to forest management, marketing, and
sale of forest products. Timber marking and sales,
timber inventory and appraisal, timber volume esti-
mates, timber management plans and harvesting,
damage appraisal, and investment advice constitute
most of the work collectively conducted by con-
sultants. Sometimes consulting firms deal with large-
scale assessments for public agencies and industry.
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Over and above technical forestry understand-
ing, from a consulting perspective, "the real key
to success—for the individual forester, the con-
sulting firm, and perhaps also for the profession—
is the ability to communicate well both in writing
and speaking. Opportunity in consulting is unlim-
ited for foresters who understand the technical
basics, gain field experience, see forestry in the per-
spective of nature and society, and can commu-
nicate ideas" (10).

Many consultants hold membership in the Asso-
ciation of Consulting Foresters of America. One
requirement for membership is a forestry degree
from an accredited university program.

Other Areas

According to the roster of members of the SAF, the
remaining foresters are self-employed or involved
with organizations such as the American Forest
Foundation, American Forest and Paper Association,
American Pulpwood Association, National Wood-
land Owners Association, National Hardwood
Lumber Association, or various state forestry
associations.

Employment

Expectations of Employers

Changes in the public's understanding of sustain-
ability and developments in science, communica-
tions, and global markets have created a recent
evolution in the practice of forestry (7). Conse-
guently, employers now seek an expanded set of
skills and competencies when hiring graduates of
professional forest programs.

Table 2.2 provides an overview of technical com-
petencies sought by employers. Based on a strate-
gic assessment conducted by the Pinchot Institute
(7) involving employers who had recently hired
forestry graduates, the surveys covered al forestry
sectors, with federa and state agency, industrial,
and consultant participants making up 93 percent
of the survey participants. The table, ranked accord-

ing to importance value, shows the twenty com-
petencies which are most important to employers
and which the mgjority of employers expect to be
acquired at the undergraduate level. Certainly the
scientific foundation of forestry forms a strong basis
of the competencies, but a very high premium is
placed on ethics, communications, and teamwork.
This is in accord with another nationwide analysis
published a year earlier by Brown and Lassoie (6)
who found that the application of sound ethical
principles is the attribute with the highest desir-
ability regardless of employer category—in fact, 95
percent of the respondents said it is a requirement.
This study too, showed that communication and
group interaction processes are competencies
required for most entry-level positions (Figure 2.4).

Also important to employers hiring professional
foresters is a set of broader skills. The Pinchot Insti-
tute study (7) identified the skills most critica to
hiring agencies and, at the same time, those that
entry-level practicing professionals find they need
for long-term success in forestry (Table 2.3). Think
of these sKills as the synthesis and application of
certain clusters of competencies seen before in
Table 2.2. For example, the ability to listen to and
address public questions and concerns—the sec-
ond skill listed in Table 2.3—would draw not only
on specific subject matter knowledge, but would
be integrated with ethics, communication, and col-
laborative problem-solving competencies as well.

Our society is gill evolving from a somewhat
autocratic mode of management to more of a shared
governance model. Thus, there are gaps between
how importantly a skill is perceived by employer
groups and their rating of performance for the
foresters they have recruited. The biggest gaps are
reflected in the top two skills, teamwork and pub-
lic concerns. However, positive changes have tran-
spired in this regard during the last decade, and
continued improvement will occur to narrow the
gap between importance and performance.

Most forestry employers expect the undergrad-
uate educational experience to primarily provide
a sound foundation of technical competency (Table
2.2), with the development of broader integrative
skills (Table 2.3) coming largely with experience,
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Table 2.2 Technical Competencies Employers Expect to be Achieved at the Undergraduate
Level and Their Importance (7)

% of employers

expecting the Importance

item by end of to

undergraduate employers
Technical Competency? education (1-10 scale)
Ethics 79 93
Written communication 86 9.2
Ora communication 78 91
Silvicultural systems 85 84
Collaborative problem solving 53 82
Resource management 62 80
Forest ecology 63 8.0
Forest inventory and biometry 86 78
Landscape analysis-GIS 55 17
Tree and plant species identification 93 77
Watershed management 64 76
Resource economics 70 75
Fire dynamics 67 7.3
Forest soils 80 72
Resource policy, law 57 70
Wildlife biology 78 7.0
Forest pathology 79 6.8
Conservation biology 57 6.8
Forest engineering, transportation systems 64 6.3
Wildland and protected areas management 60 58

@ Terms listed only for which 50% or more of the employers expected the competency to be gained during the undergraduate
experience and for which they attached an importance value greater than 5.0 on a scale of 1-10.

graduate education, and continuing education. You
may notice a strong correlation between employer's
expectations and curricular requirements for a
degree from an accredited program discussed
earlier.

Seeking Employment

Application for employment is an art and how to
do it most effectively differs by industry. In the for-
est products industry, applicants should develop
some knowledge of the company and should not
st employment goals that are too narrow. Work

experience, a vision of the potential employee's
future, and direct contact with the company are
desirable. All this requires homework. Do not

Figure 2.4 The ability to work with others is an
important component of a forestry career. (Courtesy of
U.S.D.A. Forest Service.)
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Table 2.3

Skills Identified as Necessary for Success in Forestry, and Their Fatings of

Importance and Performance by Employers [Scale of 1-10] (7)

Needed Skill

Importance Performance

Ability to work in teams that include
individuals with a variety of perspectives,
both within and outside the organization.

Ability to listen to and address public
guestions and concerns and to explain
the principles of environmentally respon-
sible forest management practices.

Understanding of the requirements of
a healthy forest ecosystem and the full
variety of silvicultura and other tools
available to manage that system.

An innovative approach to forest manage-
ment that includes critical thinking and willing-
ness to test new and nontraditional approaches.

An innovative approach to working
with the public to address forest
management problems.

Ability to evaluate and synthesize infor-
mation from a variety of specialists when
developing resource management plans.

Understanding of landscape-level
planning of forest ecosystems and how
to manage them to meet ecological,
economic, and socia needs.

9.0 7.3

82 6.5

80 74

80 72

7.7 6.6

75 71

7.3 69

expect most companies to interview on campus;
they usually rely on resumes submitted by people
seeking employment, and they purposely look for
people from various geographic areas, different uni-
versities, and from diverse backgrounds.

Concluding Statement

The fidd of forestry offers a vast diversity of career
opportunities that range from policy and socia
issues to highly technical, quantitative processes.
Career seekers can pursue interests in conservation

or timber management. The variety of organizations
involved in the many aspects of forestry echoes the
breadth of the field itsdf. Governmental agencies
have active programs in forestry, and industrial firms
are major players in the production of forest prod-
ucts. Different forestry programs span a geographic
area that may be local, national or international.
Regardless of agency or firm goals, the mgjority of
forestry professionals deal with ecosystems, a theme
that flows through this book.

Students with interests in forestry education
should explore careers with several universities to
understand curricular requirements and employ-
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ment prospects. Sufficient website locations are
included which, along with related sites included
at each address, will provide a breadth of useful
forestry information. Descriptions of, and questions
regarding specific positions are best achieved by
visiting with forestry-related agencies, industries, or
consulting firms.
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Forest Biology
and Ecology

rees are the largest and oldest of the known

living plant species in the world today (Figure
P2.1). Starting as a minute seed, they can grow to
heights over 120 meters (394 ft) and accumulate as
much as 1500 cubic meters (5.3 x 10* ft%) of wood
in the process. In addition, trees possess a water-
transporting system so powerful that it can raise
water about a hundred times as efficiently as the
best suction pump ever made by human beings (1).
Trees are truly remarkable mechanisms of nature.

Like al other plants, trees are constructed solely
of cells, the basic units of life. However, the cells
in a ledf, for example, are quite different from those
in the trunk and different again from those in the
root. Each kind of cell is usually found in associ-
ation with similar cells; groups of similar cells make
up tissue and tissues combine into even more com-
plex groups know as organs (1). Clearly the spe-
cialized organs serve different purposes in the tree.
The complex functions of the tree and its compo-
nent parts are treated in detail in Chapter 4, For-
est Ecophysiology.

The growth and vigor of trees are a function of
many factors. In addition to genetic variations, envi-
ronmental factors can have a profound influence
on tree growth. Minerals in the soil, water short-
ages, wind and climate, the availability of sunlight,
and attack by insects and disease al affect the pat-
terns of tree growth (Figure P2.2). The impact of
these influences and human interaction for control
of tree growth and vigor are examined in this sec-
tion. The distribution of forests around the world
are discussed in Chapter 3, Forest Biomes of the
World. A biome is a broad classification of plant
communities characterized by climate and soil.
Within a biome there are numerous ecosystems. A
further description of forest ecosystems and inte-

Figure P2.1 One of the oldest known living
plants in the world: a 3000-year-old bristlecone pine
sculptured by the wind, sand, and ice of the White
Mountains in eastern Cdifornia (Courtesy of U.SD.A.
Forest Service)

gration of the many factors that affect tree and stand
growth are discussed in Chapter 6, Forest Ecosys-
tem Ecology. The importance of ecological rela-
tionships across landscapes is then discussed
Chapter 7, Landscape Ecology. Not only do land-
scape patterns affect organisms, but organisms can
also create landscape patterns.

A forest community is a dynamic structure that
responds to the laws of cause and effect, one in
which al organisms intertwine to form a harmonic
ecosystem (2). The classic ecological concept is
that forests evolve through plant succession, the
orderly replacement of one plant community or
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Figure P2.2 Twisted aspens on the Grand
Canyon's northern rim in Arizona are cdled "The
Crooked Forest." The resilient trees were probably
bent as saplings by deep snowdrifts, a phenomenon
referred to as snow creep. (Courtesy of Life Picture
Service)

forest stand with another. Generally a temporary
plant community is replaced by a relatively more
stable community until a dynamic equilibrium is
attained between the plants and the environment.

Forest Biology and Ecology

However, the behavior of forests frequently does
not follow this classica concept. Many tree
species, rather than arising during predicted peri-
ods of succession, often play a more opportunis-
tic role. For example, red maple, which is usually
considered to be a climax or fina successiona stage
species, has light wind-borne seeds that can invade
open areas and thus function as an early succes-
sional species (3). Disturbances such as those
described below can also affect forest succession.
The many factors affecting vegetation distribution
and succession of forests are described in several
chapters in this section.

Disturbances in the forest can be either natural
(wind, fire, insect and disease outbreaks) or caused
by human beings (forest harvesting and fire) and
can result in destruction of small or large segments
of the forest. The effect of disturbance is to pro-
duce sites where new communities of the trees,
plants, and animals can exist. These new
communities may differ from those of the native
forest (Figure P2.3). The effect of disturbances are
treated in several chapters in this section while the
specific effects of disease and insects on forests are
described in Chapter 8.
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Figure P2.3 The blast from the eruption of Mount Saint Helens in the state of Washington flattened
previously lush, green forests. Ecologists are closely monitoring the return of plant and animal life. (Photograph
by R. L. Giese.)






Forest Biomes of the World

Factors Affecting Vegetation
Distribution

Forest Biomes

Vegetation Classification Systems

Boreal Forests

Temperate Broad-leaved Deciduous Forests

Temperate Needle-leaved Evergreen
Forests

Temperate Mixed Forests

Temperate Broad-leaved Evergreen Forests

Forests provide many ecosystem services to
humans and other organisms. Forests provide tim-
ber that is used for a myriad of wood and paper
products (Chapter 20). Millions of species of flora
and fauna, some of which have gone, or will go,
extinct before they are documented, live in
forests. Forests protect the soils from erosion, min-
imize sedimentation in adjacent wetlands and
aguatic ecosystems, mitigate flooding, and remove
toxic heavy metals and organics (Chapters 5 and
16). Forests also provide recreational opportunities
and have inherent aesthetic value to society (Chap-
ter 17). Ladtly, forests play an important role in
globa carbon budget.

The contribution of a forest biome to each of
the ecosystem services and functions varies among
biomes, and ecosystems within the mgjor forest bio-
mes. Therefore, sustainable management of forests
of the world requires a fundamental understand-
ing of the effects of environmental factors on dis-
tribution and growth of forests (Chapters 4-8), and
properly matching forest management practices to
the silvics of the trees (Chapters 9 and 13). Struc-

CHAPTER 3

STITH T. GOWER, JOE J. LANDSBERG,
AND KARI E. BISBEE

Tropical Broad-leaved Evergreen Forests
Tropical Broad-leaved Deciduous Forests

Global Change and Forests
Habitat Protection and Land Use Change
Climate Change

Concluding Statement
References

tural characteristics such as height, density, the
amount of leaf area, leaf habit (e.g., evergreen ver-
sus deciduous) are important factors that differ
among forest biomes, and forest ecosystems
within a biome. The climate and soils of forests also
influence the ecosystem services and function.
Therefore, it is essential to understand how impor-
tant characteristics such as species composition, cli-
mate, soils, disturbance and structural characteristics
differ among major forest types. This knowledge
can be used to ensure which forest should be man-
aged for timber production, devise management
plans that ensure forests are managed on a sus-
tainable basis, identify forests that should be pre-
served for services other than timber production,
and determine how globa change may affect world
forests.

The objective of this chapter is to describe briefly
each of the mgor forest biomes. The first section
describes the major factors that influence the geo-
graphic distribution of forest biomes of the world.
The second section highlights the major forest
biomes of the world. We describe the extent and
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distribution, climate, soils, important structural and
functional characteristics, and management and mis-
management issues for each biome. The third sec-
tion summarizes some of the major conservation
concerns for forests and the susceptibility of for-
est biomes to global change. The treatment of each
forest biome is cursory because of space limitations.
The text is intended to provide the necessary back-
ground for the more detailed treatments of various
aspects of forest/environment interaction in the fol-
lowing chapters.

Factors Affecting Vegetation
Distribution

The distribution of the major forest biomes, and ter-
restrial biomes in general, is strongly influenced by
climatic, geologic, ecological, and anthropogenic
factors. Plant geographers first noted the influence
of climate on the distribution of vegetation; they
observed that similar climates, regardless of conti-
nent, produced vegetation with similar appearance

Subsidence

\ By Equator

Convection celfs

// i High-pressure cell, 235 N o

Forest Biomes of the World

or physiognomy. Plants require solar radiation,
water, nutrients and adequate temperatures to ger-
minate, grow, and reproduce (see Chapters 4-7).
The relative amount of these essential resources and
the ecophysiology of the plants determine the
species composition and structure of the forests. Cli-
mate directly and indirectly affects the distribution
of biomes. Temperature and moisture availability
directly affect the growth of plants. Climate also
strongly influences soil development (Chapter 5),
which also influences plant distribution.

The major control on climate at the global scale
is solar radiation. The amount of solar radiation
reaching the forest canopy is greatest near the equa-
tor and decreases toward the poles. The causes for
the variation in solar radiation are two-fold: the
angle at which the sun's radiation strikes the earth's
surface and the length of the pathway that solar
radiation must pass to reach the canopy (Figure 3.1).
Solar radiation strikes the Earth's surface at a less
direct angle at higher latitudes than near the equa-
tor, resulting in the radiation being distributed over
a greater area—or a smaller intensity per unit land

3

/ Fy

— High-pressure cell, 23.5° S /

Figure 3.1 A schemdic diagram contrasting the solar radiation path length at the equator and high Idtitude.
The globd precipitation patterns are determined by the convergence of ar masses. Collectively, the solar
radiation and precipitation patterns determine the distribution of terrestrial biomes. Adapted from Bailey (22).



Factors Affecting Vegetation Distribution

surface area. Also, solar radiation travels through
a greater distance of the atmosphere, increasing the
reflection of solar radiation away from the earth's
surface. As a result, the temperature is warmer near
the equator than at higher latitudes.

Within a similar latitudinal zone, seasonal vari-
ation in temperature is much greater for a conti-
nental than for a coastal location. The pronounced
differences in climate are because water has a
greater thermal capacity than land. Examples of the
effects of large water bodies on climate are shown
in Figure 3-2. The latitude of Portland, Maine and
Madison, Wisconsin are similar, but the winters are
colder, the growing season is shorter and the sum-
mers are hotter in Madison than Portland. Similarly,
for a similar latitude and elevation, the climate is
milder and more equitable in the Southern than
Northern Hemisphere. Continents are smaller in the
Southern Hemisphere than Northern Hemisphere,
and as a result, the mesoscale climate of the South-
ern Hemisphere is buffered by the greater thermal
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capacity of the oceans. The large thermal buffer-
ing capacity of oceans has a pronounced effect on
the distribution of forest biomes. In the Southern
Hemisphere, temperate forests occur from 30° to
55° S, and within this zone broad-leaved evergreen
species dominate the forest landscape. In the North-
ern Hemisphere, broad-leaved deciduous tree
species are the dominant forest type in the lower
latitudes, and boreal forests can occur as far south
as 50-55° N. Axelrod (1) concluded that the tem-
perate climates, ample rainfal evenly distributed
throughout the year, and rarity of frogt, favored the
evolution of broad-leaved evergreen rather than
deciduous forests in the temperate regions of the
Southern Hemisphere.

Water availability, a function of both precipita-
tion and drying power of the air, also influences
the distribution of vegetation biomes. Near the
equator, moisture-saturated trade winds rise and
produce abundant precipitation (Figure 3.1). The
dry subtropical high-pressure air masses centered
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Portland, ME . H ;
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on the Tropics of Cancer and Capricorn (23.5° N
and S, respectively) produce bands that are too dry
to support forests. Precipitation pattern is also influ-
enced by continental position. Warm air passing over
large bodies of water (oceans) collects water vapor.
As the warm, moisture laden air mass goes over a
large land mass it loses its ability to hold the water
vapor, especialy if the air mass must rise over a
coastal mountain range. Rainfdl is typicaly very high
for these coastal regions. Forests growing on wind-
ward slopes of mountains near oceans can receive
from 3.5 to 6.5 meters of rain—some of the largest
annual amounts of precipitation in the world!

Soil fertility also influences distribution of veg-
etation. In general, evergreen plants occupy the
more infertile soils while deciduous forests occur
on more fertile soils. Parent material and climate
influence soil fertility (Chapter 5). Hot and moist
climates, such as subtropical and tropical regions
increase soil weathering, causing nutrients to be
removed from the soil on the time scale of millions
of years. Conversely, milder climates have more fer-
tile soils. Extremely young soils, such as those that
developed since recent glacia advances, tend to be
nitrogen-limited. The type of parent material that
the soils develop from also influences soil fertility.

Disturbance intensity, frequency, and type of dis-
turbance aso influence biome distribution and
species composition within a biome. The distur-
bance can be natural, such as fire, wind, or drought,
or related to human activity (e.g., land clearing, har-
vesting, and fire suppression). Fire suppression in
the midwestern United States has hastened the inva-
sion of woody and tree species into prairies.

Forest Biomes

Vegetation Classification Systems

There are many vegetation classification systems
used, although all of them use climate, physiog-
nomy (the general appearance of the vegetation,
e.g., desert, grassland, forest) and leaf habit (ever-
green or deciduous) to classfy vegetation. The
broadest level of classification is the biome—

Forest Biomes of the World

vegetation with a similar climate and physiognomy.
Within a biome there are numerous ecosystems. For
example, the temperate needle-leaved evergreen
forest biome includes the coastal Douglas fir
(Pseudotsuga menziesii) forests in the Pacific North-
west, the jack pine (Pinus banksiand) forests in the
Lake States, and loblolly pine (Pinus taeda) forests
in the southeastern United States. Classification sys-
tems differ in the level of detail, ranging from a sim-
ple system that has eight vegetation cover types to
30 vegetation associations. In this chapter, we pro-
vide an overview of the main forest biomes in the
world. We briefly characterize the extent and dis-
tribution, the climate and dominant soils (readers
are suggested to refer to Chapter 5, Forest Sails,
for a detailed explanation of the different soil
orders), a general description of the vegetation
including some of the dominant forest genera (or
families for the extremely diverse tropical forests),
unique structural and functional characteristics that
influence the ecology and management, and man-
agement of the major forest biomes.

For the purpose of this book, we used the veg-
etation classification system used by Mdlillo, et al.
(2), because it is a reasonable compromise
between complex and simple schemes. Forest bio-
mes are based on magjor climatic zones (tropical,
temperate, and boreal) and the physiognomy
(broad-leaved evergreen, broad-leaved deciduous,
and needle-leaved evergreen conifer) of the vege-
tation. Figure 3.3 (see color insert) shows the
regions where biomes could occur, although it is
unlikely that the areas concerned are completely
covered by those vegetation types. The impact of
humans has resulted in vegetation loss and change
across very large areas of the globe.

The description of the major forest biomes is
brief, but provides a general overview of the dis-
tribution, climate, soils, species composition, struc-
ture, and function, and management characteristics
of the major forest biomes. The amount of infor-
mation available for each forest biome varies sub-
gtantially. The information provided for each forest
biome is intended to provide a framework for think-
ing about the ecology and management of forests,
as discussed in the following chapter.



Forest Biomes

Boreal Forests

Distribution and Extent Boreal forests cover
about 15.7 x 10° hectares and occur only in the
Northern Hemisphere (Table 3-1). The greatest sin-
gle area of boreal forests is in Eurasia, where they
extend from Scandinavia to eastern Siberia. The sec-
ond largest boreal forest region occurs as a 500-600
km wide band from eastern Canada and the north-
eastern United States westward into northern British
Columbia and Alaska. Boreal forests give way to
arctic woodland or tundra to the north, while the
vegetation to the south of the southern boundary
varies. In some regions, such as eastern Canada,
boreal forests transition to cold temperate evergreen
needle-leaved or broad-leaved deciduous forests.
In central Canada, the southern boreal forests give
rise to prairies, and in Eurasia boreal forests often
transition into cold steppe or shrubland.

Climate The climate of the boreal forests is one
of the harshest in which trees occur. The boreal for-
est regions, represented by climatic data from The
Pas, Manitoba, in Canada (Figure 3-4d), are charac-
terized by long cold winters. The mean daily mini-
mum temperature at The Pas is below 0°C for more
than seven months of the year, and during the period
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when temperatures remain above zero, there are g-
nificant water deficits. There may be fewer than 50
frost-free days in summer (Figure 3.4a). Permafrost,
a buried frozen soil layer, is common in many boreal
forests. Woodward (3) suggests that the northern limit
of boreal forests may be crudely defined by the num-
ber of months in which the air temperature is greater
than 10°C. The length of growing season must be
sufficient for evergreen conifers to construct an ade-
guate cuticle to protect needles from winter desic-
cation, and mycorrhizae (root-fungus association) to
facilitate nutrient and water uptake.

Soils  Soil development is slow in boreal forests
because of the cold temperatures; therefore soils
tend to be nutrient-poor. Poorly drained soils accu-
mulate large amounts of peat—undecomposed
mosses and sphagnum. The soils are young and
derived from parent material left by retreating gla
ciers. Permafrost, which can be less than one meter
below the surface, restricts root zones and impedes
soil water drainage. Few major soil taxonomic
groups occur in boreal forests. Histisols, or organic
soils, are common to poorly drained forests. Enti-
sols have little or no horizon development and are
typically associated with early successional ripar-
ian forests (Populus, Betula) and coarse-textured,

Table 3.1 Area (hectares x 10%) and Average Net Primary Production (NPP, tC ha’ yr?) of
the Forest Biomes of the World [Adapted from Landsberg and Gower (4) and Gower, et al. (6)]

Forest Area %of Average NPP
Biome (ha x 108 total (tC ha yr?
Boreal 15.7 30 42
Deciduous — — —
Evergreen — — —
Temperate 142 27 —
Coniferous 24 5 6.6
Deciduous 35 7 6.6
Mixed 51 10 —
Evergreen (Broad-leaf) 32 6 100
Tropical 220 43 —
Evergreen 174 A 82
Deciduous 4.6 9 80




62 Forest Biomes of the World
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Figure 3.4 Climate diagrams illustrating the conditions in which we can expect to find: a) boreal forests;

b) temperate deciduous forests; c) temperate coniferous forests; d) temperate mixed forests, €) and f) temperate
evergreen forests, g) tropical evergreen forests; h) tropical deciduous forests. The diagrams show long-term
monthly averages of maximum (Tmax) and minimum (Tmin) temperatures (°C), precipitation (mm) radiation (MJ
m?day™) and the water balance, calculated as the difference between precipitation and evaporation using the
Thornthwaite (23) equation. The diagrams were produced from data presented by Muller (24). Radiation data
were not available for every station (they were missing for The Pas, Hobart, Manaus and Jamshedpur); where this
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Hobart, Australia Manaus, Brazil
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was the case, data from other stations at similar latitiudes, that closely matched these in terms of sunshine hours,
temperature and rainfall patterns, were used. The water balance data (precipitation-evaporation) were derived
from the monthly potential evaporation figures provided by Muller (24), which were calculated from the
evapotranspiration formula derived by Thornthwaite (23). This formula is based on temperature and is unlikely to
provide accurate values for the water use of tropical forests. However, as Muller points out, the Thornthwaite
equation is the only one that gave comparable values for every station, and it does provide a reasonable
indication of evapotranspiration regimes and hence the overall water balance.
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excessively drained pine forests (P. banksiana in
Canada and P. sylvestrisin Eurasia). Some Spodosols
can be found in the wetter regions of boreal forests.

Species Composition  Tree species diversity is very
poor in the boreal forests. There are only nine dom-
inant tree species in North America, and 14 in
Fennoscandinavia and the former Soviet Union (4).
The low species diversity is attributed to the recent
development of boreal forests following the retreat
of glaciers and the harsh climate (3). In general,
boreal species arrived in this region less than 2000
years ago. The distribution of species, and the
species composition of stands are strongly influ-
enced by topography and soils. Important genera
include fir (Abies), birch (Betula), larches (Larix),
spruce (Picea), aspen (Populus), and willow
(Salix). Picea and Larix commonly occur on poorly
drained lowland soils. Pines commonly occupy
well-drained upland soils, while Populus, Abies,
Salix, and certain species of Picea occur on the
finer-textured upland soils. In North America and
Europe, needle-leaved evergreen conifers tend to
dominate the boreal landscape, especialy at
northern latitudes. However, Larix, a deciduous
conifer, increases in importance in Eurasia and dom-
inates the boreal treeline in Siberia (5). Ericaceous
shrubs commonly dominate the understory of
boreal forests. In no other forest biome do
bryophytes play such an important role. Lichens
(Cladina spp.) occur on the excessively drained
sandy soils, feathermoss (Pleurozium spp.) forms
a continuous ground layer in many spruce and pine
forests of intermediate drainage and sphagnum
(Sphaghum spp.) are the most common bryophyte
on poorly drained soils.

Structure and Function  Boreal forests have low
leaf area index (LAI, the amount of leaf area per
unit ground surface area) and the conifer trees have
very pronounced spiral canopies. The spira
canopies help shed the snow and maximize light
interception when the sun is low in the horizon.
Boreal forests have a low LAl because the
extremely short growing season and very nutrient
poor soils limit the amount of foliage area a stand
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supports (Chapter 6). Aboveground net primary
production (ANPP, the annual amount of organic
matter or biomass trees accumulate in stem,
branches, and foliage) is low, averaging 4.2 and 3.2
tC ha'yr! for evergreen and deciduous forests,
respectively (6). Although live bryophytes consti-
tute less than 1 percent of the total aboveground
biomass of boreal forests, they have a profound
effect on the structure and function of boreal forests.
Bryophytes insulate the soil, which strongly affects
the thermal regime and hence overall nutrient
cycling and productivity patterns of boreal forests.
Also, the productivity of bryophytes can equal or
exceed that of the stem growth of trees (7).

Fire is an important natural disturbance in boreal
forests. Fires, ignited by lightning, tend to cover
large areas and may burn as much as 25,000 to
50,000 hectares (8). Fire frequency in the boreal
forests in North America ranges from 30 to 200
years, depending on species composition and topo-
graphic position. Fire strongly influences species
composition, nutrient availability and forest pro-
ductivity (8). Insect damage can be important in
boreal forests in some regions. Damaging summer
storms are rare, and severe winter weather is
unlikely to cause damage to trees.

Management Boreal forests are one of the least
managed forest biomes of the world because of the
low growth rates, the extremely cold and dry di-
mate, and inaccessibility. However, there are
areas—for example, along the southern edges of the
forests in Canada, Scandinavia, and in Sberia—
where commercial logging occurs. A concern with
harvesting boreal forests is that the rate of vegeta
tion regrowth is very slow because of the extremely
cold winters and infertile soils. Timber companies
are interested in harvesting boreal forests, especialy
in Siberia, because of the large areas of mature
forests (Table 3.1). The political instability and poor
infrastructure in Siberia may be the only factor stop-
ping large-scale harvesting of this fragile ecosystem.
Plantation forests are scarce in the boreal regions.
Management of natural and plantation boreal forets
in the Nordic countries (Denmark, Sweden, Finland
and Norway) can approach the intensity of
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plantation forestry, but are probably the best exam-
ple of sustainable management of boreal forests.
Another serious environmental threat to boreal
forests is the unchecked air pollution from some
of the world's largest iron ore, and nickel mines.

Temperate Broad-leaved Deciduous
Forests

Digtribution and Extent  Temperate broad-leaved
deciduous forests cover 35 x 10° hectares (Table
3.1) and occur primarily between 30° to 50° N lat-
itude (Figure 3.3). Large tracts of these forests occur
in the eastern United States, Europe, western Turkey
and eastern border areas of Iran, western China and
Japan. The noticeable absence of deciduous
forests in the Southern Hemisphere, except for the
western coast of southern Chile, is because the year-
round mild climate favors the evergreen over decid-
uous leaf habit.

Climate In the temperate deciduous forest zone
of the northern United States (represented by
Chicago, Illinois, Figure 3.4b), minimum tempera-
tures are well below freezing for at least four
months of the year. The best period for growth is
in the spring, when temperature and water are ade-
quate. During the summer high, evaporation may
equal or exceed precipitation, resulting in water
deficits that restrict growth.

Further south, in the temperate mixed (ever-
green, needle-leaved conifers and broad-leaved
deciduous) region, represented by the climate at
Nashville, Tennessee (Figure 3.4d), higher rainfall
is not enough to prevent summer water deficits,
but early-season temperatures are significantly
higher than in the deciduous and coniferous areas.
The deciduous trees lose their leaves during the
winter, but the period when temperatures are low
enough to prevent growth of evergreen conifers
is relatively short.

Soils Temperate forest soils are highly variable.
Many of the mountain soils in temperate regions
are Entisols, Inceptisols, or Alfisols, with the for-
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mer being young and infertile and the latter being
moderately weathered, but fertile. In warmer cli-
mates (e.g., southeastern United States, southern
Europe) the soils have undergone greater weath-
ering and the dominant soil order is Ultisols; these
soils can be productive, especially if nitrogen and
phosphorus fertilizer is applied.

Species Composition Both tree and understory
diversity are greater in temperate deciduous than
temperate conifer and boreal forests, approxi-
mately 30 plant families and 65 genera occur in
the overstory canopy of temperate deciduous
forests (9). Species diversity of deciduous forests
is highest in North America, China and Japan,
where refugia for temperate forests are hypothe-
sized to have existed during the most recent gla-
cial periods. Species diversity is lower in Europe,
perhaps because the predominantly east-west
mountain ranges prevented species from retreat-
ing south to warmer climates during the most
recent glacial advance. Species composition varies
according to topography, soil fertility, and suc-
cessional status. A few important temperate decid-
uous tree genera and species include maple (Acer),
birch (Betula), hickory (Carya), beech (Fagus), ash
(Fraxinus), walnut (Juglans), tulip tree (Lirio-
dendron), Magnolia, aspen (Populus), oak (Quer-
cus), basswood (Tilia), tree of heaven (Ailanthus),
silktree (Albizzia), Castanopsis, and Zelkova.
Except for stands of Populus, pure stands of one
species are uncommon.

Structure and Function The growing season
ranges from 4 months in northern forests to 8
months in southern forests. The leaf area index of
temperate broad-leaved deciduous forests tends to
be higher than that of temperate evergreen forests
because the evergreen conifer forests often occur
on the more infertile, drought-prone soils. Net pri-
mary productivity of temperate broad-leaved
deciduous forests averages 6.6 tC ha' yr'. The
riparian broad-leaved temperate forests in the
southeastern United States are some of the most
productive forests in the world and NPP can exceed
10 tC ha™ yr. Riparian forests are also important
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in flood prevention, maintaining water quality, fil-
tering harmful chemicals and sediments, and
habitat for aquatic flora and fauna. A large per-
centage of the original temperate deciduous forests
have been cleared for agriculture because these
soils tend to be fertile. The drainage and conver-
sion of riparian forests to agriculture threatens
regional watersheds.

Management Present-day temperate deciduous
forests do not usualy occur in extensive tracts
because of large-scale human activities (e.g., clear-
ing and conversion to agriculture, pasture, and
urban areas). Management may range from peri-
odic selective tree removal to short-rotation plan-
tations for fiber or fud production—the most
intensive form of forest management. Species com-
monly used in short-rotation plantations include
poplars, sweetgum, willows, and sycamore.
Depending upon the species, life history, and eco-
physiology, both even-aged and uneven-aged man-
agement practices can be sustainable. Even-aged
management is most prevalent for shade-intolerant
and coppicing—regrowth of aboveground vegeta-
tion from the root stock of the trees that were har-
vested—species (aspen), while uneven-aged
management is commonly used for shade-tolerant
species. Uneven-aged management is becoming
increasingly popular because managed uneven-
aged forests retain many of the desirable charac-
teristics (e.g., canopy gaps, multilayer canopies,
biodiversity) of old-growth forests.

Temperate Needle-leaved
Evergreen Forests

Digtribution and Extent Temperate evergreen
coniferous forests are largely restricted to the North-
ern Hemisphere and cover approximately 2.4 x 10°
hectares (Table 3.1). Conifers dominate the mon-
tane forests in North America, Europe, and China
and smaller areas of temperate conifers are located
in montane regions of Korea, Japan, and Central
America. Pines species have been planted exten-
sively in the Southern Hemisphere. Natural tem-
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perate conifer forests tend to occur on droughty or
infertile soils that cannot supply the greater water
and nutrient demands of deciduous species. Ever-
green conifers are the most common trees in the
Pecific Northwestern United States, where dry sum-
mers and mild winters provide a more favorable
environment for evergreens than conifers (10).

Climate Temperate evergreen conifers occur in a
wide range of climates, such as sub-tropical, wood-
land, boreal forests and temperate rainforests (Fig-
ure 3.3). However, an area notable for such forests
is the northwest coast of the United States, repre-
sented by Seattle, Washington (Figure 3.4c), which
has cooler summers than the temperate deciduous
zone, warmer winters (the average minimum tem-
perature for any month is never below zero) and
a different precipitation pattern. The largest
amount of precipitation occurs in the winter
months, with very little during the period of high-
est evaporation. As a result, significant water deficits
occur and reduce tree growth during the summer.
Fire can be an important cause of ecosystem dis-
turbance, especially in exceptionally dry summers
when the normal summer drought (Figure 3.4c) is
extended and exacerbated by unusually hot
weather and lack of precipitation.

Soils It is also difficult to generalize about tem-
perate needle-leaved forest soils because they are
extremely variable over the wide range of climatic
and parent materials where these forests occur. The
more common forest soil orders include: Incepti-
sols, Alfisols, and Ultisols. Spodosols are primarily
restricted to cool to cold-temperate conifer forests
that receive abundant rainfal. Many of the tem-
perate needle-leaved conifer forests occurring on
Ultisols and Spodisols respond positively to nitro-
gen and phosphorus fertilization treatments.

Species Composition  Common genera in the tem-
perate coniferous forests in the northern latitudes
include fir (Abies), spruce (Picea), Douglas fir
(Pseudotsuga menziesii), while hemlock (Tsuga)
occur over a much broader range of environmen-
tal conditions. Pine, an important genera from both
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an economic and ecological perspective, occur in
a wide variety of environments ranging from hot,
arid southwestern United States to cold temperate
regions of Scandinavia and Eurasia.

Structure and Function  Given the diverse envi-
ronments in which temperate conifers occur, it is
not surprising that the ecophysiology and structure
of these forests also vary. For example, needle
longevity can range from less than 2 years for
loblolly pine (P. taeda) to greater than 40 years for
bristlecone pine (P. longaeva). Above ground bio-
mass of mature forests can range from a low of
about 100 t ha* for Pinus forests in the southwestern
United States to 3300 t ha® for giant redwood
{Sequoia sempervirens) forests in northern Cdlifor-
nia (11). Some of the lowest leaf area index < 1
occur in temperate conifer forests, while the high-
est measured leaf area index 12 was for a western
hemlock (Tsuga heterophylld) forest in coastal Ore-
gon (4). Aboveground net production is also quite
variable, ranging from about 2 to 20 t ha' yr?, aver-
aging 6.6 tC ha™ yr? (Table 3.1).

Management Management practices in temperate
coniferous forests vary greatly; the intensity of man-
agement tends to be strongly correlated to the suit-
ability of environmental conditions for tree growth.
At one extreme these forests are allowed to regen-
erate naturally following disturbance such as fire or
harvesting. Biomass accumulation can be substan-
tid over severa centuries, but the annual accumu-
letion rate is very slow. The harvesting of mature,
dow growing forests is controversial, because these
foregts provide many other valuable ecosystem serv-
ices such as wilderness areas extensively used for
recregtion, wildlife refuges, and valuable watersheds.
Because of the long growth cycle and the destruc-
tion of many of these values, harvesting these "old
growth" forests more closely resembles resource
mining than sustainable forest management.
Management practices of intermediate intensity
ae becoming more common because there is
increasing pressure from society to manage mature
forests on an uneven-aged basis. Managed uneven-
aged stands retain structural characteristics that are
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similar to "old-growth" or pristine forests. At the
other extreme, temperate conifers are managed at
a level of intensity that rivals or exceeds agricul-
ture. Intensive management includes mechanized
site preparation and planting, use of genetically
superior seedlings, application of herbicides and fer-
tilizers during the rotation, pruning (the removal
of low branches to increase wood quality), and
mechanised harvesting, which can include the com-
plete removal of all above ground biomass.

Magjor needle-leaved temperate conifer species
used in plantations include Sitka spruce (Picea
sitchensis) in Britain, extensive plantations of
loblolly and dash pine (P. taeda and P. dliotti,
respectively) in the southern United States, Dou-
glas fir (Pseudotsuga menziesii) in the Pecific north-
western United States and Canada, and Monterey
pine (P. radiatd) in Australia, New Zealand, Chile
and South Africa (although South Africa also uses
several other softwood species).

Temperate Mixed Forests

Temperate mixed (deciduous plus evergreen)
forests occur throughout the temperate evergreen
and deciduous regions—particularly the south-
eastern United States, Europe through northern Irag
and Iran, and China—where the climates are the
same as those described for temperate deciduous
and coniferous forests. Mixed forests have been
studied less than pure deciduous or evergreen
forests. Their occurrence reflects past land use
change, successional status and local variations in
edaphic conditions. In the southeastern United
States, conifers dominant early successional forests,
mixed forests are common for mid-successional
forests, and broad-leaved hardwoods dominate late
successional forests. In the Lake States, needle-
leaved evergreen forests dominate the xeric, infer-
tile soils, mixed forests are most common on the
soils of intermediate edaphic conditions, and broad-
leaved hardwood forests occur on the mesic fine-
textured soils (12). A wide range of species
combinations is found in mixed forests: evergreen
conifers and deciduous broad-leaved species: for
example, oak and loblolly pine, Douglas fir, red
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alder and western hemlock, Sitka spruce and alder,
larch, fir and pine, eucalyptus, and acacias.

Temperate Broad-leaved Evergreen
Forests

Digtribution and Extent The potential area of
temperate broad-leaved evergreen forests is 5.1 x
10° km? (Table 3.1). Two categories of temperate
broad-leaved evergreen forests are recognized:
broad-leaved sclerophyll and broad-leaved rain
forests (4). The broad-leaved sclerophyll forests
occur in areas with a Mediterranean-type climate:
winter rain and summer drought. The temperate
broad-leaved rainforests are found in humid, frost-
free climates, usually along coastal areas. The scle-
rophyll forests occur in scattered areas of the United
States, around the Mediterranean, and over large
areas of Ada from northern India through south-
ern China. The greatest continuous areas still exist-
ing are the eucalyptus forests of Australia
Temperate broad-leaved evergreen rain forests
occur inJapan, Chile, New Zealand, Australia (Tas-
mania), and in scattered, remnant patches in Asia

Climate The climate at Hobart, Tasmania, Australia
(Figure 3.4e) is not dissimilar to that of the west
coast of South Island, New Zealand, and both areas
are characterized by broad-leaved evergreen
forests. The annual rainfal in Hobart is not high,
but it is evenly distributed through the year and
evaporation is low. Therefore, trees only experience
mild water deficits during the summer. Average min-
imum monthly temperatures are rarely below zero,
so tree growth occurs throughout the year. The cli-
mates of Sydney and Tasmania, Australia are sim-
ilar (Figure 3.4e-f), although the average annual
temperature for Sydney is higher (17.4°C versus
12.2°C). Higher rainfal (1200 mm or 47 inches)
compensates for the higher temperatures and evap-
oration, so environmental conditions are good for
growth throughout the year.

Soils Less is known about the temperate broad-
leaved evergreen forest soils compared to other
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temperate forest soils. The soils of schlerophylous
forests of Australia and Mediterranean areas are
composed of Inceptisols and Ultisols, while the
forests in Tasmania, New Zealand and South Amer-
ica are dominated by Alfisols and Inceptisols.

Species Composition  The sclerophyll—a term that
describes the thick, tough foliage of many of these
tree species—forests in the Mediterranean area and
the United States are dominated by oaks (Quer-
cus), while the broad-leaved temperate forests of
Australia are dominated by Eucalyptus. In Tas
mania and Victoria, there are relatively small areas
of Nothofagus forests; these are extensive in New
Zealand and Chile. Temperate broad-leaved ever-
green forests in New Zealand vary from multi-
storied, mixed-species coastal forests, with tall
conifers (Podocarpus, Dacrycarpus, Agathis), to
the pure, dense-canopied montane and subalpine
stands of beech (Nothofagus). The evergreen
beech forests should not be confused with the
deciduous beech forests that are native to the east-
ern United States. Many of the trees species have
chemical compounds in the foliage that make them
much more flammable than other tree species, and
are therefore much more prone to catastrophic
wildfires (see below).

Structure and Function  The characteristic sclero-
phyll foliage is advantageous because it deters her-
bivory, helps avoid drought, and is believed to be
an important adaptation to help plants cope with
nutrient infertile soils. The natural structure of the
sclerophyllous oak forests is a dense, often contin-
uous canopy, lessthan 20 m tall. Eucalyptus canopies
may vary from tall (up to 60 m in height) closed for-
est to shorter closed forest and woodland. The LAI
of eucalyptus forests is low, especially relative to the
high productivity of these forests. The forests have
relatively dense shrub understory, presumably
because there is adequate light and reduced evap-
orative demand. The NPP averages 10.0 tC ha’
yr', the highest of al the forest biomes, but this
average is based on very few data. Nonetheless, tem-
perate broad-leaved forest can be very productive
when moisture and nutrient availability are high.
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Management Forests in the Mediterranean area
have been used by humans for thousands of years,
and in the United States cutting and clearance for
agriculture and various other forms of development
have been rapid. The forest industry in Australia has
been based on native forests for more than 100
years. During thistime, the mature forests have been
either clearcut or selectively logged. Most Eucalyp-
tus species are tolerant of fire, and the forest ecosys-
tems are adapted to it. The native people of Audrdia
used fire for thousands of years in a manner that
appeared to be consistent with natural regimes (fires
caused by lightning strikes). Since European set-
tlement, fire has been excluded, as much as possi-
ble, from the remaining forests. The result has been
fud buildup, so that when fires do occur, they are
likely to be much more intense than was normal
historically (Chapter 18).

Large areas of the native Eucalyptus forests in
Australia have been cleared and replaced by soft-
wood Monterey pine (P. radiata) plantations. The
establishment of hardwood plantations has been
dow, largely because of economic and sociologi-
cd reasons. Many lowland Podocarp forests have
been harvested for their exotic timber. There are
dill large areas of beech forest. New Zealand has
now virtually halted native forest logging.

The South American temperate broad-leaved
evergreen forests include a range of types, from
lowland to Andean slopes. The dominant species
is generally Nothofagus. These forests have al been
heavily exploited for timber. Like Australia and New
Zedland, Chile now has extensive P. radiata plan-
tations, which may serve to slow the destruction
of native Nothofagus forests.

Tropical Broad-leaved Evergreen
Forests

Digtribution and Extent Tropical broad-leaved
evergreen forests, or rainforests, comprise the largest
sngle forest biome in the world (see Table 3.1).
The greatest single area of tropical evergreen for-
es is in the Amazon Basin, in the northern half of
South America. Similar forests are found on the
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isthmus of Panama and into southern Mexico, the
Congo Basin in equatorial Africa, and the south-
ern fringe of West Africa In Adig, tropical rainforests
occur along the southeast coast of India, in Si
Lanka, the Malaysian Peninsula, the Indonesian
archipelago, Borneo, Sarawak, and Papua New
Guinea (collectively called Melanesia). A small rem-
nant strip of tropical rainforest also occurs along
the northeast coast of Australia. Rainfal is gener-
aly greater than 1500 mm per year and relative
humidity is uniformly high. There is a broad range
of subtypes within tropical forests, ranging from
lowland to montane types. The large differences in
climate and parent material have a pronounced
impact on the structure and function of tropical
forests (13), and it is difficult to make generaliza-
tions about such a large forest biome.

Climate The tropical evergreen forests are gen-
erally considered to be wet at al times, but Figure
3.4g indicates there are periods when evaporation
may exceed rainfall in the Amazon rainforests. This
pattern also occurs in the African tropical rainforests,
but in many of the southeast Asian areas rainfall
exceeds evaporation in every month of the year.
In general, diurnal variation in temperature exceeds
seasonal variation in temperature.

Soils Tropical forest soils are highly variable. An
excellent summary of tropical soil distribution, extent,
and key pedogenic processes that control soil fer-
tility is provided by Sanchez (14). Oxisols and Ulti-
sols, the two dominant soil orders in the tropics, are
highly weathered and are typicaly infertile. Phos-
phorus and base cations are commonly the most
deficient nutrients. They have extremely low cation
exchange capacity, base saturation, and pH. Alfisols,
more fertile than Oxisols and Ultisols, occur in
regions with lower precipitation (e.g., tropical decid-
uous forest regions) than lowland wet tropical forests.
Because of their higher fertility, the forests on these
soils are often cleared and used for agriculture.

Species Composition Tropical evergreen forests are
the most diverse terrestrial ecosystems on earth,
with the greatest number of species per unit area.
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The Amazonian forests contain more than 2500 dif-
ferent tree species, with thousands more in the
African and Asian forests. Dipterocarps are com-
mon trees in many tropical forests in the world.
Eastern South America tropical rainforests contain
conifers such as Dacrydium, Podocarpus, Agathis,
and Araucaria (15). The African rainforests appear
to be relatively poor in species compared to those
of America and Asia. Characteristic species are
Lophira alata, Turraeanthus africana, Tarrieta utilis
and Uapaca spp. The most important commercial
tree species of the evergreen forests of Africa belong
to the Meliaceae family (16).

Structure and Function  Rainforest canopies are
characterized by layered architecture. The canopy
includes an upper layer of emergent trees, a main
canopy layer and a subcanopy of smaller trees and
shrubs. The varied canopy structure is caused by
gaps of different sizes, created at different times.
The aboveground biomass of tropical rainforests
varies with topography, soil type, stage of devel-
opment and other factors. Aboveground biomass
ranges from 100 to 1500 t ha® (4). NPP averages
8.2 tC ha™ yr’. The most recent summaries of NPP
for different forest biomes suggest that differences
in NPP between tropical and temperate forests are
smaller than reported in earlier studies (17).
Millions of canopy-dwelling insects reside in wet
tropical forests. These insects are part of an ecosys-
tem in which predator-prey relationships are
extremely complex. Vagt numbers of these organisms
consume large quantities of foliage, bark and wood.
Natural disturbances in tropical forests include
cyclonic storms, wildfires and volcanic eruptions.
Inland forests, in the Amazon and Congo basins,
are not subject to hurricanes and appear to be at
very little risk from environmental hazards, but the
hazard is significant through much of the southeast
Asian area, particularly in the Indonesian archi-
pelago and Maaysia. Hurricanes are a common
form of disturbance for coastal tropical rainforests.

Management Tropical rainforests are under
increasing pressure from human activities. During
the 1980s (1981-90) 4.6 million hectares—or
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approximately 0.6 percent of dl lowland tropical
rainforest—were harvested or cleared. An additional
2.5 million hectares of tropical montane forests are
destroyed each year. Indonesia and Brazl
accounted for 45 percent of the total. Degradation
and fragmentation of the remaining forests result
in the loss of large tracts of unmanaged forests sub-
stantially greater than the clearing rates suggest. The
causes for deforestation are numerous, and the
remedies are complex. In Africa, expanding pop-
ulations and constant clearance for agriculture are
the primary causes of deforestation. Shifting culti-
vation and cattle ranching are major causes of
deforestation in South America. In Asia, deforesta-
tion is caused by burgeoning human populations
and poorly regulated logging. Solutions must be
found for these problems—perhaps the most impor-
tant will be control of human populations. Agro-
forestry may be a sustainable system for tropical
areas. The development of viable tropical forest
management systems and procedures for preserv-
ing the forests and utilizing them on a sustainable
basis will require much better ecological and phys-
iological information for the dominant tree species.

With the exception of the widely grown Euca
lyptus plantations, most tropical plantations are oft-
woods, although hardwood plantations are
beginning to gain popularity in the tropics. How-
ever, a great deal of research is necessary before
the problems of managing tropical plantations to
produce acceptable timber growth rates are solved.

Tropical Broad-leaved Deciduous
Forests

Digtribution and Extent Tropical deciduous
forests occupy 4.6 x 10° hectares (Table 3.1) and
comprise 42 percent of tropical and subtropical
regions (18). Tropical broad-leaved deciduous
forests replace tropical broad-leaved evergreen trees
as annual rainfall decreases and interseasonal df-
ferences in precipitation increase. Drought induces
leaf shedding and the deciduous growth habit in
trees. Deciduous tropical forests occur on the bor-
ders of evergreen forests in South America and
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Africa, where the mountain forests of central Africa
may be included in the deciduous category. The
largest areas of tropical deciduous forests are the
monsoonal forests of southern and southeastern
Ada, in India, the Himalayan countries and
Bangladesh, stretching through to Burma, Thailand,
Laos, Cambodia, and Vietnam (16).

Climate Jamshedpur, in India (Figure 3.4h) is a
monsoon climate, characterized by heavy rains for
4-6 months of the year, with high water deficits
developing after the monsoon season. Temperatures
are high throughout the year. A very similar climate
is found in Central and South America; Managua,
Nicaragua has a mean annual temperature of 27.3°C
(cf. 26.4°C at Jamshedpur), and total annual pre-
cipitation of 1142 mm, most of which fals in five
months.

Soils Magjor soils orders of tropical broad-leaved
deciduous forests are Alfisols and Inceptisols. Highly
weathered soils (e.g., Ultisols and Oxisols) are rare
because lower precipitation prevents excessive
weathering of the soil. Many of these soils are rich
in base cations.

Species Composition  Species diversity is typically
lessin tropical deciduous than in tropical evergreen
forests (18). Dominant species in Africa include
Antiarus africana, Ceiba pentandra, Triplochiton
scleroxolon, and others, while important species in
America are Andira, Dalbergia, and Tabebuia gen-
era, with conifers represented by Caribbean Pine
(P. caribaea) and P. oocarpa (16). Important trop-
icd deciduous tree species in Central America
include Calcophyllum candidissmum and Licania
arborea in lowland forests, Luehea seemannii and
Guarea excelsa in lowland riparian areas and an
oak, Quercus oleoides, which occurs in scattered
populations over a wide area (19). Deciduous trop-
icd forests in Ada include Tectona grandis (teak),
Shorea robusta, and species of Dalbergia and Ter-
minalia (16).

Structure and Function The canopies of decid-
uous tropical forests tend to be shorter, less layered,
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and characterized by more open structure than trop-
ical evergreen forests. Dense shrubs often occur as
the second layer, presumably because of the bet-
ter light environment and reduced evaporative
demand at lower levels in the canopy. The pro-
ductivity of tropical deciduous forests is influenced
by the periods for which the trees have leaves and
water relations are such that the trees can utilize radi-
ant energy and grow relatively unchecked by water
stress (see Chapter 4 on water relations and Chap-
ter 13 on ecosytem models). Average NPP for trop-
ical broad-leaved deciduous forests is 8.0 tC ha™ yr*
(Table 3.1). Fire is an important natural ecological
component of tropical broad-leaved deciduous
forests, and human disturbance has greatly reduced
the amount and quality of these forests (4).

Management Tropical deciduous forests in al
continents have been subject, over long periods,
to burning and clearing for grazing and arable agri-
culture. Annual deforestation rates during the 1980s
was 6.6 million hectares, and like the tropical broad-
leaved evergreen forests, the greatest rates of defor-
estation are occurring in Brazil and Indonesia;
human population growth in these areas will lead
to continued destruction of the few remnants, with
progression towards degraded forests, woodland
and savannah. Sail erosion is among the many seri-
ous effects of forest destruction and degradation.
Protection of these forests is an unattainable goal
in many regions of the world because of rapidly
growing population. The future objective should be
to preserve existing pristine forests and develop sus-
tainable management plans for disturbed ecosys-
tems. Where damaged forests can be protected,
their recovery depends heavily on the state of the
soils, in terms of organic matter content, structure,
and nutrient status.

Global Change and Forests

Forests are an important component of the bios-
phere. Forest and woodland soils contain 45 per-
cent of the total soil carbon of terrestrial ecosystems,
forest and woodland vegetation contain 84 percent
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of the total terrestrial vegetation carbon, and forests
annually assimilate 61 percent of the total carbon
dioxide removed from the atmosphere by terres-
trial ecosystems (17). The role of forests in the bios-
phere is changing because of land use change and
climate and atmospheric chemistry change. Alter-
ing the extent and spatial distribution of forests can
cause feedbacks between the atmosphere and
vegetation.

Habitat Protection and Land Use

Change
Habitat protection is a necessary management prac-
tice to maintain or improve biodiversity—an
important component of sustainable forestry. The
practice is more difficult because of the need to pro-
tect large tracts of threatened ecosystems. The World
Conservation Union, an independent international
organization that oversees conserving biodiversity
established a goal of protecting a minimum of 10
percent of each of the world's major biomes. Few
of the forest biomes has the minimum 10 percent
of the area protected (Figure 3.5). The temperate
forest biomes have the smallest area in protected
forests (2.9 to 3.2 percent). Tropical broad-leaved
deciduous forests also have less than 5 percent of
the total area in protected forests. Perhaps even
more disturbing is there are very few temperate
broad-leaved deciduous and broad-leaved ever-
green forests of "low human disturbance" available
for protection.

A second, and more complicated consideration,
is the spatial arrangement of the protected forests.
The spatial arrangement of vegetation communities
is important for the survival of certain species and
proper ecosystem function. For example, assuming
the edge effect of harvest extends one kilometer
into the intact forest, a 10 x 10 km clearcut would
affect 143 km? of forest. However, if 100 km? is
deforested as 10 strips, each 1 x 10 km (e.g., log-
ging adjacent to new roads in remote forests) the
affected area would be about 350 km?. Skoles and
Tucker (20), using repeated satellite imagery, esti-
mated an annual deforestation rate for the entire
Amazon Basin of 280,000 km? yr?, but using the
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assumption outlined earlier, the area affected by
clearing—the so-called rate of fragmentation—
would be 380,000 km? yr™. Although the assump-
tion made by Skoles and Tucker about the
magnitude of the edge effect is controversial, they
raise a valid concern, particularly for animals that
require large tracts of natural forests.

An increasing percentage of timber products
used in the world today, particularly pulpwood but,
increasingly, sawn timber products, come from
plantations rather than from natural forests. Plan-
tations have many advantages over natural forests.
Plantations can be established on prepared land,
using genetically improved and uniform material at
standardized spacings that allow optimum growth
rates of individual trees. It is economically feasible
to control weeds and use fertilizers to ameliorate
problems of soil nutrition in plantations. Plantations
should be used to increase the production of wood
products, thereby alleviating the need to harvest the
remaining native forests.

Climate Change
Changes in atmospheric chemistry also threaten the
health of forest ecosystems. The concentration of
greenhouse gases such as carbon dioxide (CO,),
methane (CH,), nitrous oxides (N,Ox) and chlo-
roflorocarbons (CFCs) have al greatly increased and
the consensus of world experts is that the
increased concentration of greenhouse gases will
cause the climate to change (21). One major con-
cern is that the predicted increase in temperature
is far faster than changes in climate in the geologic
past and some forest ecosystems tree species may
experience future climates that do not currently
occur in their present-day range. There is great inter-
est in understanding how anticipated climate
change will affect the distribution and extent of
future forests. Model simulations suggest that the
extent of boreal forests will decrease and tropical
forests will increase, although the magnitude of the
change differs among the models (4).

Ozone is another atmospheric pollutant that is
harmful to plant growth. Ozone is the product of
complex chemical reactions in the atmosphere that
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Figure 3.5 Percentage of
each major forest biome area that
is protected or subject to low
human disturbance. The dashed
line represents the goal of
designating 10% of the total area
of each forest biome as protected
preserves. TrBLD = Tropical
broad-leaved deciduous; TrBLE =
Tropical broad-leaved evergreen;
STBLE = Subtropical broad-
leaved evergreen; TeBLE =

[ |
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involve pollutants from the combustion of fossil
fuel. Reductions in the growth of agriculture crops
and trees from elevated ozone concentrations are
well documented (Chapter 4). A second atmos-
pheric pollutant that is gaining worldwide atten-
tion is atmospheric nitrogen deposition. Although
many forest ecosystems are nitrogen limited,
chronic deposition of moderate to high amounts
of nitrogen may cause forest ecosystems to func-
tion improperly, causing forest dieback and
contamination of adjacent watersheds. The sus-
ceptibility of forests to nitrogen deposition is
strongly dependent upon forest species, and soil
type. Forest dieback attributed to stress induced
from climatic change has already been suspected
in many heavily industrialized areas in the tem-
perate forests (4).

Concluding Statement

Humans have exerted a large influence on forest
ecosystems of the world, and will continue to do
so as the world population increases. Preserving
large areas of (relatively) undisturbed forest
ecosystems should be pursued wherever possible,
but it is equally important to be realistic about the
fact that forests must be used. The most pressing

100 Temperate broad-leaved
evergreen; TeNLE = Temperate
needle-leaved evergreen; TeBLD
= Temperate broad-leaved
deciduous.

objective in forestry is to manage ecosystems on a
sustainable basis. To achieve this goal, managers,
politicians, and scientists must work together to
develop management plans that are consistent with
the ecology of each of the forest ecosystems com-
prising all the major forest biomes. Obtaining this
goal will occur only if forest management is based
on a sound understanding of forest biology (Chap-
ters 4-8), forest fire ecology (Chapter 18), plant-ani-
mal interactions and protection (Chapters 14 and
18), and forest hydrology (Chapter 16).
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Forest Ecophysiology

Coupling Tree Structure

and Function

Leaves—The Tree's Solar Panels

Woody Stem—The Distinctive Feature of
Trees

Roots—Anchorage and Access to Soil
Resour ces

Root Symbioses—Enhancing Nutrient
Acquisition

Flowers, Fruits, and Seeds

Coping with Environmental Stress
Effect of Seasonal Variation in Climate
Effect of Chronic Resource Shortages
Effect of Variation in Resource Availability

Ecophysiology is a marriage of ecology and phys-
iology in which the functions and activities of organ-
isms are studied in the context of their environment.
Implicit in this description is a quest to identify
adaptive traits that organisms possess to cope with
their often harsh and variable surroundings. For-
est ecophysiology explores many of the questions
and issues that emerge in related disciplines, includ-
ing forest ecology, genetics, silviculture, pathology,
and entomology. A good example of such an issue
isforest succession, afascinating and important eco-
logica process involving the orderly replacement
of certain plant species or communities by others
through time (see Chapter 13). Ecophysiologists
continue to pursue a mechanistic understanding of
this phenomenon and the species adaptations that
drive it. Another current focus is the generation of
accurate predictions as to how forests will respond
to changes in the global environment. There is cur-

CHAPTER 4
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Global Issues in Forest

Ecophysiology

Effect of Anticipated Global Warming

Effect of Changes in Atmospheric
Chemistry

Potential Impacts of Atmospheric
Pollution

Concluding Statement—Future
Directions in Forest Ecophysiology

References
Additional Reading

rently a pressing need for these forecasts as soci-
ety faces the seemingly imminent specter of marked
shifts in global climate and atmospheric chemistry.

As the discipline of ecophysiology has evolved,
it has expanded in scope, addressing issues at an
increasingly wide range of scales. For instance, eco-
physiologists have recently been studying how for-
est responses to changes in atmospheric chemistry
will affect continental rainfal patterns, and the expla-
nation links molecular behavior in certain leaf cells
with landscape-level changes in vegetation water
use. Conceptually, ecophysiology relies heavily on
basic sciences such as chemistry and physics. How-
ever, it has also developed ties with ostensibly unre-
lated disciplines, such as economics. This has
occurred because the ahility of organisms to flour-
ish in a given environment depends in part on such
aspects as the efficiency in which a particular
resource is used, or how effectively it is scavenged

7
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from the environment. These are critical consider-
ations in the life of atree, as essential resources exist
in dilute concentrations in most forest ecosystems.

So where does one begin in tackling issues in
forest ecophysiology? The firs step is to garner a
basic understanding of how trees "make a living."
This step necessarily entails a coupling of tree struc-
ture and function, and there this chapter begins.
From there, one can pursue any number of differ-
ent paths. Here we will explore various aspects of
tree response to environment, highlighting our
knowledge (or lack thereof) about mechanisms
underlying these behaviors. Armed with this back-
ground, we will then take a brief look at global-
scale issues facing forests at present and in the
future.

Coupling Tree Structure
and Function

Leaves—The Tree's Solar Panels

Like al other plants, trees are made mostly from
sugars as the basic building blocks. Sugars are the
primary raw material from which dl tree tissues
(wood, bark, leaves, fine roots, flowers, etc.) are
constructed. They are also the source of fue used
by enzymes and associated biochemical machinery
in building and maintaining the tree. Tree leaves
are sugar factories producing glucose, an organic
(carbon-based) compound, by way of photosyn-
thesis, the process of "trapping" the sun's energy.
A large tree typically displays thousands of leaves
that absorb sunlight and transfer its energy (by way
of electrons) to carbon dioxide (CO,), a relatively
scarce gas in our atmosphere (currently ~0.037%
by volume). The electron-rich carbon is then assem-
bled to make either a disaccharide sugar, sucrose,
or the closely related storage polysaccharide, starch
(the general formula of both is [CsH1.O¢]x). A glance
at the smplified chemical formula for photosyn-
thesis, CO, + H,OimCH;O + O,, reveals that it
also produces life-sustaining oxygen (O,) when it
strips electrons from water (H,O) (see also Chap-
ter 20, Wood Products).

Forest Ecophysiology

This elegant process occurs in layers of leaf cells
(Figure 4.1) collectively referred to as mesophyll
(meaning middle of the leaf). A leaf is green
because these cells contain bacterium-sized
organelles called chloroplasts, which are laden with
the pigment chlorophyll. The green color of chloro-
phyll stems from its preferential absorption of red
(600-700 nm) and blue (400-500 nm) light. Thus,
when looking at a lesf, we see the small amount
(typically <10%) of visible light that is reflected or
transmitted rather than absorbed and utilized for
photosynthesis.

Chlorophyll is one of several pigments, proteins,
and other components of chloroplast machinery that
absorbs and converts light energy into what is
essentially electric current. The energy in this cur-
rent is then stored in chemical fuels that are used

Figure 4.1 Cross-section of a Norway maple
(Acerplatanoides) lesf. The wax-coated epidermis
encloses severd cdl types, including columnar
chloroplast-laden cdlls called palisade parenchyma,
amorphous spongy mesophyll (beneath the paisade
cdls) and vascular bundles containing xylem and
phloem (not shown). All of this is packed in an
envelope less than one millimeter thick.
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to "fix" or assimilate carbon dioxide (CO,) mole-
cules into sugar. The firgt step in CO, assimilation
is performed in the chloroplast by one of the most
abundant and important enzymes on earth, known
by the acronym "rubisco" (short for ribulose bis-
phosphate carboxylase-oxygenase). Rubisco, which
can constitute nearly one-half of the protein in a
leef, is responsible for producing an estimated 200
billion tons of sugar around the world each year.
As a frame of reference, humanity currently con-
sumes the equivalent of roughly 10 percent of that
energy, including portions of the enormous fossl
fud reservoirs that were generated by rubisco mil-
lions of years ago.

Water is a critical factor in the design of a lesf.
Living cells such as the mesophyll must bathe in
water, and to ensure that this is always the case,
mesophyll is wrapped in the epidermis, a largely
water-impermeable skin (Figure 4.1). The epider-
mis is impermeable because it deposits a thin wax
(hydrophobic) cuticle on its exterior. However, the
photosynthetic requirement for CO, necessitates that
the mesophyll has access to the atmosphere, and
therefore the epidermis has holes in it called sto-
mates. Tens of thousands of these tiny pores typ-
icdly dot a square centimeter of leaf surface. An
important implication of this arrangement is that,
in order to photosynthesize, the leaf must lose
water, which diffuses from the moist leaf interior
through the stomates to the relatively dry atmos-
phere. As water is generally the most limiting
resource for trees and other terrestrial plants, it is
essential that water loss, otherwise known as tran-
spiration, is carefully controlled. To achieve this,
stomatal pores are lined with a pair of guard cells
(Figure 4.2).

Guard cells maintain a balance between photo-
synthesis and transpiration by opening and clos-
ing the stomatal pore in response to key
environmental factors, including light, relative
humidity, and even CO, concentration. Stomates
open in response to increasing light intensity, and
they close in response to dry air or high CO, con-
centrations inside the lesf. Stomates also close in
response to soil drying, and this is often mediated
by a chemical message from the root system. Col-

Figure 4.2 Closeup of a pair of guard cdls
lining a somata pore in the leaf epidermis. When
guard cdls absorb water, the stomate opens (upper
photo), and when they lose water, it closes (lower
photo).

lectively, these behaviors tend to minimize the
amount of water lost per molecule of CO, assimi-
lated.

Another essential component of leaves is the
"plumbing"—the conduits through which materi-
als are transported to and from the lesf. Water is
delivered from the roots to the leaf mesophyll
through a set of pipes known as the xylem. Sugar
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is delivered from the mesophyll to the rest of the
tree through a different system called the phloem.
The xylem and phloem lie adjacent to each other
in vascular bundles that are imbedded in the veins
pervading the lesf.

Woody Stem—The Distinctive

Feature of Trees
The key feature distinguishing trees from other
plants is the perennial woody stem, generally a sin-
gle column that, in the case of species such as
coastal redwood {Sequoia sempervirens), can reach
massive proportions. Through the ages, arboreal
forms have arisen repeatedly in unrelated plant fam-
ilies around the world. Why such a convergence
in design? It may simply boil down to the enhanced
light capture and competitive ability afforded by a
tall stem.

Wood, which affords the stem sufficient strength
to support a massive canopy, is essentially a matrix
of lignified water conduits (Figure 4.3) that extend
from the tips of the roots to the tips of the leaves.
Wood (or xylem, derived from the Greek word for
wood) actually owes most of its strength and den-
sity to lignin, an amorphous polymer deposited in
cell walls (see Chapter 20). Much of the wood of
conifers and other gymnosperms (often referred to
as softwoods) is a honeycomb-like aggregate of
conduits called tracheids. In dicot angiosperms
(often referred to as hardwoods), the pipes, caled
vessels, are interspersed with thick-walled fibers that
make the wood strong and dense. With few excep-
tions, the cross-sectional diameter of tracheids and
vessels ranges from 10—500 micrometers, and only
the widest of them (such as the large vessels of
many oaks) are visible to the naked eye when view-
ing a stem cross-section.

Technically, most of the wood is dead. That is,
tracheids, vessels, and fibers consist of nothing more
than cell walls at functional maturity. However, in
the outer band of wood, known as sapwood, there
is a network of living cells, called parenchyma,
which permeates the otherwise inert matrix. These
cells serve as storage reservoirs for the tree's food-
suffs (mainly starch), and they help maintain the
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Figure 4.3 Crosssction of the stem of eastern
hemlock (Tsuga canadensis, a gymnosperm) and
white ash (Fraxinus americana, an angiosperm). Note
in both stems the conspicuous heartwood core
surrounded by sapwood and bark. Between the
sapwood and inner bark (phloem) lies the
merigimetic band of cdls known as the vascular
cambium.

integrity of the wood, by responding to injury and
defending against stem-boring insects and fungi
(Figure 4.4). They also participate in a coordinated
abandonment of older wood as the tree stem
increases in girth. This core of completely dead tis-
sue is the heartwood, which, during the transition
from sapwood, is often infused with organic chem-
icals (e.g., resins, gums, and oils) that deter wood-
decay organisms (see Chapter 20). This imparts
much of the durability and color that characterizes
highly valued lumber from species such as red-
wood, cedar, and oak.

While water is transported through the stem sap-
wood from roots to transpiring foliage, a solution
of carbohydrates (mostly sugar) flows from the
canopy down the stem by way of the phloem,
which is a thin band of cells often referred to as
the inner bark (Figure 4.3). Unlike the tracheids
or vessels of xylem, the plumbing in phloem tis-
sue, consisting primarily of sieve cells (gym-
nosperms) or sieve tube members (angiosperms),
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Sidebar 4.1

Treesare remarkable organisms.

Trees are remark-
able for their size,
longevity, and abil-
ity to thrive in a
wide range of
habitats. As for
size, there are
coastal redwood
and giant sequoia
(Sequoiadendron
giganteum)  trees
in Cdifornia that
exceed 110 meters
(360 feet) in height
and 30 meters
(100 feet) in basal
circumference,
respectively. But
none of these
methuselan trees
has been crowned
the largest organ-
ism on Earth.
Instead, the current record holder is a clone of
trembling aspen (Populus tremuloides), nick-

named "Pando," in the Wasatch Mountains of
Utah. This single organism, composed of some
47,000 interconnected and genetically identical
tree stems, covers about 43 hectares (106 acres)
and is estimated to weigh about 6,000 tons. (The
former record holder was also a forest
organism—the giant shoestring fungus, Armil-
laria bulbosa, found in Michigan). Not only is
this aspen stand the
largest  organism
ever measured, it
may also be the
longest-lived. It is
thought that the
clone may have
been established
before the end of
the Pleistocene (last
glacia epoch) some
10,000 years ago. If
that estimate holds
true, it smashes the
previous  record
among trees, which
was held by atena-
cious, 4,900 year-old bristlecone pine (Pinus lon-
gaevd) growing in the cold, high-elevation
deserts in the western United States. Yet from
the standpoint of an ecophysiologist, the most
impressive feature of trees is the broad range
of habitats in which they can survive. There are
species, such as bristlecone pine, that can eke
out an existence in some of the driest and cold-
est areas on earth. And there are others, such
as bald cypress (Taxodium distichum), that suc-
cessfully inhabit the warmest and wettest
places.
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Figure 4.4

In many gymnosperms, parenchyma caled epitheleal cdls line a network of resin ducts in the

wood. When the stem is injured, these cdls produce copious amounts of resin to repel the intruder and plug the
wound. The presence of pitch tubes on this lodgepole pine (Pinus contorta) indicates that the tree has been
attacked by mountain pine beetles. Sometimes the intruder is entombed in resin (like the beetle on the right).
(Photo at right courtesy of Ken Reffa, copyright of Plenum Press)

is alive at functional maturity. This contrast under-
scores a key difference in the mechanism of mate-
rial transport between the two juxtaposed tissues.
Lesf transpiration generates a tension that pulls
water through the tiny capillaries of the entire
xylem, which is essentially an open or porous sys-
tem. On the other hand, the sugary solution in the
phloem is transported by the buildup of pressure
at one end of the system (e.g., the leaf). This occurs
within an interconnected plasma membrane that
lines al the individual sieve elements, creating
something akin to a very long dialysis tube through
which the pressurized fluid moves from leaves al
the way to root tips.

It may seem counterintuitive that the plasma
membrane, which is essential for the creation as
well as maintenance of phloem hydraulic pressure,
is inherently leaky. Like dl cell membranes, it is
semipermeable, meaning that certain substances,
including water, pass easily across it while others,
such as sugar, do not. The key here is that sieve
elements have mechanisms to accumulate sugar
from surrounding cells. In response to this sugar

loading, water flows into the sieve elements from
the adjacent xylem. This phenomenon, known as
osmosis, is made possible by the unique proper-
ties of the plasma membrane. Pressures exceeding
ten atmospheres will commonly develop as water
fills the confines of the phloem cells. Downstream,
sugar is offloaded to needy tissues, and this lessens
the strength with which the phloem can hold water.
Consequently, water leaks out and pressure
declines, creating the gradient in pressure from
leaves to roots that drives phloem transport.

When one examines the cross-section of a stem
(Figure 4.3), it may be a bit puzzling as to how the
tree coordinates the production of new xylem and
phloem tissues as the stem increases in girth. It turns
out that the stem has a thin layer of meristematic
cells, known as the vascular cambium, positioned
between the xylem and phloem (or wood and inner
bark). Each year throughout the life of the tree, the
cellsin this cylinder undergo innumerable divisions,
producing new xylem in an inward direction, and
at the same time new phloem in the outward
direction.
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Meanwhile, new cells are being produced in yet
another meristematic cylinder that lies outside of
the phloem, the cork cambium (or phellogen). The
cork cambium is responsible for maintaining the
protective outer bark of the tree. As the name
implies, much of the tissue manufactured by this
perennial cambium is cork, which is dead at matu-
rity and has suberin, a waxy waterproof polymer,
incorporated in its cell walls. This creates a barrier
to water loss from the inner stem, aswell as atough
guard against potential intruders. In some species,
such as paper birch (Betula papyrifera), this skin
remains fairly thin throughout the life of the tree,
whereas in others, such as cork oak (Quercus
suber), it can exceed 30 cm in thickness. (Quer-
cus suber is the source of wine bottle corks.) Most
of the variation in bark design that distinguishes dif-
ferent tree species derives from the wide array of
peculiar behaviors of the cork cambium.

Until they begin to senesce, trees continuously
increase in height as well as girth, and the former
is accomplished by meristems at the tips of
branches. These apical zones of cdl division, which
number in the thousands on a large tree, give rise
to new stems and leaves, as well as the repro-
ductive structures (flowers and fruits). All stem tis-
sues originate in the apical meristem, including the
vascular and cork cambia: hence, there is a con-
tinuous network of interconnected apical and lat-
era meristems that forms a sheath around the
entire stem.

Roots—Anchorage and Access to
Soil Resour ces

The meristematic sheath around the stem also
extends below ground, surrounding the tissues of
a massive root system that at times can riva the
tree crown in weight and volume. Large subter-
ranean branches, and in many species a deep-
running taproot, serve to anchor the tree in the soil.
From these woody "coarse roots' grows a network
of ever smaller laterals, which eventually terminate
in a labyrinth of fine roots. The latter, typically light
brown- or cream-colored and no more than a few
millimeters in diameter, are typically confined to the
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upper 20 cm of the soil profile. They are the pri-
mary means with which the tree absorbs water and
an array of soil elements (nitrogen, phosphorus,
potassium, and at least 11 others) essential for nor-
mal growth and vigor.

While woody coarse roots resemble branches in
structure, fine roots have a distinctive architecture
reflecting their absorptive function (Figure 4.5). As
in the case of a twig in the tree crown, the fine
root terminates in an apical meristem, which lies
beneath a protective root cap. Unlike a twig, the
fine root's plumbing (xylem and phloem) is located
in its core, which is surrounded by a band of
parenchyma called the cortex. All of this is enclosed
in an epidermis, from which a plethora of root hairs
typically emanate. These elongated epidermal cells

PHLOEM

XYLEM

EPIDERMIS ENDODERMIS

Figure 4.5 Mog of the water and nutrients
acquired by atree are absorbed through fine roots
with a cross-sectiond structure like that shown here.
Just outside of the stele (core of xylem and phloem)
lies the endodermis. This acts as a barrier to unwanted
materials flowing inwardly through the cortex. Primary
roots such as this are short-lived; within a fev months
they will either die or initiate secondary growth,
becoming a perennial woody root. (Photograph by
Richard Dickson.)
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greatly enhance the effective surface area and
absorptive capacity of a root system.

One of the key functions of a fine root is to pre-
vent the tree from accumulating potentially
harmful—yet often prevalent—substances in the
soil. A common example of this is aluminum, which
is one of the most abundant elements in soil, and
which can be toxic when in a soluble form.
Between the stele (core of xylem and phloem) and
the cortex lies an important cell layer, called the
endodermis, which allows the fine root to dis-
criminate between beneficial and harmful materi-
als. The radial walls of these cells are impregnated
with a plastic-like polymer (called a casparian strip)
that acts as a barrier to the movement of water and
anything floating in it. Consequently al materials
that enter the stele must first cross the endodermal
cell membranes, which are very effective filters.

Root Symbioses—Enhancing
Nutrient Acquisition

One of the most intriguing aspects of root struc-
ture and function is the mutualistic partnership, or
symbiosis, that fine roots of trees and virtually all
other terrestrial plants form with certain fungi and
in many cases bacteria as well. These ancient
liaisons have been shown to enhance many facets
of root function and appear to be critical for plant
survival in most environments. The symbiosis
between a fine root and a fungus is called a mycor-
rhiza (derived from the Greek words for fungus and
root) (Figure 4.6). Among the several major types
of mycorrhizae, two are commonly found on trees,
ecto- and endomycorrhizae. These types involve dif-
ferent taxa of fungi and are readily distinguished
from one another by general contrasts in the struc-
ture of the fungus-fine root complex. Overall, the
chief benefit of this symbiosis for the host tree is
an increased ability to scavenge typically scarce
nutrients, such as phosphorus and nitrogen, from
the soil. Much of the benefit is conferred by the
network of gossamer fungal hyphae that radiate
from and deliver absorbed nutrients to the mycor-
rhizal root, often expanding the effective size of the
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Figure 4.6 A mutualistic partnership, or
symbiosis, between terrestrial plants and mycorrhizal
fungi has existed for at least 400 million years.
Pictured here is a fine root of red pine (Pinus
resinosa) that has been colonized by an
ectomycorrhizal basidiomycete (mushroom fungus).
The telltale feature of ectomycorrhizae is the coraloid
and/or bifurcated appearance of the root. The "fuzz"
around this root is a matrix of funga hyphae that
permeate the soil, greatly enhancing the absorptive
surface of the root. (Photograph by Glen Stanosz.)

root system by manyfold. In return, the fungus
absorbs food, primarily in the form of sugars, from
the host tree root.

Hundreds of tree species belong to an impor-
tant group of plants that form a symbiosis with
nitrogen-fixing bacteria (Figure 4.7). Nitrogen fix-
ation is the energy-demanding process of convert-
ing atmospheric nitrogen (N;) into a form that
plants and other organisms can use—namely,
ammonium (NH,"). (Fertilizer manufacturers cur-
rently use a tremendous amount of fossil fuel to
accomplish this feat.) Typically, most of the usable
nitrogen in an ecosystem is generated through this
mechanism by free-living soil bacteria and blue-
green algae. However, particularly in environments
where soil or climatic factors limit bacterial activ-
ity, many plant species have evolved the capabil-
ity of harboring certain nitrogen-fixing bacteria in
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Figure 4.7 Here is yet another root symbiosis,
this time involving nitrogen-fixing bacteria. These
berry-like structures are root nodules of speckled alder
(Alnus rugosa), which house actinomycete bacteria.
Another group of leguminous tree species form
nodules containing Rhizobia. Both symbioses reduce
(add electrons to) large quantities of nitrogen gas (N,)
and convert it into ammonium (NH,(*), which is a form
that plants can absorb and use.

their roots (and sometimes elsewhere), in special-
ized structures called nitrogen-fixing nodules.

In these nodules, the host tree provides energy
(small carbohydrates derived from sugar) and a
favorable environment for the bacteria, and in return
it assimilates the NH," that its prokaryotic guests
manufacture. This partnership often allows the host
tree to grow relatively well in dry, nutrient-poor
and/or cold environments. Indeed, N-fixing species
commonly dominate these habitats, where they
exert a strong influence on the ecosystem nitrogen

cycle

Flowers, Fruits, and Seeds

Tree reproductive biology plays an important role
in the ecology of forests. For example, reproduc-
tive strategies, whether sexual (seed-producing) or
vegetative, often govern the distributions of different
tree species in space and time. Several aspects of

sexual reproduction are critical to this role, includ-
ing the timing and mode of flowering and polli-
nation, fruit structure and chemistry, as well as seed
ripening, dispersal, and germination physiology.
Perhaps the most effective way to examine some
of these aspects is by highlighting the reproduc-
tive characteristics of individual species.

A comparison of the flowers of northern
Catalpa (Catalpa speciosa) and northern pin oak
(Quercus dlipsoidalis) illustrates the key connec-
tion between flower structure and mode of polli-
nation (Figure 4.8). The flowers of catalpa trees are
"complete,”" in that they possess al the maor flower
parts, including sepals, petals, pistils, and stamens.
Oak, on the other hand, has separate male (sta-
minate) and female (pistillate) flowers, each of
which is incomplete—not only because one of the
sexes is lacking, but also because petals are absent.
Conseguently these flowers are fairly inconspicuous.

It turns out that these two species rely on dif-
ferent pollinators. The "showy" flowers of catalpa
attract not only our attention, but that of insect pol-
linators as well. Insects inadvertently transfer pollen
from flower to flower in their quest for sugar-rich
nectar, which is secreted from tiny nectaries located
in various places such as the base of the pistil. In
contrast, the relatively drab flowers of oak rely
exclusively on wind pollination. Thus they have no
need for visual attractants such as brightly colored
petals. Rather, the structure of both male and female
flowers facilitates wind pollination. The female
stigma is located in an exposed position, while the
male anthers are born on along catkin, which flops
around in the wind, promoting pollen dispersal.

Although there are numerous exceptions, wind-
pollinated species tend to flower in the spring in
temperate and boreal forests, when the air is less
humid (aiding pollen dispersal) and too cool for
many flying insects. On the other hand, many
insect-pollinated trees flower in the early summer
months, when the climate is generally more favor-
able for insect activity. Perhaps for similar reasons,
wind tends to be the dominant pollination mode
in the cooler, drier climes at high latitudes and alti-
tudes, whereas insect pollination is most common
in the warm moist tropics.
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Figure 4.8 With these flowers, form certainly
fallows function. The showy coradlla (collection of
petals) of northern catalpa (Catalpa speciosa, top) is
an effective attractant for insect pollinators. The
relatively drab male catkins and inconspicuous femde
flowers (in ledf axils) of northern pin oak (Quercus
ellipsoidalis, bottom) rely instead on wind pollination.
Reaults of the previous year's flowering, a developing
acorn, can be seen farther back on the oak twig.
Acorns of this and associated species in the red oak
subgenus require two growing seasons for full

devel opment.
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The seasonality of flowering and pollination is
not necessarily linked to that of seed ripening and
dispersal. For example, many early-flowering
species common to upland temperate forests do not
disperse their seeds until the fdl. In contrast, most
bottomland or floodplain hardwoods, such as sl-
ver maple (Acer saccharinum), not only flower
early but also ripen and disperse their seeds in early
or midsummer. These seeds germinate immediately,
as it is an opportune time for seedling establish-
ment in the newly deposited aluvium on recently
flooded sites. Fall is generally not a safe time to
germinate in temperate forests, and thus the seeds
of most upland trees are dormant at the time of fdl
dispersal. These dormant seeds must be exposed
to a fairly specific set of environmental cues before
they germinate. The most common requirement is
exposure to a period of near-freezing temperatures
(typically 2-5°C), which must last for weeks to
months depending on the species. This helps to
ensure that seeds do not germinate before the onset
of consistently warm temperatures in the spring.

Seeds of angiosperm trees are imbedded in a
fruit that develops from the ovary and at times other
flower parts. The chemistry and architecture of the
fruit has important implications for the manner in
which the seed is dispersed. The role of architec-
ture is apparent when one observes the tiny seeds
of trembling aspen floating from their capsules with
the aid of a parachute-like appendage, or the
winged samaras of sugar maple (Acer saccharum)
whirling away from their parent like helicopter
blades. Water is also an important mode of dispersa
for many species with floating fruit, such as the
coconuts of palms, which can wash up on a beach
thousands of kilometers from their parents, and the
acorn of overcup oak (Quercus lyrata), which has
enough cork in its outer wall to buoy a heavy seed.
Yet some other propagules are designed to avoid
the vagaries of travel. A good example of this is
the seed of red mangrove (Rhizophora mangle)
(Figure 4.9).

Around the world, tree seeds and/or their fruits
serve as important dietary staples for a wide aray
of mammals, birds, insects, amphibians, reptiles, and
even fish. A fine example of this is an oak acorn,
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Figure 4.9 This dagger-like structure is a red
mangrove (Rhizophora mangle) seed. The "blade" is
redly aroot radica that grows while the seed is il
attached to the tree. This uncommon circumstance,
where the seed germinates before dispersal, is called
vivipary. The gructure of mangrove seed is critica to
its establishment in favored habitat, the muddy flats or
shdlows along tropical or subtropical ocean coasts.
The germinant literdly drops from the parent and
embeds itsdf firmly in the mud beneath. (Photograph
copyright W.H. Freeman and Company.)

which is eaten by everything from an acorn wee-
vil to a chipmunk to a black bear. It is also an
important food source in many human cultures. A
number of animals hoard or cash acorns, and in
the process they are often unwitting agents of acorn
dispersa. For example, migrating blue jays will carry
an acorn in their crops for hundreds of kilometers,
dropping the seed as they attempt to consume it
and the accompanying cargo.
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Many animals will ingest an entire fruit, such as
the drupe of a cherry tree, and subsequently excrete
the intact seed after traveling long distances from
the parent. In fact, some tree species have become
dependent on this process as a means of promot-
ing seed germination. Among the most famous
examples of this is the large seed of the Calvaria
tree, which lives on the island of Mauritius in the
Indian Ocean (1). In order to germinate, the seed's
tough outer coat must be softened and cracked.
This used to occur when the seed was ingested and
excreted by a flightless, turkey-sized bird known
as the dodo. Unfortunately, dodos were extirpated
from the island during the 19th century. Conse-
guently, this tree species has not regenerated itself
for many decades and is now threatened with
extinction. Other species have evolved traits that
deter fruit and seed predation. During development,
for instance, the fleshy fruits of certain tree species,
such as persimmon (Diospyros virginiana), contain
high levels of bitter, mouth-puckering astringents,
which disappear when the fruits are ripe. This trait
discourages fruit consumption before the seed is
mature and ready to be dispersed.

Coping with

Environmental Stress

Effect of Seasonal
Variation in Climate

Since they have no means of escape, trees and other
sessile organisms have evolved strategies to deal
with extreme seasonal variation in climate. This
capability is most obvious in deciduous forests of
temperate, boreal, and montane biomes around the
world, where trees drop their leaves in preparation
for the annual onset of potentialy lethal winter tem-
peratures. By shedding foliage, deciduous trees also
avoid excessive buildup of snow or ice on their
branches, which can topple the crown. On the other
hand, deciduous tree species can be found in dry
tropical and subtropical environments where the
threat of cold temperatures is minimal. In these bio-
mes, there are regular annual cycles of wet and dry
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Sidebar 4.2

Treesdon't always rely on sex.

In addition to seed
production, various
modes of vegeta-
tive reproduction
are employed by
many tree species.
Perhaps the most
common means of
reproducing vege-
tatively is sprouting
from the tree stump.
This capability is
common  among
angiosperms and
rare among gym-
nosperms. A new
shoot will typically
emerge from under-
neath the bark on the stump of a tree that has
been severely damaged or decapitated for any
of a number of reasons. The origin of this new
shoot is often, but not always, a perennial bud

that remained dormant until the stem was killed.
A number of angiosperms are also capable of
forming new shoots from their root systems. The
list of species that root sprout (often referred to
as "suckering") includes trembling aspen, Amer-
ican beech (Fagus grandifolid), and several other
hardwoods. Although relatively few gym-
nosperms can sprout from the stump or root sys-
tem, many are capable of yet another trick called
layering. Layering is the rooting of a living tree
branch that has come into contact with the soil
or some other rooting medium, such as a rot-
ting deadfall. Eventually, that branch separates
from the parent tree and becomes a whole new
entity. Dense, genetically uniform stands of firs,
spruces and cedars can form in this manner from
just one "founder" tree. Many angiosperm trees
are also able to layer, and this trait has been
exploited in the vegetative propagation, or
cloning, of individual trees with desirable
qualities. Stem cuttings are often used to prop-
agate poplars.

periods, and accordingly many species will mini-
mize untimely water loss by dropping their foliage
before or during the drought.

In many deciduous forests, an aesthetic conse-
guence of leaf senescence and abscission each fal
is the brief appearance of brilliant leaf colors. This
is a byproduct of an essential recycling process that
precedes leaf abandonment. The nitrogen-rich
green pigment (chlorophyll) and associated photo-
synthetic chemicals in leaves are broken down,
withdrawn and stored by the tree for use in next
year's foliage. Chlorophyll degradation unmasks yel-
low, orange, and red pigments called carotenoids,
which are actually present all summer in the green
leaf. Pinks and purples, on the other hand, are

anthocyanins produced by foliage largely during
senescence.

In seasonally cold climates, leaf senescence is
just one of many steps that trees take to prepare
for winter. A number of biochemical transforma-
tions occur throughout the tree's living tissues, and
collectively they allow the tree to become "cold
hardy." In evergreen species, such as most of the
needle-leaved conifers, cold hardiness developsin
foliage as well as other tissues (Figure 4.10). The
process of cold hardening may include tissue dehy-
dration, changes in the chemical makeup of cdl
membranes, increases in cell sugar concentrations,
and the appearance of certain dormancy proteins.
These changes are quite effective, as is evident in
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Figure 4.10 Tree species can differ markedly in
cold hardiness, which is measured here as the
temperature that kills 50% of the needle tissue. The
reldively tolerant white spruce (Picea glauca) is a
boreal forest species in North America. The less
tolerant yellow cedar (Chamaecyparis nootkatensis)
inhabits low-eevation sites aong the northwest coast
of Canada and Alaska. Note the wide seasond
ogdillaion in lethal temperature. Tissues are quite
vulnerable to frogt during the growing season, whereas
during mid-winter spruce needles withstand the
minimum temperature used in the study, -65°C.
(Hgure redrawn from Slim and Lavender, 1994, Can. J.
Bot., vol. 72, pages 309-316; copyright of NRC Press.)

the recent finding that needles of some evergreen
conifers, such as red pine (Pinus resinosa), can
withstand immersion in liquid nitrogen (—196°C)
during the winter (2).

Trees appear to use at least two environmental
cues to time the onset not only of winter dormancy
but also the subsequent reawakening in the fol-
lowing spring. This timing of behavior is referred
to as phenology. Studies have indicated that most
temperate and boreal trees enter winter dormancy
in response to the combination of shortened day
lengths and colder temperatures. These same
species break bud in the spring following the onset
of warm weather. However, for temperate species
in particular, there is a clever twist in this response.
These trees require a period of chilling (exposure
to near-freezing temperatures) before they will
respond to spring warming. Just as it does in the
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case of seeds, this prechilling requirement, which
varies in duration from 30-120 days, prevents a tree
from being fooled by spells of warm winter weather
and waking up too early.

Effect of Chronic Resource

Shortages
In order to persist in many ecosystems, trees and
other plants must make a living in the presence of
chronic shortages in resources such as light or nutri-
ents. Tree species vary considerably in their abil-
ity to tolerate these shortfalls, and that variation
leads to the differentiation of species niches (suit-
able positions) along environmental gradients. The
litany of acclimations (short-term adjustments by
individuals) and adaptations (evolutionary changes
in populations) to resource limitation is too large
to explore here. Instead, we will focus on the ways
in which trees cope with a common stress, the min-
imal light availability often endured by seedlings
and saplings (and mature individuals of certain
species) in the forest understory. As for acclima
tion, most tree species exhibit light-dependent plas-
ticity in leaf structural and biochemical properties,
and this plasticity allows the tree to construct leaves
that maximize photosynthetic efficiency in a given
light environment (Figure 4.11). However, because
both shade-tolerant and -intolerant species possess
this capability, it does not afford much insight into
the true nature of shade tolerance.

The amount of light reaching the regeneration
layer in an undisturbed forest is typically less than
5 percent of that in an open habitat. Differences
among tree species in the ability to tolerate this level
of shading create the driving force for forest suc-
cession. Generally, fast-growing, shade-intolerant
species, such as tulip poplar (Liriodendron tulip-
ifera), are the firg to colonize and dominate a site
following disturbance. However, largely because of
their intolerance, these early-successional species
do not regenerate under themselves. Instead, they
are gradually replaced by slower-growing, shade-
tolerant species, such as sugar maple. While this
sequence of events is predictable, the underlying
physiological basis remains somewhat of an
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Figure 4.11 Response of legf photosynthesis to
variation in light intensity. Examples shown are leaves
that have developed in sun and shade. Compared to
sun leaves, shade leaves are thinner and have less
photosynthetic machinery per unit lesf area.
Correspondingly, they have a lower photosynthetic
capacity and rate of dark respiration (when light
intengity is 0). These traits dlow shade leaves to be
more photosynthetically efficient in low light (less
than 5% of full light in this example).

enigma. Despite a considerable amount of research,
there is no consensus as to why seedlings and
saplings of one species are necessarily more tol-
erant of shade than those of another.

One prevailing hypothesis is that persistence in
shade is linked with the ability to conserve valu-
able resources, especially carbohydrate reserves.
Starch is one form of reserve that is commonly
stored in trees and is available for use when pho-
tosynthesis cannot meet the demand for energy or
building materials. This circumstance is likely the
rule rather than the exception in dimly lit under-
stories. Intolerant species may not maintain ade-
guate carbohydrate reserves for two reasons. Firgt,
because they are geared for rapid growth, intoler-
ants tend to allocate most of the photosynthate they
earn to new tissue construction in lieu of reserve
accumulation.

Second, and of equal importance, intolerants
tend to have higher rates of dark respiration than
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do tolerant species. Whereas photosynthesis utilizes
light energy to make sugar, dark respiration (oper-
ating in the absence of light) generates usable
chemical energy, called ATP, by breaking down a
portion of that same sugar. (The chemical formula
describing respirationis CH,O + O, —> ATP + CO, +
H,0, which mirrors that of photosynthesis.) This
catabolism (enzymatic breakdown) occurs in all liv-
ing tissues and is essential because ATP powers the
tree's biochemical machinery. But, high rates of res-
piration can deplete sugar supplies and ultimately
the starch reserves from which they originate. Over-
all, there is an intriguing correspondence between
tolerance of shade and other chronic stresses, inher-
ently slow growth, and low rates of tissue metab-
olism. But the mechanistic underpinnings of this
relationship remain elusive.

Effect of Variation in Resource
Availability
Trees must also endure stochastic and often life-
threatening variation in the availability of resources,
especially water. Drought is common to most for-
est ecosystems around the world, and excesses of
water are also problematic, particularly in lowland
or flood plain forests. Trees possess a number of
attributes that allow them to survive drought and
flooding, and some species are much better than
others at coping with water stress. Indeed these dif-
ferences constitute much of the basis for the pres-
ence or absence of a given species in a particular
ecosystem, and for the broad patterns of vegeta-
tion we see at the biome and continental scales.
Scientists that study drought adaptations distin-
guish between two general resistance strategies,
drought avoidance versus drought tolerance. With
few exceptions, trees and other terrestrial plants
respond to the onset of soil drying by closing their
stomates to conserve existing water supplies. As
mentioned previously, this response originates in
the root system. When the surface soil begins to
dry, fine roots in that soil manufacture a small chem-
ical messenger called abscisic acid. This hormone
travels to the leaves through the transpiration
stream, whereupon it triggers a set of biochemical
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Sidebar 4.3

Trees can supply water to the forest.

It turns out that the role
of trees in forest
hydrology is not always
confined to water use
(evapotranspiration).
Recent studies (3, 4)
have revealed the
importance of certain
tree species as suppli-
ers of water to the forest ecosystem. For instance,
the architecture of needles, branches, and
crowns of coastal redwood trees in California
creates an effective collector of fog and mist,
which then drips to the forest floor. Calculations
of ecosystem water budgets indicate that this
process is responsible for as much as 30 per-
cent of the water input to the soil. Equally note-
worthy is the phenomenon of hydraulic lift
carried out by deep-rooted tree species. In this
case, trees with taproots that penetrate the
groundwater table are capable not only of
absorbing that deep water supply, but also of

sharing it with
less deeply
rooted species.
The mechanism
of hydraulic lift
works as fol-
lows: Thewater
tension  that
forms during
leaf transpira-
tion allows the
tree to pull
groundwater
through its tap-
root up into the tree crown (shown at right).
However, especially when the surface soil of a
forest is dry, some of that groundwater is pulled
out of the tree's surface roots at night by the
strong water tension in the soil. It is thought that
during drought, this mechanism may facilitate
the survival of understory herbs and shrubs
located near these deeply rooted "nurse" trees.

day | night

events that lead to stomatal closure. The importance
of this nearly ubiquitous response has been high-
lighted in studies of certain genotypes of black Cot-
tonwood (Populus trichocarpa) that do not close
their stomates in response to soil water depletion.
Needless to say, these trees perish during drought
and thus are confined to riparian and other habi-
tats where water is continuously in ample supply.

Perhaps the next most common characteristic is
structural in nature. Many species effectively avoid
internal drought (maintain adequate tissue water
content) by constructing a deep-running taproot to
access the ground water supply, which during
drought may lie many meters below the soil sur-
face. Species that are adapted to inherently dry

(xeric) ecosystems, such as jack pine (Pinus
banksiana), have these deeply penetrating taproot
systems. Some species from these environments are
also capable of competing for scarce water
through a mechanism known as "osmotic adjust-
ment." In essence, soil drying induces these trees
to accumulate unusually high amounts of sugars
and other organic solutes in their living tissues. This
buildup creates a large osmotic force (like that used
in phloem functioning), which allows the tree to
absorb (and retain) the scarce supplies of tightly
held water in dry soil.

Ultimately, if drought persists there will be no
way for most trees to avoid eventual dehydration.
It is at this point that many species will succumb.
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A few, however, possess the seemingly miraculous
ability to tolerate tissue desiccation. In these cases,
the cells of living tissues enter a sort of dormancy,
which entails a number of membrane alterations
and other biochemical changes that allow them to
retain their integrity until adequate levels of mois-
ture return. The most remarkable examples of this
capability are found not in trees but in certain ferns
and mosses. These plants are often referred to as
"resurrection plants," because they can withstand
extended dry periods, in which their tissue water
contents equilibrate with that of the atmosphere,
and quickly regain their original vigor following re-
watering.

The ability of certain tree species to endure pro-
longed periods of flooding is another matter
entirely. Several serious problems arise when the
roots and lower stems (and at times the crown as
well) are inundated for more than a few days. The
most critical of these is a shortage of oxygen (O,),
the concentration of which is quite low in water
as opposed to an aerated soil. A lack of O, known
as anoxia, impairs the metabolism of plant cells and
eventually kills them. But trees and other plants
have a few mechanisms that delay this fate, the most
important being fermentation. One might recognize
this as the process used to generate ethanol (an
alcohol), and that is precisely what happens in an
anoxic plant cell. Fermentation is an alternative type
of respiration that requires no O,, and under anoxia
it maintains a certain, albeit minimal, level of metab-
olism (ATP production).

This shift in metabolism is not, however, along-
term solution, and trees that survive protracted inun-
dation undergo a number of additional changes,
including the production of hypertrophied lenticels
and aerenchyma in stems and root systems (Fig-
ure 4.12). These modifications can greatly enhance
the diffusion of O, from aerial portions of the tree
to the flooded roots. The development of adven-
titious roots is also a common flood response (Fig-
ure 4.12). These new fine roots often form on the
tree stem near the water surface, presumably so that
they have access to enough O, to allow for nor-
mal functioning. There is currently no clear under-
standing as to why some species, such as river birch
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Figure4.12 Trees that endure prolonged flooding
will typicaly produce adventitious roots and
hypertrophied lenticds (upper photo) at or near the
water line on the gem. The lenticds look like little
cotton balls dotting the stem. Adventitious roots, which
help the tree restore its water and nutrient uptake, often
have an dtered structure that includes aerenchyma
(lower-right photo of root cross-section), large openings
in the cortex that fadilitate oxygen trangport to the root.
(Lower images provided by Richard Dickson.)

(Betula nigra) can make these necessary changes
while others, such as the closely related paper birch
(Betulapapyrifera), cannot. About al that appears
certain is that the origin of this difference lies pri-
marily within the root system.

Global Issues in Forest
Ecophysiology

Effect of Anticipated Global Warming

At the outset of this chapter, | cited forest response
to global change as one of the prominent con-
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temporary issues addressed by forest ecophysiol-
ogists. Global change embodies two related envi-
ronmental phenomena, changes in climate and
atmospheric chemistry. The two are closely linked
because climate is governed in part by atmospheric
chemistry and vice versa. Atmospheric scientists
have been utilizing global circulation models
(GCMy) to derive estimates of future climates, and
such calculations are influenced strongly by current
and predicted future increases in atmospheric con-
centrations of "greenhouse gases' such as CO, and
methane (CH,). These and other atmospheric con-
stituents are effective absorbers of infrared radia-
tion, or heat, that would otherwise escape from the
earth's atmosphere.

Depending primarily on future patterns of human
behavior (e.g., fossl fue consumption, land use),
concentrations of CO, may nearly double during
the 21st century (from 0.037% to ~0.07%). Conse-
guently, the global mean for surface temperature
could rise by as much as 3°C (5). GCM output also
indicates that warming might be most pronounced
at higher latitudes and during the winter rather than
summer (in the Northern Hemisphere).

One of the charges to physiological ecologists
is to generate credible predictions regarding the
impact of these dynamics on the world's forests.
However, the challenge of forecasting these con-
sequences is daunting in its complexity. First of al,
the effects of warming will be mediated through
changes in the metabolism not only of trees, but
of dl life forms. Also, the nature of this change will
vary depending on the manner in which climate
warming is manifested. For example, arise in the
annual average for surface temperature can be
brought about by a variety of changes in temper-
ature patterns, including increases in the minimum
or maximum temperatures during either the sum-
mer or winter. That these different scenarios have
varying implications becomes apparent when we
begin exploring the possible effects of climate
warming on the spatial distribution of individual tree
species and forest communities around the world.
A basic assumption in ecology is that the geographic
range of most plant species is governed primarily
by climate and soil characteristics. In light of this,
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and given that the predicted magnitude of warm-
ing is equivalent to shifting isotherms (imaginary
lines connecting areas with the same average tem-
perature) by 300-400 kilometers northward, it
appears likely that warming will lead to widespread
species migrations.

The U.S. Forest Service has recently published
some provocative forecasts (6) of possible tree
species migrations in North America (Figure 4.13).
In the northern United States, they include a mass
exodus of keystone northern species and an inva-
sion by southerners. But how credible are such pre-
dictions? As with any modeling effort, they are only
as good as their underlying assumptions. In this case
it is fair to question the presumed link between a
species' current geographic and climatic boundaries.
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Figure 4.13 Recent predictions by scientists from
the U.S. Forest Sarvice (6) indicate that the anticipated
extent of climate warming could lead to long-distance,
northward migrations by certain tree species in North
America lllugtrated here is the potential response of
sugar maple. The light shade represents its current
range, while the dark aress represent the overlap
between current and predicted future ranges.
(Nugtration courtesy of the U.S. Forest Service)
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In fact, there are many instances where a given tree
species thrives in areas where conditions are quite
different from those associated with its native range.
In other words, there is no certainty that a species
realized niche (the range of habitats in which it is
found) matches its fundamental niche (the range
of habitats that it can colonize). Moreover, there are
few, if any, tree or other plant species for which
scientists have identified the specific suite of envi-
ronmental factors defining their fundamental
niches. Further complicating this issue is the fact
that these environmental factors are biotic as well
as abiotic, and the former, including insects and
fungi, may be very sensitive to changes in climate.
What effects will climate warming have on for-
est growth? Once again this is a complex issue
requiring consideration of al facets of tree metab-
olism. Initialy, it is probably most useful to focus
on the balance between photosynthesis and its
chief counterpart, dark respiration (Figure 4.14).
Because enzymes carry out key steps in photo-
synthesis and dark respiration, the rate at which
both processes occur is inherently sensitive to tem-
perature. Yet, at least under current atmospheric
conditions, dark respiration is relatively more
responsive than photosynthesis. The net result is
that increases in temperature tend to stimulate dark
respiration more than photosynthesis, and thus
lessen the amount of sugar produced per unit sugar
consumed in fuel production. That balance
equates with growth (biomass accumulation),
which accordingly may decrease in response to
higher growing season temperatures.
Alternatively, the most important consequence
of climate warming may be an increase in the length
of the growing season. Interestingly, there is a grow-
ing body of evidence, based largely on plant and
animal phenologies, indicating that this is already
happening (7). Such atrend would simply increase
the annual duration of photosynthetic activity and
growth by trees. Support for this prediction is found
in a comparison of annual tree growth along lati-
tudinal gradients in the midwestern United States.
(For example, both the length of the growing sea-
son and annual rate of tree growth in Mississippi
are at least twice those in Minnesota.) The upshot
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Figure 4.14 Comparison of the sendtivities of
lesf photosynthesis and dark respiration to variation in
lesf temperature. Rates are expressed in terms of CO,
influx or efflux per unit leef area per second. The
example shown is a ledf from a sugar maple

sapling. Under current levels of atmospheric CO,,
photosynthesis is not very responsive to changes in
temperature between 20°C and 30°C. In contrast, dark
respiration roughly doubles for every 10°C increase in
temperature.

of al this is that there is much to be learned before
the scientific community can confidently embrace
any broad-scale prediction of global warming
impact on forest structure or function.

Effect of Changes in

Atmospheric Chemistry
The potential influences of fossil fuel combustion
on forests are not restricted to alterations of global
climate. Based on a wealth of evidence from lab-
oratory and field experiments, along with some
alarming trends in forest health, it appears that our
emissions of CO, and a suite of other atmospheric
pollutants may already be having direct, widespread
impacts on forests and other ecosystems, especialy
in the Northern Hemisphere.

The burning of fossil fuels or any other organic
matter results in the volatilization (conversion to
gaseous forms) not only of carbon, but severa other
elements, including nitrogen and sulfur. These gases
(mostly oxides of N, C, and S) are considered to
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be primary pollutants because we emit them into
the atmosphere. Ironically, they do not necessar-
ily pose a direct threat to forests, at least in the con-
centrations at which they presently occur. Rather,
it is their subsequent conversion into secondary pol-
lutants, namely ozone (O3) and nitric and sulfuric
acids (HNOs, H,S0,), that generally causes the most
concern. The latter two are constituents of acid pre-
cipitation ("acid rain"), which has been the focus
of much public attention in recent decades. This
stems primarily from its postulated (but not nec-
essarily proven) role in the widespread decline in
health of high-elevation conifer forests in Europe
and North America that first caught the attention
of the media during the 1970s.

Nitric and sulfuric acids form in the atmosphere
when nitrogen dioxide (NO,) and sulfur dioxide
(SO,) are oxidized (altered by chemical interaction
with oxygen) and subsequently combined with
water vapor. These acids are carried aoft in clouds
and eventually deposited on the earth's surface as
precipitation (rain, snow, or, especially at high ele-
vations, fog). The acidity of this precipitation, which
is expressed in terms of pH (-log;, of solution H*
concentration), varies markedly among regions and
elevations. For example, in pristine areas remote
from major pollution sources, rain pH is about 5.6,
whereas in industrialized regions of North Amer-
ica and Europe, rain pH often fdls below 4.5.
Within these regions, the extremes of exposure
occur at high elevations, where clouds with a pH
as low as that of vinegar (pH = 3.3) can envelop
the vegetation.

Studies have revealed numerous potential
threats to forests posed by chronic exposure to
acid precipitation. These are typically separated
into two major types, direct and indirect. Direct
effects occur as a result of acid deposition on the
forest canopy, and the possible consequences
include destruction of leaf cuticles (waxy protec-
tive coverings), leaching of nutrients (especially
potassium) from foliage, and disruption of polli-
nation. There are potential benefits as well, includ-
ing a direct fertilization of tree foliage with the
essential elements N and S, when nitric and sul-
furic acids are absorbed through leaf stomates.

93

While these impacts could be important in cer-
tain ecosystems, it is the group of indirect effects,
resulting from acid deposition to the forest soil,
which may prove to be most damaging in the long
run. Several key properties of forest soils are sen-
sitive to acidity and to balances of elements such
as N and S. Inputs of acidity per se can accelerate
leaching of valuable base cations (such as K, Mg,
and Ca) from the soil profile, inhibit microbial activ-
ity (and thus nutrient cycling) and increase the sol-
ubility of toxic compounds, such as aluminum, that
are naturally abundant but mostly inert in soil clay
fractions. Once again, however, it is worth noting
that some indirect effects, such as soil N fertiliza-
tion, may be beneficial. However, even this bene-
fit has a downside. There is increasing concern that
chronically high rates of N deposition will cause
detrimental nutrient imbalances in many forests,
which may result in declining tree health, shifts in
species composition, and disruption of ecosystem
nutrient cycling. This postulated threat, coined the
"nitrogen saturation hypothesis," has received much
attention in the eastern United States (8).

The overall concern surrounding O; can be
somewhat confusing, in that it involves both short-
age and excess. Part of the earth's stratosphere
(upper atmosphere) contains relatively high con-
centrations of Oz, which forms an effective barrier
to much of the harmful ultraviolet light that would
would otherwise strike the earth's surface (O3
absorbs ultraviolet radiation with wavelengths
between 250 and 320 nanometers). High intensi-
ties of ultraviolet radiation threaten al life forms.
It appears that "ozone holes," areas of dangerously
low stratospheric Oz concentration, have been
enlarging during the last few decades, perhaps
because of our use and release of chlorofluoro-
carbons into the atmosphere.

On the other hand, concentrations of O3 in the
troposphere (~ lower ten kilometers above Earth's
surface) are too high in many regions. The extra Os,
which is a potent oxidant, is produced through a
complex chemical interaction among oxides of nitro-
gen (e.g., NOy), oxygen and volatile organic com-
pounds (primary pollutants resulting from
incomplete fuel combustion). Notably, the process
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is catalyzed by ultraviolet radiation, and thus the rate
of Oz production in the troposphere is accelerated
when it is sunny. Although the problem arises chiefly
in urban and industrial areas, it is not confined to
them; transportation, power generation, and indus-
try pump the air full of O; precursors, and, while
Os is accumulating, the polluted air mass flows into
rural areas, over Os-sensitive croplands and forests.

The threat that Oz poses to trees and other veg-
etation is essentially the same as that faced by al
organisms; O is a strong oxidant, and as such it
can damage and destroy the living tissues with
which it comes in contact. (For that reason, Oz is
used to kill microbes in some municipal water sup-
plies.) In forests, it is the canopy foliage that
normally bears the brunt of this assault. Corre-
spondingly, forest canopies are excellent "filters'
of Oz and other gaseous or particulate pollution in
the atmosphere. Leaves are vulnerable to Os pri-
marily because of their stomates, through which O
can diffuse and subsequently damage the leaf inte-
rior. One may recall that the interior, or mesophyll,
houses photosynthetic machinery. Hence a loss of
photosynthetic capacity is often the first functional
symptom of Oz exposure. Eventually, continued
exposure will cause the death of leaf mesophyll
cells, and it is at this point that O; damage becomes
visually apparent (Figure 4.15).

Through its inhibiting effects on photosynthesis,
O3 exposure can cause large losses in growth and
vigor, and thus predispose trees to other biotic and
abiotic stresses such as fungal pathogens, high tem-
peratures, and other forms of pollution. Also, it
doesn't take much O; to cause trouble. Based on
controlled laboratory and field exposures, these
problems can arise when trees are chronically
exposed to atmospheric concentrations of Os;
exceeding 50-60 ppb (parts per billion). In many
areas of the eastern United States, concentrations
commonly rise much higher than that threshold on
sunny days during the growing season. Although
less common, Os levels routinely exceed 100 ppb
in some areas, and these episodes can result in
acute damage to foliage.

As mentioned earlier, not all atmospheric pol-
lution necessarily has negative consequences for
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Figure 4.15 Necrotic spots on the upper suface
of this trembling aspen (Populus tremuloides) led
resulted from chronic exposure to moderately high
ozone (O3) concentrations (e.g., 60 ppb).

forests. For example, the gas emitted in gregtest
quantity, CO,, is a primary substrate in the dak
reactions of photosynthesis. Thus the recent ad
anticipated future increases in atmospheric CO, cor+
centrations are likely to stimulate photosynthesis
and growth in most terrestrial plant species. Hoan
ever, by what magnitude will growth be simulaed?
This is a critical uncertainty in predictions of fuure
climate (based on global circulation modds),
because the overall increase in atmospheric GO,
a pivotal greenhouse gas, may be tempered sb-
stantially by the increased absorption of CO,, ad
subsequent incorporation into wood, by the
world's forests. This issue isviewed by the U.S gov-
ernment to be sufficiently important to warrant con
siderable investment in research on forest responses
to atmospheric CO, enrichment. As a result, three
FACE (free-air CO, enrichment) facilities have been
constructed in the eastern United States goedficaly
to monitor the long-term behavior of tree gands
exposed to CO,-enriched atmospheres (Figure 4.16).
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Potential Impacts of Atmospheric
Pollution

To answer this question, one has only to fly over
any of the infamous ore processors in North Amer-
ica Consider, for instance, the large iron sinterer
near Wawa, Ontario. Directly downwind from its
smokestack lies a zone that is essentially denuded
of vegetation. Beyond that one can see concentric
bands of improving forest health and vigor as the
distance from the stack increases. The total impact
of that stack's emissions on its immediate sur-
roundings extends for hundreds of square kilo-
meters. The nearby forest quite clearly is not able
to cope with the chronic exposure to a cocktail of
aulfuric acid and a host of heavy metals (such as
zinc and copper), which together not only kill veg-
etation, but also leave alegacy of soil toxicity. The
impacts of this type of point-source pollution are
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so obvious that they require little discussion and
debate.

It has proven much more difficult, however, to
indict atmospheric pollution as a cause of the wide-
spread declines of forest health and vigor that have
been observed with increasing frequency during the
last several decades. The most notorious of these
have occurred in montane spruce forests of Ger-
many (largely Norway spruce, Picea abies) and the
northeastern United States (primarily red spruce,
Picea rubens). Beginning in the 1960s, widespread
episodes of crown damage, growth loss and mor-
tality have been documented in these forests (9).
No one can ignore the disturbing coincidence
between these epidemics and high rates of pollu-
tant deposition. As was mentioned previously, high
elevations in polluted regions receive especialy
severe loadings of acid precipitation aswell as Os.
Yet, to the dismay of many, decades of careful

Sidebar 4.4

Tree species differ in their tolerance of gaseous oxidants.

A survey of trees in urban or other polluted land-
scapes often reveals a great deal of variation,
within as well as among species, in vulnerabil-
ity to gaseous oxidants such as ozone. Norway
maple (Acer platanoides), for example, is
widely planted in urban settings partly because
of its comparative pollution tolerance. Why does
the foliage of one species or genotype differ
from that of another in pollution tolerance? There
are at least two reasons. The fird is that |eaves
of some species do not open their stomates as
widely as others (the measure of openness is
stomatal conductance). Consequently, leaves
with a lower stomatal conductance absorb less
of the gaseous pollutant per unit time. The trade-
off for this decrease in exposure is an oppor-
tunity cost, as leaves with wide-open stomates

tend to have higher rates of photosynthesis.
However, stomatal behavior is only part of the
story. Another mechanism for dealing with
gaseous pollution is the maintenance of a large
pool of antioxidants and associated enzymes in
leaf tissues. Species have been shown to vary
considerably in foliar levels of antioxidants, such
as ascorbate (vitamin C) and alpha-tocopherol
(vitamin E), as well as key enzymes such as
superoxide dismutase and glutathione reductase,
which together quench the oxidative power of
ozone and other gases before they injure vita
plant components. We require a constant sup-
ply of vitamin C for the same general purpose;
however, since we do not produce it, we have
to eat vitamin-rich vegetables and fruit.
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Figure 4.16 In an effort to generate accurate
predictions of forest response to atmospheric CO,
enrichment, scientists have constructed three FACE
(free-air CO, enrichment) fadilities in the eastern U.S
Each fadility conssts of several large rings of vertica
pipes surrounding stands of trees. Based on measures
of meteorology and atmospheric chemidtry inside the
ring, CO; is released from vents in a subset of the
pipes. Usng this approach, stands of trees can be
continuoudly exposed to a target CO, concentration
with otherwise minima perturbation of their
environment. The rings shown here enclose stands of
trembling aspen (Populus tremuloides), white birch
(Betula papyriferd) and sugar maple (Acer saccharuni)
a a fadlity in northern Wisconsin. (Photograph by
Even McDondd.)

experimentation and monitoring have not resulted
in a consensus among scientists regarding the real
culprit in these declines.

Some of the most compelling detective work in
recent years has been the deciphering and synthesis
of an array of data to characterize past trends in
climate and atmospheric chemistry. For example,
CO; concentrations in air bubbles trapped in cores
taken from the Greenland Ice Sheet indicate that
atmospheric CO, levels have risen more than 30
percent since the middle of the 19th century. Cor-
respondingly, there is circumstantial evidence that
at least some forests around the world may be
growing faster as a result of this "CO, fertilization."
The evidence exists primarily in the form of tree
rings, the concentric layers of wood that a tree will
build each year. There is a discipline, called den-
drochronology, which studies historical patterns in
tree ring widths to draw inferences about past cli-
mates. Wide rings usually correspond with grow-
ing seasons wherein temperatures and patterns of
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rainfall are most favorable. In certain cases, steady
increases in ring width have occurred during the
last several decades in the absence of discernible
trends in monitored climatic variables (11). Many
scientists implicate rising CO, concentration as the
only remaining explanation for these growth
stimul ations.

Concluding Statement—Future
Directions in Forest
Ecophysiology

After reading this chapter, it should be apparent that

some of the most interesting and important ques-

tions in forest biology remain largely unresolved.

For example, ecophysiologists ill do not know

exactly why certain tree species are more shade-

tolerant than others, and perhaps to the surprise of
many, we lack sufficient information to determine
how forests will respond to predicted changes in
global climate. A variety of new tools are emerging
to help us address these issues. Interestingly, these
new frontiers promise to further expand the scae
of inquiry. Exploration of biological mechanisms at
very fine scales is increasingly feasible as new tech-
niques evolve in molecular biology. This has aready
created new insight in plant physiology. For
instance, much information has recently been gen-
erated as to how different plant hormones modify
a fundamental process underlying al aspects of plant
behavior, gene expression and consequent protein
metabolism in plant cells. And at the other end of
the scale, a number of satellites are now equipped
with an array of different electro-optical sensors
monitoring reflectance by vegetation in critical por-
tions of the radiation spectrum, such as visible and
infrared wavelengths. Increased availability of
these remotely sensed data, along with advancesin
our ability to couple them with particular aspects
of tree physiology, hold considerable promise in
allowing scientists to monitor forest structure and
function at the stand and landscape scales (see
Chapter 7 and 12).
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in Forest Ecosystems

Forest-soil science is a broad field involving chem-
istry, physics, geology, forestry, and other disci-
plines. Because soils have a profound influence on
both the composition and productivity of a forest,
it is important that persons dealing with the for-
est ecosystem understand the basic character of
soils.

Concept of Forest Soil

There are at least four concepts of the forest soil
(1). The forest soil may be viewed as a medium
for plant growth. Indeed, soils are important to
trees because they offer mechanical support and
supply moisture and nutrients. The forest soil dif-
fers from the agricultural soil or soils under natu-
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Concluding Statement
References

ral grassland or desert vegetation in that it contains
a forest floor, tree roots, and specific organisms
whose existence depends solely on the presence
of forest vegetation. Soil also has been defined as
a natural body with physical, chemical, and bio-
logical properties governed by the interaction of
five soil-forming factors: initiadd material (geologic
substratum), climate, organisms, and topography,
al acting over a period of time. A third (hydro-
logic) view (see Chapter 16) holds that the forest
soil is a vegetated, water-transmitting mantle.
Finaly, the soil may be recognized as a compo-
nent of the forest ecosystem where materials are
added, transformed, translocated, and lost because
of natural cycling mechanisms (ecologic view).
Each of these views has value in understanding the
role of the soil in forest science.
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Properties of Forest Soils

Forest soils may be characterized in terms of their
morphological and physical properties, their
organic matter and moisture contents, their popu-
lations of organisms, and their chemical properties.

Soil M orphology

A soil profile is a two-dimensional section or lat-
eral view of a soil excavation. The soil profile is
divided into a number of sections termed soil hori-

99

zons, that are distinct, more or less parallel, genetic
layers in the soil (Figure 5.1).

The capital letters O, A, E, B, C, and R repre-
sent the master horizons and layers of soils. The
forest floor (O horizon) is a layer of relatively fresh
and partially decomposed organic matter that over-
lies a series of mineral horizons. The forest floor
is important as a "slow-release" source of nutrients,
as an energy source for organisms, and as a cov-
ering for protecting the soil against runoff, erosion,
and temperature extremes. A horizons are mineral
horizons formed at the surface or below an O

Loose leaves and undercomposed organic debris

3 'g 0 matted and decomposed organic material, and
e+ highly decomposed organic matter (humus)
" - A A leached mineral horizon with a high proportion
S 2 of organic matter and usually dark in color
S0
w E A light-colored layer representing the zone of
maximum leaching
-
Maximum zone of accumulation of weathering
products such as silicate clay, iron, aluminum,
£ humus, carbonates, gypsum, or silica
=,
o
h
Se B
~ >
- C Relatively unaltered unconsolidated
S parent material
R
G g
Qe
R Hard bedrock

Figure 5.1 A hypothetical soil profile showing the principa soil horizons.
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horizon that contain humified organic matter inti-
mately mixed with the mineral fraction or have
properties resulting from cultivation or similar kinds
of disturbance. E horizons are mineral horizons that
have lost silicate clay, iron, and aluminum, leav-
ing a concentration of sand and st particles of
quartz or other resistant minerals. B horizons con-
tain weathering products, such as silicate clay, iron,
aluminum, and humus, that have either been
translocated from A, E, or O horizons above or
have developed in situ. A key property of the B
horizon is that all or much of any original rock
structure has been obliterated by soil-forming
processes. C horizons are horizons or layers,
excluding hard bedrock, that are little affected by
soil-forming processes and lack properties of hori-
zons described earlier. R layers represent hard
bedrock that can be investigated only with heavy
power equipment.

Lowercase letters are used as suffixes to desig-
nate specific kinds of master horizons and layers.
For example, Figure 5.2 shows two contrasting soil
profiles, along with their horizons, beneath north-
ern hardwoods and red pine in northern Wiscon-
sin. The soil under northern hardwoods is derived
from wind-blown, sty sediments (loess) over an
unsorted, medium-textured glacia till. The soil
beneath red pine is derived from stratified, sandy
glacial outwash. The profiles differ in at least two
respects: (i) the profile featuring northern hard-
woods contains a thick A horizon reflecting mix-
ing of organic matter by earthworms, and the profile
supporting red pine has a distinct O horizon and
no A horizon; and (ii) the soil beneath northern
hardwoods has a clay-enriched B horizon, desig-
nated as Bt (t = clay accumulation), and the soil
under red pine has an iron-enriched B horizon, des-
ignated at Bs (s = accumulation of translocated iron
and aluminum oxides and hydroxides and organic
matter). In Soil Taxonomy, these soils beneath
northern hardwoods and red pine are designated
as an Alfisol and Spodosol, respectively (see sec-
tion on "Soil Survey and Classification” in this
chapter).

An example of a soil profile occurring beneath
a northern hardwoods forest in Upper Michigan is

Forest Soils

Northern
Hardwood

Red Pine

[ Loess |
"Giacial til] |

'/ Profiles
Horizons

A

E

Bt1

2Bt2

§\\§m

80 -

Alfisol Spodosol

Figure 5.2 Contrasting soil profiles beneath
northern hardwoods and red pine in northern
Wisconsin.

shown in Figure 5.3. This soil contains a thin O hori-
zon, followed by a dark-colored, organic-enriched
A horizon, a bleached E horizon, an iron-enriched
Bs horizon, and a relatively unaltered sandy C
horizon.

Physical Soil Properties

Soils can be differentiated according to a range of
physical properties. These properties are discussed
fully in forest soils textbooks (2); therefore, only
three such properties will be discussed here: ol
color, texture, and structure.

Soil Color  Soils display awide array of colors. This
has been recognized by landscape artists who have
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Figure 5.3 A soil profile occurring beneath a
northern hardwoods forest in the Upper Peninsula of
Michigan. The profile contains a thin forest floor
followed by an organic-enriched A horizon, a
bleached E horizon, an iron-enriched Bs horizon, and
a relatively unaltered sandy C horizon.(Photograph by
J. Bockheim).

depicted soil profiles in their paintings. Soil color
is dependent upon (i) mineral composition, (ii)
organic matter content, and (iii) drainage class,
among other factors. For example, red colors are
caused by the presence of iron oxides, and native
cultures have used red soils to prepare paints. Black
or dark brown colors are typical of soils enriched
in organic matter. Blue and green colors may exist
in soils that are poorly aerated. Soil color may be
measured in the field by comparing samples of the
soil to standardized soil-color charts.

Soil Texture  Soil texture refers to the relative pro-
portion of the various mineral particles, such as
sand, silt, and clay in the soil. The U.S. Department
of Agriculture developed a classification system
where the particle-size fraction of sand ranges
between 2 and 0.05 millimeters; silt particles range
between 0.05 and 0.002 millimeters; and clay par-
ticles are less than 0.002 millimeters in diameter.
Soil texture may be estimated in the field by trained
people by simply feeling the soil in moist and dry
states. However, soil texture is measured in the lab-
oratory using sedimentation, centrifugation, and
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sieving techniques. After such analyses are com-
pleted, particle-size data often are plotted on a soil-
textural triangle, as shown in Figure 5.4. Thus, for
example, a soil that contains 60 percent sand, 30
percent silt, and 10 percent clay by weight is termed
a sandy loam. Texture is important because it influ-
ences other soil properties such as structure and
aeration, water retention and drainage, ability of the
soil to supply nutrients, root penetrability, and
seedling emergence.

Sandy forest soils often support pines, hemlocks,
scrub oaks, and other trees with low moisture and
nutrient requirements. In contrast, silt- and clay-
enriched soils usually support trees of high moisture
and nutrient requirements, including Douglas fir,
maple, hickory, ash, basswood, oak, elm, spruce,
fir, tulip poplar, and black walnut. Soil texture is thus
an important consideration in reforestation, in selec-
tion of silvicultural treatment and system (Chapter
13), and in establishment of forest nurseries.

sm
0 \ 100
100 90 80 70 60 50 40 30 20 1

% by weight
Sand

Figure 5.4 A soil textural triangle using the
classification scheme of the U.S. Department of
Agriculture. A soil with 60 percent sand, 30 percent
sit, and 10 percent clay (designated by the point
within the triangle) is classified as a sandy loam.
(Courtesy of U.S. Department of Agriculture.)
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Soil Structure  Soil structure refers to  the
arrangement of primary soil particles into sec-
ondary units that are characterized on the basis
of size, shape, and degree of distinction. Common
shapes include prisms, columns, angular or sub-
angular blocks, plates, and granules (Figure 5.5).
The mgjor causes for such differences in soil struc-
ture are chemical reactions, the presence of
organic matter and organisms, and wetting and
drying or freezing and thawing cycles. A well-
structured soil is able to retain and transmit water
and provide nutrients more effectively than a soil
lacking structure.

Organic Matter

Organic matter in the forest soil serves several
important functions. It improves soil structure by
binding mineral grains and increases soil porosity
and aeration. In addition, organic matter moderates
soil temperature fluctuations, serves as a source of
energy for soil microbes, and increases the mois-
ture-holding capacity of forest soils. Upon decom-
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Figure 5.5 Examples of severa types of structure
commonly found in soils: (A) prismatic; (B) columnar;
(©) angular blocky; (D) subangular blocky; (E) platy;
(F) granular. (From U.S. Department of Agriculture.)
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position, soil organic matter is an important source
of plant nutrients.

Most organic matter is added to the forest soil
in the form of litter, which includes freshly fallen
leaves, twigs, stems, bark, cones, and flowers. Many
factors influence litter production. Annual produc-
tion in temperate latitudes is 1000 to 4000 kilograms
per hectare. Litter is composed predominantly of
cellulose and hemicelluloses (which are carbohy-
drates), lignins, proteins, and tannins, the charac-
teristics of which are treated in more detail in
Chapter 20. Many nutrient elements are supplied
by litter, including calcium, nitrogen, potassium, and
magnesium, in descending order of abundance.

Once litter reaches the forest floor, a host of
macro- and microrganisms act on it. As litter is
decomposed, carbon dioxide, water, and energy are
released. A byproduct of litter decomposition is
humus, which is a dark mass of complex amor-
phous organic matter. Organic matter may be pro-
duced below ground by the annual turnover of
smal roots. The organic-matter content of an undis-
turbed, mature forest soil represents the equilibrium
between agencies supplying fresh organic debris
and those leading to its decomposition. The ratio
of carbon (C) to nitrogen (N) is stable in soils where
this equilibrium exists. Whereas the C:N ratio of
agricultural soils commonly ranges from 8:1 to 15:1,
the ratio is wider in the surface mineral horizon of
forest soils, usually 15:1 to 30:1.

Organic matter may be regulated in the forest
soil by careful selection of a silvicultural system (i.e,
shelterwood versus clearcutting) and of a utiliza-
tion practice (i.e.,, harvesting of only the mer-
chantable stem versus the entire aboveground
portion of the tree), and by leaving the slash on
the ground following pruning or thinning (see
Chapter 13). Burning may be prescribed in some
areas for release of nutrients from thick, unde-
composed humus and slash.

Soil Water

Moisture supplies in the forest soil are rarely at opti-
mum levels during the growing season, as described
in Chapter 4. Studies with forest trees invariably have
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shown growth responses to changes in soil mois-
ture. Not only does soil water influence the distri-
bution and growth of forest vegetation, but it also
acts as a solvent for transporting nutrients to the tree
root. Soil-water content influences soil consistency
(i.e., resistance to deformation or rupture), soil aer-
ation, soil temperature, the degree of microbia activ-
ity, the concentration of toxic substances, and the
amounts of runoff and soil erosion.

The ability of the soil to retain water is influenced
by adhesive and cohesive forces associated with the
soil matrix and by attraction of water molecules for
ions produced by soluble sdts in the soil. Often
soil scientists speak of "available" water—the pro-
portion of water in a soil that can be readily
absorbed by tree roots. Many factors influence the
amount of "available" water in soils, including the
amount and frequency of precipitation, runoff, soil
storage and leaching, and the demand placed on
water by the vegetation.

Water moves in forest soils under saturated and
unsaturated conditions and as water vapor. Satu-
rated flow occurs predominantly in old root chan-
nels, along living roots, in animal burrows, and in
other macropores of the subsoil. Saturated flow also
occurs in smaller soil pores in the surface soil dur-
ing and immediately following heavy rainstorms.
Unsaturated flow occurs by capillarity at the upper
fringe of the water table, from the soil matrix to
the tree root, and in small to medium pores in the
il matrix whenever moisture gradients exist in the
available-water range.

A mode of water loss from the soil is through
transpiration. In a humid temperate environment,
trees transpire nearly as much water as will be evap-
orated from an open body of water. Agricultural
crops transpire less than a forest because of lower
lesf area indexes and a shorter growing period.
However, during the peak period of growth, agri-
cultural crops may consume more water than a for-
est. A measure of the efficiency of water
consumption is the transpiration ratio, which is the
grams of transpired water required to produce a
gram of dry matter. While the transpiration ratio of
trees commonly ranges between 150 and 350, the
transpiration ratio of agricultural crops generaly
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ranges between 400 and 800. Therefore, trees, par-
ticularly conifers, are more efficient in their use of
water than are agricultural crops.

Excessive amounts of soil water may be con-
trolled by ditching, ridging, or bedding, mechani-
ca breakup of barriers such as a hardpan, and
underplanting with species requiring high amounts
of moisture. Wilde (3) described a situation where
Trappist monks were able to reduce standing water
and the incidence of malaria by planting eucalyp-
tus trees. Flooding and irrigation have been used
on a limited scale in areas where water deficien-
cies exist. Silvicultural treatments, such as thinning
and herbicide application to control weed growth,
may be an economical way to increase the amount
of moisture available to trees in some areas.

Soil Organisms

Soil organisms play an important role in forest soils
and tree growth. Soil organisms decompose
organic matter and release nutrients for consump-
tion by trees. They incorporate organic matter into
the soil, thereby improving soil physical properties,
soil moisture, temperature, and aeration. Soil organ-
isms also influence soil profile development, par-
ticularly the nature of the forest floor.

Perhaps the most important organisms in the for-
est soil are the roots of higher plants. These roots
do the following: (i) add organic matter to the sail,
(if) stimulate microorganisms via root exudates,
(iii) produce organic acids that solubilize certain
compounds that are relatively insoluble in pure
water, (iv) hold and exchange nutrients within the
soil, (v) give off toxic compounds that inhibit the
establishment and growth of other plants, (vi) act
as an important soil-forming agent, and (vii) pro-
tect against soil creep and erosion.

Another group of important soil organisms are
mycorrhizae ("fungus root"), which are associations,
usually symbiotic, of specific fungi with the roots
of higher plants. Mycorrhizae increase the absorb-
ing surface area of tree roots, and roots infected with
mycorrhizal fungi usually live longer than uninfected
roots. Mycorrhizae may also increase the ability of
trees to take up nutrients, particularly nitrogen,
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phosphorus, potassium, calcium, and magnesium.
Other types of fungi also are important in forest sils;
for example, saprophytic-type fungi decompose for-
est litter, and parasitic fungi may cause "damping
off or may kill young seedlings by decay of the
stem or roots. The influence of certain fungi on
growth of forest trees is discussed further in Chap-
ter 8.

Bacteria, microscopic unicellular organisms of dif-
ferent forms, are also important soil organisms. Some
types of bacteria break down organic matter and
others utilize nitrogen directly from the atmosphere
or mutually with higher plants. A variety of other
organisms occur in forest soils, such as protozoa,
algae, nematodes, earthworms, insects, and small
invertebrates. In terms of soil organisms, forest soils
tend to contain an abundance of fungi, while agri-
cultural soils often have a greater number of bac-
teria. This is mainly because fungi are favored by
the more acidic forest soils, while bacteria respond
more favorably to the mildly acidic or neutral agri-
cultural soils (see section on Soil Reaction).

Chemical Soil Properties

As in the case of physical properties, soils can be
differentiated according to a range of chemical
properties. Since detailed discussions are provided
in forest soils textbooks (2), only three chemical
properties will be discussed here: soil reaction,
cation-exchange capacity, and essential soil
nutrients.

Soil Reaction (pH) The acidity or akalinity of a
soil solution is measured according to the pH; a
pH of less than 7 indicates an acidic solution, while
a pH between 7 and 14 indicates an alkaline solu-
tion. pH is extremely important in forest soils,
because it influences the microbial population of
the soil, the availability of phosphorus, calcium,
magnesium, and trace elements, and the rate of
nitrification—that is, biological oxidation of ammo-
nium to nitrate. Forest soils are often more acidic
than grassland or agricultural soils. This is because
tree litter commonly is acidic and releases hydro-
gen ions upon decomposition. In addition, trees
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may naturally acidify the soil by taking up and stor-
ing in woody tissues calcium, magnesium, and other
elements that tend to form bases in the soil. Atmos-
pheric deposition in areas receiving pollution ("acid
rain") may also acidify soils. Liming (i.e., replacing
hydrogen with calcium or magnesium) commonly
is used to raise the pH in agricultural ecosystems.
Because of cost limitations, this practice seldomly
is used in forest ecosystems, except in forest nurs-
eries. Soil pH may decrease following fertilizer
application and increase following burning of lit-
ter and slash.

Cation-Exchange Capacity Cation exchange is the
ability of the soil to hold and exchange positively
charged forms of plant nutrients. These positively
charged ions, or cations, are held on "exchange
sites’ on the surfaces of clay particles and humus.
Dominant cations in most forest soils are hydrogen
ion (H*), aluminum (AI*"), calcium (Ca®"), magne-
sium (Mg, potassium (K*), ammonium (NH,"), ad
sodium (Na"), in descending order of abundance.
Cation-exchange capacity (CEC) is dependent on the
amount of organic matter, the amount and types of
clays, and pH. Cation-exchange capacity is low in
sandy soils but higher in finer-textured soils.

Essential Soil Nutrients In addition to carbon,
hydrogen, and oxygen, which constitute the bulk of
the dry matter of plants, thirteen chemical eements
are considered essential for normal growth and
development of trees. Nitrogen, phosphorus, potas-
sium, calcium, magnesium, and sulfur are absorbed
in relatively large amounts by trees and are referred
to as macronutrients. Iron, manganese, boron, cop-
per, molybdenum, zinc, and chlorine are called trace
elements or micronutrients, because they are taken
up in comparatively small but important quantities.
Macro and micronutrients need to be present in the
necessary forms, in sufficient quantities, and in the
proper balance for normal tree growth.

The sources and available forms of the macro-
and micronutrients are shown in Table 5.1
Nitrogen is present largely in the organic form in
forest soils. Trees utilize nitrogen in inorganic forms
as ammonium (NH,") or as nitrate (NOs’). Bacte-
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Table 5.1 Sources and lonic Forms of Nutrients Taken Up by Trees
Nutrient Source lonicformtakenup by tree
Macronutrients
Nitrogen Organic matter (proteins, amino acids) NH,", NOs
Phosphorus Organic matter (phytin, nucleic acids),
apatite, secondary Ca, Al, Fe phosphates HPO,>", H,PO,
Potassium Feldspars, phyllosilicates K*
Cadcium Feldspars, hornblende, calcite, dolomite ca*
Magnesium Mica, hornblende, dolomite, serpentinite,
phyllosilicates Mg*
Sulfur Organic matter, pyrite, gypsum 8042'
Micronutrients
Iron Oxides, sulfides, silicates Fe?*, Fe3'
Manganese Oxides, silicates, carbonates Mn?*
Boron Borosilicates, borates BOs*
Copper Sulfides, hydroxy carbonates cu’, cu®
Molybdenum Sulfides, molybdates MoO*
zZinc Sulfides, oxides, silicates zn*
Chlorine Chlorides Cl

ria are able to convert organic nitrogen to ammo-
nium and nitrate, a series of processes called nitro-
gen mineralization. Recent studies suggest that trees
may be able to take up some organic forms of
nitrogen.

Phosphorus is present in organic forms and also
as secondary inorganic phosphate compounds in
combination with calcium, iron, and aluminum;
H,PO, and HPO,* are soluble forms taken up by
trees. Phosphorus is most available under near-
neutral pH conditions.

Potassium, calcium, and magnesium are con-
tributed mainly by weathering of soil minerals.
Potassium is present largely in minerals such as
micas and orthoclase feldspar. Calcium and mag-
nesium exist in dolomite, olivines, pyroxenes, and
amphibole minerals. These chemical elements are
available to trees as exchangeable and as water-
soluble mono- and divalent cations.

Sulfur is present in organic and mineral forms
and can be taken up by trees as exchangeable and
as water-soluble sulfate, SO,%. In addition, sulfur
dioxide (SO,) gas may be taken up directly by trees
through their stomata (see Figure 4.2).

Micronutrients are present in mineral forms and
as complexes with organic matter. Acid sandy soils,
organic soils, and intensively cropped soils, such
as those in forest nurseries, may be depleted in
micronutrients.

Nutrient Distribution and
Cycling in Forest Ecosystems

The behavior of nutrients in forest ecosystems is
characterized in terms of abundance and migration.
Nutrient abundance refers to the amount (mass per
unit area) of an element in various compartments
of the ecosystem. In forest ecosystems, these com-
partments generally include the atmospheric com-
partment, the organic compartment, the extractable
or exchangeable ("available") soil compartment,
and the soil and rock mineral compartment (Fig-
ure 5.6).

The distribution of nutrients within forest ecosys-
tems is dependent on climatic zone or ecosystem
type, forest type, successional stage, and site qual-
ity. Table 5.2 shows the distribution and cycling of
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Figure 5.6 Nutrient distribution and cycling in forest ecosystems (from reference 15,

nutrients in a 65-year-old aspen-mixed-hardwood
ecosystem in northern Wisconsin. The living vege-
tation contains 69 percent of the dry matter in the
ecosystem and from 11 percent (nitrogen) to 76 per-
cent (potassium) of the ecosystem nutrients. The for-
est floor contains less than 4 percent of the dry
matter and nutrients in the ecosystem.

To understand the behavior of chemical elements
in terrestrial ecosystems, a knowledge of nutrient
cycling is needed. Three kinds of nutrient cycles
have been identified in forest ecosystems (4). The
geochemical, or external cycle, refers to the bal-
ance between precipitation inputs and streamwa-
ter or leaching-loss outputs from the system. The
biogeochemical cycle refers to the circulation of
nutrients between the vegetation and soil com-
partments. The biochemical, or internal cycle,
encompasses the translocation of nutrients within
individual trees. To understand these cycles, meas-

Likens and Bormann).

urements of inputs, transfers, transformations, ad
outputs of chemical elements are necessary.

Atmospheric deposition is the maor source
(input) of nutrients in forest ecosystems, in the fam
of liquids (rain, fog, etc.), solids (dust), and geses
An additional input in the case of nitrogen is N fix-
ation by freeliving or symbiotic (rhizospheric)
organisms. In managed forest ecosystems, chemi-
cals may be applied as fertilizers, lime, and other
additives.

There are five ways in which nutrients are log
from forest ecosystems. erosion, runoff, dranage
beyond the rooting zone (leaching), gaseous loses
and product removal. Erosion and runoff contribute
minimal nutrient losses in undisturbed or wdl-
managed forest ecosystems. Gaseous losses ooor
primarily with regard to nitrogen in the form of
ammonia volatilization and denitrification. The
major source of nutrient loss in unmanaged fores
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ecosystems is leaching beyond the rooting zone
(i.e., streamwater output.) For example, the aspen-
mixed hardwood ecosystem lost between 0.047
kg/halyr (nitrogen) and 2.5 kg/ha/yr (calcium)
because of leaching (Table 5.2). In managed for-
est ecosystems, product removal may constitute a
major loss of nutrients. For example, if the above-
ground biomass (all but roots) were to be
removed in the example from northern Wisconsin
(Table 5.2), 818 kg/ha of Ca and 329 kg/ha of N
would be removed from the site, averaging 12 and
5.1 kg/halyr for Ca and N, respectively (i.e., above-

ground vegetation nutrient pool, divided by stand
age), which exceeds the annual leaching losses for
these elements.

Nutrient transfers involve movement from one
compartment to another. For example, litterfal is
the primary pathway by which most elements are
returned to the forest floor (Table 5.2). Through-
fdl (the solution that passes through the forest
canopy) and stemflow (the solution that moves
along the bole of the tree) may return large pro-
portions of the potassium and sulfur taken up by
trees (Table 5.2).

Table 5.2 Distribution and Cycling of Nutrients in a 65-year-old Aspen-mixed
Hardwood-Spodosol Ecosystem in Northern Wisconsin
Compartment or Flux Organic Matter N P K Ca Mg S
Nutrient distribution mg/ha kg/ha
Vegetation
Roots 20 70 17 7 190 24 10
Bolewood 124 97 13 190 160 25 15
Bolebark 24 86 u 83 400 17 80
Branches 23 92 14 78 220 17 6.0
Leaves 34 54 70 26 38 5.0 5.0
Totd 19 399 62 454 1008 88 44
Forest Floor 41 41 29 33 62 32 30
Minera soil (0-30 cm) 84 3200 100 140 840 110
Ecosystem total 283 3640 165 597 1910 201
Nutrient cycling kg/halyr
Inputs
Precipitation 56 24 52 0.6 4.65
Transfers
Litterfal 4800 43 6.5 18 75 7.7 5.0
Throughfall + stemflow 36 20 10.7 20 6.35
Uptake* 59 10 60 126 13 15
Accum. in perennial tissues 26 41 25 6.3 54 94
Transformations
Minerd weathering** 24 60 56
Net mineralization*** 69 18 24 14 20
Outputs
Leaching loss 0.047 11 25 0.8 26
Input-output* *** 56 13 27 -0.2 21

*Uptake- return in leaf litterfall + net leaching from canopy + annual accumulation in perennial tissues.
**Minerd weathering = leaching loss output - precipitation input + annual accumulation in perennial tissues of trees.
***Net mineralization - assumes release of 2.5% of mineral soil pool, 0-20 cm.

**** Precipitation input - leaching loss output.
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Nutrient transformations involve a change in
chemical form. For example, mineral weathering
releases a large amounts of calcium to the soil solu-
tion in northern Wisconsin (Table 5.2). Similarly,
mineralization of soil organic matter releases large
amounts of nitrogen—that can be taken up by trees.

Forest Soils and Tree Nutrition

Soil-Site Factors Related to Tree
Growth

Soil-site evaluation involves the use of soil prop-
erties (as discussed earlier in this chapter) and of
other site factors, such as topographic and climatic
features, to predict tree growth. The ability to
predict tree growth is of great value to the forester
and for planning in the forest-products industry. To
use the method, plots are located in stands repre-
senting the range of sites and soils found within a
particular region. Measurements of tree growth and
soil properties are then taken and correlated using
statistical methods. The resulting equations can be
used to predict site quality of stands that are heav-
ily cut or too young for traditional site-index
measurements.

Soil features important in soil-tree growth stud-
ies usually include depth, texture, and drainage (5).
Site factors other than soils that are important to
tree growth include slope position, orientation
(aspect), and steepness. These factors influence soil
moisture and temperature relations and the degree
of erosion. Elevation and rainfall vary considerably
in western North America and influence produc-
tivity of western conifers.

Diagnosis and Correction of
Nutrient Deficiencies

Three methods are commonly used to diagnose
nutrient deficiencies in forest ecosystems: 1) visual
tree symptoms, 2) soil analysis, and 3) plant-tissue
analysis (2, 6). Visua nutrient-deficiency symptoms
include chlorosis and necrosis of foliage, unusual
leaf structure, deformation or rosetting of branches,
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and tree stunting. Although many of these symp-
toms are relatively easy to recognize, nutrient-defi-
ciency symptoms of trees may be difficult to isolate
from those caused by disease, insects, or other ste
limitations, such as a moisture deficiency. Thus, it
is important to combine visual techniques with soil
or plant analysis.

Soil testing involves determining the "available"
nutrient content of the soil and relating it to pro-
ductivity of a particular tree species. Two problems
with this technique include: 1) selecting a chemi-
ca that will extract that portion of the nutrients
available to the plant, and 2) establishing optimum
levels of soil nutrients for the various tree species.
Sail testing is available through most land-grant uni-
versities and from private laboratories.

The third method for identifying nutrient defi-
ciencies is tissue analysis, which is the determina-
tion of the nutrient content of a particular plant
tissue, usually the foliage, and relating it to visud
deficiency symptoms and tree growth.

Nutrient deficiencies may be corrected through
the use of fertilizers. Forest fertilization is gener-
aly used where the following three conditions exis:
1) forests respond to fertilization with sgnificant
increases in growth rates, 2) high demand in the
region makes the price of raw wood expensive, and
3) the infrastructure for buying, transporting, and
applying fertilizers exists. The practice of forest fer-
tilization is becoming widely used especialy in parts
of North America. Volume gains from nitrogen aver-
age 16 percent to 26 percent in the Pacific North-
west. In aregional study employing nitrogen and
phosphorus in a factoria design, volume growth
of loblolly pine averaged 25 percent greater for
treated than controls (7). Forest fertilization may
increase not only fiber yield but also insect and dis-
ease resistance and aesthetic quality of the vege-
tation. However, use of fertilizers in the forex
constitutes use of a nonrenewabl e resource for per-
petuating a renewabl e resource. Fertilization is do
expensive and may contribute to environmental pol-
lution when not applied judiciously.

Rate of fertilizer application depends on: 1) ini-
tial soil fertility level, 2) tree species, 3) age of
stand, and 4) type of fertilizer. The nutrient mog
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commonly applied to forests is nitrogen. Nitrogen
is applied at rates of 100 to 400 kilograms per
hectare to stands of Douglas fir in the Pacific
Northwest and at rates of 5 to 100 kilograms per
hectare to pines in southeastern United States.
Phosphorus is applied to pines in the southeast
at rates of 30 to 100 kilograms per hectare. Fer-
tilizer generally is applied to open land or young
plantations using mechanical spreaders. In estab-
lished stands and those occupying large land
areas, aerial application may be used. Municipal
and industrial effluents and sludges ("bio-solids")
may be applied as a fertilizer substitute in some
forested areas.

Soil Survey and Classification

A soil survey involves the systematic examination,
description, classification, and mapping of soils in
a particular area. Mapping of soils requires a
knowledge of the interaction of five soil-forming
factors: climate, initial material, relief, organisms,
and time.

A soil-survey report contains soil maps at scales
commonly ranging from 1:10,000 to 1:60,000 and
the following information: descriptions, use and
management, formation and classification of soils,
laboratory data, and general information pertain-
ing to the area. The resulting soil surveys provide
the forester with valuable information for planning
forest activities. For example, soil surveys can be
used to locate roads and landing areas, to match
harvesting systems with soil conditions for mini-
mizing site degradation, and to match tree species
with soil type during reforestation for increasing
yidd. These soil surveys also enable the forester
to plan silvicultural treatments, such as thinning and
fertilization, more efficiently. Finally, soil surveys
are useful for planning recreational facilities, for
evaluating potential impacts of mining, grazing, and
waste disposal, and for predicting water yield and
quality in forested areas.

Numerous schemes have been used to classify
forest land and to predict site quaity. Multiple-factor
systems have been used extensively especially in
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western North America (8). These systems differ-
entiate and classfy ecologically significant segments
of the landscape using landform, soil initial mate-
rial, forest cover type, and soil taxonomic unit.

Single-factor systems are used to map and/or
classify individual components of the ecosystem,
such as vegetation or soils. The habitat system is
an example of a single-factor system and is based
on climax plant associations that can be used to
predict site/successional relationships and site qual-
ity (9).

Soil Taxonomy (10) is an example of a single-
factor (soil) system used to classify forest land.
There are seven categories of classification in the
system: 1) order (broadest category), 2) suborder,
3) great group, 4) subgroup, 5) family, 6) series,
and 7) type.

Of the 12 soil orders in Soil Taxonomy, four are
of particular importance in world forests: Ultisols,
Alfisols, Spodosols, and Oxisols. Ultisols are forest
soils with less than 35 percent of the exchange sites
containing calcium, magnesium, potassium, and
sodium. These soils occur in areas with moist, warm
to tropical climates, with an average annual tem-
perature of more than 8°C. Ultisols contain a yel-
low E horizon and a reddish, iron and clay-enriched
B horizon. These soils support loblolly and short-
leaf pine in the southeastern United States and oak-
hickory and oak-pine in the south-central United
States and tropical rainforest in central South Amer-
ica, equatorial Africa, southeast Asia and Oceania,
and eastern Australia

Alfisols are forest soils with greater than 35 per-
cent of the exchange sites containing calcium,
magesium, potassium, and sodium. They contain
agray E horizon and a brown, clay-enriched B hori-
zon. These soils feature oak-hickory in the central
United States, northern hardwoods in northern New
York, aspen-birch in the northern Great Lakes states,
and ponderosa and lodgepole pines in western
North America. Alfisols are common in drought-
deciduous forest and central broad-leaved forests
worldwide (see Chapter 3).

Soodosols contain a grayish E horizon and dark
reddish-brown B horizons that are enriched in
organic matter and/or iron and aluminum oxides
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(Figure 5.3). These soils develop from coarse-
textured, acid initial materials under cold humid cli-
mates. Mgor forest cover types are spruce-fir,
eastern white pine, and northern hardwoods in
New England and eastern Canada, and northern
hardwoods and aspen-birch in the Great Lakes
region. In southwest Alaska, Spodosols support
western hemlock—Sitka spruce, and in Florida
poorly drained Spodosols support longleaf and
dlash pines. Spodosols are common in the taiga of
northern Eurasia

Oxisols are intensively weathered soils enriched
in iron oxides and depleted in weatherable min-
erals. They occur in tropical areas, especialy in
equatorial South America and Africa

Forest Soils and Environmental
Quality

Forest Health, Sustainability, and
Ecosystem Management

With the advent of "Ecosystem Management" (Chap-
ters 6 and 13), a number of terms have arisen that
are intended to address the long-term productivity
of forest ecosystems. Because of the importance of
soils in supplying nutrients to sustain productivity,
it is appropriate to consider these terms in this chap-
ter. A healthy forest ecosystem has the following
characteristics (11):

» the physical environment, biotic resources, and
trophic networks to support productive forests
during at least some serai stages,

* resistance to catastrophic change and/or the abil-
ity to recover from catastrophic change at the
landscape level;

» a functional equilibrium between supply and
demand of essential resources (water, nutrients,
light, growing space) for major portions of the
vegetation; and

» a diversity of serai stages and stand structures
that provide habitat for many native species and
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all essential ecosystem processes. Basically, for-
est health is a condition of forest ecosystems that
sustains their complexity while providing for
human needs.

Forest sustainability is the continued ability of the
forest ecosystem to provide a number of valued
goods and services and involves 1) intergenerational
responsibility; 2) maintenance of ecosystem
processes and scales; and 3) use of management
practices that reflect ecological conditions (12).

Timber Harvesting and Long-Term
Soil Productivity

The Long-Term Soil Productivity (LTSP) program
was established to address U.S. National Forest
Management Act of 1976 concerns over possible
losses in soil productivity on National Forest lands.
Following an extensive review of the world's lit-
erature on productivity decline, authors of the
cooperative LTSP concluded that soil porosity and
site organic matter are the key properties most
influenced by management and most related to
forest health and growth within the constraints of
climate and topography (Figure 5.7). The LTS
program follows standard format throughout
North America with some modifications for locd
conditions (13). Steps consist of site selection, pre-
treatment measurements, treatment installation,
and post-treatment measurements. About 50
experiments have been established in mgor com-
mercial forest types on public and private land
in North America. The treatments generally
include different levels of organic matter remova
and different levels of compaction. Among the
important findings to date are those concerning
the effects of treatment on soil physical proper-
ties affecting site productivity. For example, retain-
ing the forest floor or logging slash keeps soils
cooler in the summer and improves plant water
availability by reducing evaporative losses.
Another key finding is that a slight amount of
compaction may actually improve the available
water-holding capacity of coarse-textured, sandy
soils.
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Figure 5.7 Conceptua mode of how soil porosity and site organic matter regulate the processes controlling
forex growth and site productivity (from reference 13, Powers et dl.).

Nutrient Budgets and Forest
M anagement

Nutrient budget and balance sheets enable the for-
et manager to assess the consequences of alter-
native management practices on long-term site
quality. For example, based on data in Table 5.2,
a bolewood harvest in aspen-mixed hardwoods
in northern Wisconsin would remove 64 percent
of the dry matter in the tree but less than 42 per-
cent of the macronutrients (N, P, K, Ca, Mg, and
S) present in the vegetation. A conventional stem
harvest (bolewood + bolebark) would remove 76
percent of the dry matter but from 38 percent (P)

to 60 percent (K) of the nutrients in the tree.
Therefore, if feasible, leaving the bark along with
the branches, foliage and roots would conserve
nutrients in this ecosystem. A more accurate esti-
mate of the long-term sustainability of the site can
be obtained by comparing the annual needs of the
tree ("Accumulation of nutrients in perennial tis-
sues," Table 5.2) with the net gain or loss of nutri-
ents. The net gain or loss is determined by
summing "Mineral weathering," "Net mineraliza-
tion," and "Input-Outputs." Based on this analy-
sis, al of the nutrients are in good supply, except
possibly, phosphorus.
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Concluding Statement

As the demand for forest products continues to
increase, forest soils will be more intensively used.
The following forest management practices may
have profound effects on soil and water quality: 1)
shortened rotations; 2) close utilization; 3) use of
fast-growing hybrid species; and 4) mechanical and
chemical site preparation.

Industrial foresters have expressed interest in
short-rotation intensive culture (SRIC), which has
also been called fiber farming or "puckerbrushing.”
This practice uses fast-growing hybrid cuttings that
are grown at close spacings and are harvested every
few years. This practice may require fertilization to
supply an adequate supply of nutrients.

Stepreparation refers to soil manipulation tech-
niques designed to 1) rid areas of logging slash,
2) reduce weed competition, 3) prepare a mineral
seedbed, 4) reduce compaction or improve drainage,
5) create more favorable microsites for tree plant-
ing, and 6) control diseases (14). Site preparation
involves use of prescribed burning, chemical
applications, mechanical techniques, and combi-
nations of these practices. Where injudiciously
applied, these practies may lead to increased ero-
sion and runoff and an overall decline in site quality.

Improper road-building practices are often
cited as a major cause of sedimentation in forest
environments, particularly in steep mountainous
areas. Timber removal may also contribute to sed-
imentation of streams, lakes, and reservoirs by
exposing the surface soil, particularly during skid-
ding and yarding operations (see Chapter 19 for
methods of timber harvesting). Skidding of logs with
tractors and rubber-wheeled vehicles is more likely
to cause soil erosion and mass-wasting than when
high-lead cable, skyline cable, balloon, or helicopter
systems are employed. Wet-weather logging is espe-
cially detrimental to soils and should be avoided
if at al possible.

A major concern in recent years has been the
potential effects of widespread deforestation in trop-
ical and boreal forests on carbon dioxide accu-
mulation in the atmosphere. The accumulation of
CO; in the atmosphere has been related to climate

Forest Soils

warming (i.e., the "greenhouse effect") and is dis-
cussed further in Chapter 4, Forest Ecophysiology.

Refer ences

1. E. L. STONE, "Soil and man's use of forest land," In
Fourth North American Forest Soils Conf. Proc, B.
Bernier and C. H. Winget, eds., Lavd Univ. Press,
Quebec, 1985.

2. R. F. FISHER AND D. BINKLEY, Ecology and Management
of Forest Soils, John Wiley & Sons, Inc., New York,
2000.

3. S. A. WILDE, Forest Soils: Their Properties and Rela-
tion to Slviculture, Ronald Press, New York, 1958.

4, SWITZER, G. L. AND L. E. NELSON, Soil Sci. Soc. Amer.
Proc. 36, 143 (1972).

5. W. H. CARMEAN, Adv. Agron., 29, 209 (1975).

6. K. A. ARMSON, Forest Soils: Properties and Processes,
Univ. of Toronto Press, Canada, (1977).

7. North Carolina State Forest Nutrition Cooperative,
1998: http://www2.ncsu.edu:8010/unity/lockers/
project/ncsfnchpg.

8. Proc. of the Symp. on Forest Land Classification: Expe-
riences, Problems, Perspectives, J. Bockheim (ed),
Dept. of Soil Science, Univ. of Wisconsin, Madison,
1984.

9. KOTAR, J,, J. A. KOVACH, AND C. T. LOCEY, Field Guide
to Forest Habitat Types of Northern Wisconsin., Dept.
of Forestry, Univ. of Wisconsin, Madison, 1988.

10. U.S. Soil Survey Stf, Soil Taxonomy: a Basic System
of Soil Classification for Making and Interpreting Soil
Surveys, U.S. Dept. Agric, Handbook 436, 1999.

11. KOLB, T. E, M. R. WAGNER, AND W. W. COVINGTON, J.
For. 92(7), 7 (1994).

12. TOMAN, M. A. AND P. M. S. ASHTON, For. Sci., 42, 36
(1996).

13. POWERS, R. F, D. H. ALBAN, R. E. MILLER, A. E. TIARKS
C. G. WELLS, P. E AVERS R G. CLINE, R O. ATZGER
ALD, AND N. S. LOFTUS, JR., Sustaining site productiv-
ity in North American Forests: problems and prospects,
In Sustained Productivity of Forest Soils, Proc. 7th
North Amer. For. Soils Conf., Univ. of British Colum-
bia, Vancouver, pp. 49-79, 1995.

14. STEWART, R. C, "Site preparation,” In: B. D. Cleary, R.
D. Greaves, and R. K. Hermann (eds.), Regenerat-


http://www2.ncsu.edu:8010/unity/lockers/

References 113

ing Oregon's Forests, Oregon State Univ. and U.S. Website for further information on Forest Soils:
Dept. of Agric, For. Serv., Pacific Northwest For. & http://soilslab.cfr.washington.edu/3-7.
Range Exp. Sta, Portland, Ore.

15. LIKENS, G. E. AND F. H. BORMANN, Biogeochemistry of
a Forested Ecosystem, Second Edition, Springer-Verlag,
New York, 1995.



Forest Ecosystem Ecology

Forest Tree Species Distribution
Tolerance and Competition
LifeHistory Patterns

The Carbon Cycle and

Forest Growth

The Carbon Cycle

Environmental Controls on Leaf Photosyn-
thesis

Environmental Constraints on Canopy
Structure and Forest Growth

The Nutrient Cycle
Nutrient Distribution
Nutrient Inputs

Ecology is the study of the interactions between
organisms and the environment. The study of the
relationship of a species to the environment is
referred to as autecology. An ecosystem includes
the vegetation, the soil, the organisms, as well as
complex interaction of the three components. For-
est ecosystem ecology is the study of the interac-
tions between forest vegetation and organisms and
the environment. The subdiscipline of ecology that
focuses on al organisms and their complex inter-
actions with each other and the environment is
referred to as synecology.

Foresters must be well versed in both autecol-
ogy and synecology to manage forests to ensure
adequate regeneration, growth, and reproduction
of the desirable forest tree species. In essence, for-
est management, or applied forest ecology, is the
application of theoretical forest ecology, including
topics such as species dynamics, succession, nutri-
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Nutrient L osses
Nutrient Transfers Within Forest
Ecosystems

Forest Succession

Effects of Timber Harvesting
on Forest Ecosystems

Concluding Statement
References

ent cycling, and production ecology, to achieve the
forest management objectives. This chapter provides
an introduction to the topics of succession, nutri-
ent cycling, and production ecology as they relate
to forest management. It is essential to understand
how forest ecosystems are affected by natural dis-
turbances and harvesting, because very few forests
remain unaffected by humans.

The firgt section of the chapter focuses on the
processes that determine the species distribution in
a stand. Tolerance and competition are two key
processes that affect species composition. The life
history patterns and associated ecological attributes
affect the tolerance, and hence competitiveness, of
species in a stand. The second section introduces
the carbon cycle, of which plant growth, or net pri-
mary production, is one component. Plant growth
is strongly influenced by the quantity and quality
of organic matter in the soil, and in turn, the growth
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rate of the vegetation influences the quantity and
quality of organic matter that is returned to the soil
(also see Chapter 5, Forest Soils).

Tree growth is often limited by nutrient avail-
ability, which is affected by the amount of organic
matter that returns the soil. The third section pro-
vides a brief introduction to nutrient cycles. Nutri-
ent inputs, losses, and internal cycling of nutrients
are discussed and the strong linkage between the
carbon, or organic matter cycle, and nutrient cycles
is emphasized.

The fourth section reviews the basic concepts of
succession. Forests are not static; species composi-
tion, structure and function of forests change in
response to internal and external factors. One of the
most important external factors is disturbance; par-
ticularly, forest harvesting. Forests provide many
services to humans, such as wood, and other organ-
isms. The last section of the chapter reviews how
forest harvesting affects the long-term sustainabil-
ity of forests and adjacent aquatic ecosystems.
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Tolerance and Competition

What determines the distribution of species? In Chap-
ter 3, Forest Biomes of the World, you learned that
climate, soil, and disturbance regime influence the
distribution of the major forest biomes. These same
factors influence the distribution of species at the
local (within a stand) scale. Tree species are ranked
according to their tolerance to varying environmental
conditions. Tolerance to light is the ecophysiologi-
cal characteristic most commonly used to dassfy tree
species. Although the classification of species can
be subjective, it has a physiological basis, and is a
useful concept to guide forest managers. Table 6.1
summarizes some common forest tree species for dif-
ferent forest regions in the United States and their
relative tolerance to light. The physiological basis for
the classification is leaf photosynthesis versus light
relationship. Figure 6.1 illustrates the relationship

Table 6.1 Examples of Commercially Important Tree Species for Different Forest Regions
in the United States that Vary in Shade Tolerance (Adapted from Hocker [1])
Shade Forest Region
Tolerance
Class Eastern Lake Rocky Pecific
Deciduous States Mountain Northwest
Very pin cherry trembling aspen trembling aspen Douglas fir
Intolerant willow jack pine lodgepole pine red alder
to tulip poplar tamarack ponderosa pine western larch
Intolerant river birch
Intermediate ash spp. basswood blue spruce sugar pine
Tolerant oak spp. ash spp. Douglas fir western white pine
American elm oaks spp. — noble fir
sweetgum red maple — giant sequoia
Tolerant sugar maple sugar maple Englemann spruce western hemlock
toVery American beech yellow birch subalpine fir Pecific silver fir
Tolerant hickory spp. eastern hemlock western red cedar
Eastern hemlock grand fir

redwood
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Figure 6.1 Hypothetica response curve
illugtrating the relationship between net leef
photosynthesis and photosynthetic active radiation, or
vighle light, for shade-intolerant and shade-tolerant
tree species. The light compensation point, or the light
intengity a which net carbon reaches zero, is lower
for shade tolerant (Ia) than shade intolerant (Ib)
species. Light saturation point, the light intensity at
which net lesf photosynthesis no longer increases with
increasing light, is greater for shade intolerant (2b)
than shade tolerant (28) species. (solid line—shade
tolerant species; dashed line—shade intolerant

species)

between net carbon balance and increasing photo-
synthetic active radiation (PAR)—the wavelengths of
light that plants use in photosynthesis—for a shade-
intolerant versus shade-tolerant tree for increasing
light. The light level at which the leaf carbon bal-
ance is zero (photosynthesis equals respiration) is
refened to as the light compensation point (LCP). The
LCP is lower for shade-tolerant than shade-
intolerant trees, allowing shade-tolerant plants to
maintain a positive carbon budget (photosynthesis
exceeds respiration) at much lower light level than
shade-intolerant plants. The light level at which pho-
tosynthesis no longer increases with increasing light
is refened to as the light saturation point (LSP). The
LSP is greater for shade-intolerant than shade-tolerant
tree species, demonstrating that shade-intolerant
trees will outgrow shade-tolerant tree in high light
environments because they can more fully utilize
the higher light levels.

Forest Ecosystem Ecology

Despite the emphasis placed on the relationship
between light availability and plant tolerance, other
resources such as water and nutrients affect the abil-
ity of plants to compete and survive, and ultimately
affect the distribution of plants. Plants range in tol-
erance to nutrient and water availability, tempera-
ture, pollution, and so forth. Niche is the physical
environment where a species occurs. The physio-
logical niche is the environment that a species can
tolerate when grown in isolation and is used to infer
that species can grow and reproduce successfully
(Figure 6.2). Ecological niche is the environment
that a species can tolerate when grown with nat-
urally co-occurring or sympatric species. The eco-
logical niche of species A is more restricted than
its physiological niche because species B and C are
better adapted than species A at edges of the phys-
iological niche of species A. Why are species B and
C better adapted than species A at edges of the
physiological niche of species A? The answer to this
guestion is not straightforward, but a partial expla-
nation is related to the morphological or physio-
logical adaptations of plants that enable them to
more effectively compete for growth-limiting
resources. This is the topic of the next section.

Life History Patterns

Numerous classification schemes have been devised
to categorize plants based on the ecological niche
they commonly occupy. Some classification
schemes emphasize successional status, while oth-
ers emphasize tolerance to light, resource limita
tions, and so forth. J. Grimes (2) proposed a very
useful classification scheme that was based on the
general life history patterns of plants. The life his
tory refers to the ecological niche and disturbance
regime that plants occupy. The Grime's life history
classification scheme recognizes three categories:
ruderals, competitors, and stress-tolerants. Ruder-
als are plants that occupy niches with high resource
(water, nutrients, and light) availability and frequent
disturbance. Many of the invasive weedy plants
found along roadside cuts, railroad right-of-ways,
and forest tree species that occur in recently ds
turbed forests are good examples of ruderas.
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Figure 6.2 Comparison of the physiologica
niche (a) and ecologicd niche (b) for three species of
varying tolerance to the availahility of an essentia
resource required for plant growth. Note that the
physologicd niche is dways greater than the
ecologicd niche; the unique suite of ecophysiological
and gructurd characteristics make species better
competitors for aguiring limiting, but essential,
resources for plant growth.

Table 6.2
Tree Species
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Table 6.2 summarizes some of the general charac-
teristics and tree species of each of the three life
history categories. Ruderal plants are characterized
by rapid growth rates, prolific reproduction, and
high shoot:root ratios. Competitors occupy a hiche
that experiences less frequent disturbance than rud-
erals, and competition for resources is high. Many
commercially desirable forest tree species fdl into
this category. Stress-tolerant plants occur in the most
resource-limited environments and the disturbance
frequency is low. Stress-tolerant species have the
slowest growth rates because resource availability
isvery low. Stress-tolerant species typically have a
greater root:shoot ratio than ruderals or competi-
tors to increase uptake of limiting nutrients and
water. Competitors have life history characteristics
that are intermediate to ruderals and stress-toler-
ant species.

The unique suite of morphological and physio-
logical characteristics of each of the life history pat-
terns makes each plant species best adapted to
different environments. The different life history pat-
terns of commercially valuable trees species
require different forest management practices to
promote the growth of desirable tree species and
retard the growth of unwanted tree or weed species.
Ruderal tree species, such as aspen, are more com-
mon to early successional forests originating from
natural disturbance or timber harvesting. Stress-
tolerant tree species are poor competitors in recent
clearcut because of their intrinsic slow growth rates
and greater allocation of biomass to roots. How-
ever, the availability of light, nutrients, and water

General Life History Characteristics of Ruderal, Competitor, and Stress-tolerant

Characteristic Ruderal Competitor Stress-tolerant
Life longevity short intermediate long
Led longevity short intermediate long
% NPP allocated to reproduction large intermediate small
Maximum growth potential rapid intermediate slow

Adgted from Table 53 in Barbour, Burk, and Aitts (3)
NHP = Net Photosynthetic Produdtivity
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changes during succession. Conversely, ruderals are
poorly adapted to harsh environments, such as
drought-prone, nutrient-poor soils where stress-
tolerant plants occur. The boundaries between the
three life history categories are not discrete, but are
a continuous gradient. Nonetheless, the classifica-
tion scheme is useful for categorizing tree species
for both ecological and management purposes.

The Carbon Cycle and Forest
Growth

The Carbon Cycle

The cycle or budget of elements such as carbon
can be described by the size of the various pools,
or reservoirs of the elements in the ecosystem, and
the fluxes, or rates of movement of the element
between the different pools. The carbon, or organic
matter, cycle is composed of five major pools and
the transfer of carbon among the pools. The five
pools are: the atmosphere, forest biomass, animal
biomass, microbial biomass, and the various forms
of soil organic matter (Figure 6.3). The uptake of
carbon dioxide (CO,) from the atmosphere by the
vegetation is referred to as grossprimary produc-
tion (arrow #1). The vegetation, or photoautotrophs,
use the solar radiation (Figure 6.4) to produce their
own carbohydrates that are used to build new
organic matter (autotrophs). A portion of the atmos-
pheric carbon dioxide taken up by the plant is
released back to the atmosphere; this process is
referred to as autotrophic respiration (arrow #2).
Net primary production, the net difference between
gross primary production and autotrophic respi-
ration, is closely related to forest growth. Stated
dightly differently, net primary production is the
sum of al the new biomass (stem, branches, foliage,
roots, mycorrhizae, and reproductive tissues) pro-
duced each year. A fraction of the living organic
matter dies each year, and returns to the soil sur-
face as detritus (arrow #3). There are millions of
fungi and bacteria that derive their energy by
decomposing dead organic matter. These organisms
are referred to as heterotrophs because they are
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Figure 6.3 Schematic diagram of the carbon
cycle. The boxes represent pools, or containers of
carbon, while each arrow depicts a trander of a
fraction of carbon between pools. The corresponding
names of the numbered fluxes are as follows: 1 =
gross primary production (GPP); 2 = autotrophic
respiration; 3 = detritus production; 4 = heterotrophic
respiration; 5 = herbivory; 6 = anima mortdity.

dependent upon other organisms to produce the
organic matter that they consume for energy. Ca-
bon dioxide is released back into the atmosphere
as heterotrophs decompose the soil organic ma-
ter; this process is referred to as heterotrophic res-
piration (arrow #4). The net difference between the
total organic matter inputs and loss of organic ma-
ter from the soil determines whether the soil organic
matter is increasing or decreasing.
Understanding the carbon cycle is important far
several reasons. First, an imbalance between the
exchange of carbon dioxide between the amos
phere and terrestrial ecosystems increases the con
centration of carbon dioxide in the atmosphere. This
is important because carbon dioxide is a green
house gas and is suspected of being responsble
for climate warming as described in Chapter 4, Fo-
est Ecophysiology. Soil organic matter is important
because of its large water and nutrient halding
capacity. Maintaining the soil organic matter is an
essential component of sustainable forest men
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Figure 6.4 Adid view of a regenerating southern pine fores severa years after planting (right). The location of
old windrows (l€ft) are dill apparent because the nutrients in the windrows and displaced nutrients from the upper
il horizons of the surrounding area stimulated growth. Conversdly, the excessive displacement of nutrients that can
occur during Site preparation appears to have decreased the soil fertility of the areas between the windrows.

agement. Third, the net uptake of carbon dioxide
from the atmosphere by the vegetation determines
the growth rate of the forest, or the ability of the
forest to provide forest products for human use. A
more detailed discussion of the factors that influ-
ence forest structure and growth, and soil carbon
dynamics is discussed next.

Environmental Constraints on L eaf

Photosynthesis
There are numerous environmental and biological
factors that influence the growth rate of forests, but
for simplicity, this chapter focuses on the funda-
mental factors that influence growth rate of
forests. Where appropriate, the reader is referred
to other relevant sections in the book that provide
more detail. The growth rate of forests is controlled
by two maor groups of constraints: environmen-
td constraints on leaf-level photosynthesis, and
environmental constraints on leaf area index—an
important canopy structural characteristic of ter-
restrial ecosystems.

Photosynthesis is the biochemical process by
which carbon dioxide (CO,) from the atmosphere,
and water (H,0), in the presence of light, are con-

verted to carbohydrates (CH,O) as described in
Chapter 4. Air and soil temperature, solar radiation,
vapor pressure deficit (or how dry the air is) and
foliage nutrient status are the major environmen-
tal factors that affect leaf-level rates of photosyn-
thesis. The climate diagrams presented in Chapter
3 (Forest Biomes of the World) illustrate that the
relative importance of the environmental constraints
on leaf photosynthesis varies among forest biomes.
Liebig's "Law of the Minimum" states that the rate
of a process—photosynthesis, for example—is con-
trolled by the most limiting resource. A useful anal-
ogy is imaging each stave of a wooden barrel as
an environmental constraint (Figure 6.5). The water
level in the barrel, or photosynthesis rate, can be
only as high as the shortest stave, or the most lim-
iting resource. The precise relationship between
each of the above-mentioned environmental vari-
ables and leaf photosynthesis varies among species,
but a general relationship exists that fits most tree
species.

Extreme cold air and soil temperatures restrict
photosynthesis; therefore, trees do not grow dur-
ing the winter periods when temperatures drop
below freezing for several days in a row. Photo-
synthesis increases linearly with temperature above
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Figure 6.5 Conceptual modd of Liebigs Lav of
the Minimum. The top of the barrd represents the
theoretical maximum of a rate—in this case, ledf
photosynthesis. However, the maximum rate is
determined by the mogt limiting resource, or the
greatest environmental constraint on lesf
photosynthesis, which is depicted by the shortest
gaves in the barre—soil moisture and lesf nitrogen,
in this hypothetical example.

freezing, levels off at some optimum temperature,
and declines rapidly if lethal temperatures occur
(Figure 6.6a). The optimum temperature for pho-
tosynthesis for temperate and boreal tree species
ranges from 15 to 20°C, and can be as high as 25°C
for some tropical tree species (4). Even if air tem-
perature is above freezing, roots cannot absorb
water from frozen soil, making it impossible for
trees to replace water lost by transpiration. The
growing season, defined as the period of the year
when environmental conditions are suitable for
trees to grow, of continental boreal forests is
reduced by three to four weeks in the spring
because the soils remain frozen when dl other envi-
ronmental conditions are suitable for tree growth.

Sail moisture availability, or, more accurately, the
internal water status of the plant, limits leaf pho-
tosynthesis (Figure 6.6b). The concept of internal
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plant water status and pre-dawn xylem water poten-
tial as a useful index of plant water status was dis-
cussed in Chapter 4 (Forest Ecophysiology). When
plants open their stomates to absorb CO,, water
vapor is lost, because the ambient air surrounding
the leaf is drier than the near-saturated mesophyll
inside the leaf. Extremely hot, dry days cause stom-
ata to close because the water uptake by the roots
cannot keep pace with the rapid water loss. The
large vapor pressure gradient causes a rapid loss
of water from high to low vapor pressure gradient
until plants close their stomata. Plants, therefore,
must optimize the duration and rate of stomatal con-
ductance to maximize CO, uptake and minimize
water loss from photosynthesis and transpiration,
respectively. When soil moisture is plentiful,
plants keep the stomata open for most of the day,
but as the soil moisture decreases, plants will keep
the stomata open during the early morning and par-
tially or completely close the stomata during mid-
day to avoid large water losses. During extreme
droughts, plants experience severe water stress and
will close stomata for days until soil moisture is
replenished.

Many of the essential elements are required to
construct the biochemical constituents involved in
photosynthesis. As a result, photosynthesis is pos-
itively correlated to nutrient concentration, espe-
cidly nitrogen over a moderately broad range of
leaf nitrogen concentration (Figure 6.6d). Nitrogen
is required to construct chlorophyll. Nitrogen is
commonly limiting in many forests, and foliage
nitrogen concentrations are typically on the linear
portion of the curve.

Environmental Constraints on
Canopy Structure and Forest
Growth

Many of the same environmental constraints thet
influence photosynthesis at the leaf level aso influ-
ence stand-level growth of forests by atering the
biomass allocation patterns of trees. Trees use the
current photosynthate to construct stems, branches,
coarse and fine roots (including mycorrhizae, a
symbiotic fungus—see Chapter 4), and reproduc-
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Figure 6.6 Canopy photosynthesis is limited by five major environmental constraints: (a) ar and soil
temperature, (b) soil moisture, (c) photosynthetic active radiation, (d) leaf nitrogen, and (€) vapor pressure deficit.
Each of the environmental constraints has a different influence on leaf photosynthesis.

tive tissues, as well as storage and defense com-
pounds. In general, trees allocate more biomass to
construct tissues that will increase the availability
of the most limiting resource (5). For example, trees
grow fewer fine roots and mycorrhizae and more
foliage when they are fertilized, because nutrients
are less limiting (Figure 6.7). The increased nutri-
ent availability often stimulates an absolute increase
in foliage production. The remarkable process by
which trees control the growth of different tissues
is not fully understood. However, it appears that
the environmental stimuli (such as drought, high
vapor pressure deficit, etc.) cause plants to
increase or decrease the production of different

plant growth regulators, or chemical compounds,
that control the growth of different plant parts.

Water availability also influences the allocation
of biomass to trees. As we have seen in Chapter
3, global patterns of precipitation, solar radiation,
and temperature vary among the forests biomes of
the world. Collectively, these environmental factors
influence the water budget, and hence water avail-
able for plant uptake (see Chapter 16, Watershed
Management).

Figure 6.8 illustrates the strong influence the
hydrologic budget has on canopy structure—
specificaly, leaf area index (LAI)—and the positive
relationship between leaf area index and forest
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Figure 6.7 The fine root:foliage production ratio
for control and fertilized conifer forests growing in
contragting environments. In dl cases, fertilization
caused a relative ghift in priority of new growth of
decreased fine root growth and increased foliage
growth. Figure was adapted from Landsberg and
Gower (5).

growth. The data are from forests along a precip-
itation gradient caused by the orographic rainfall
pattern® as moisture from the Pacific Ocean crosses
the Coastal Range and then the Cascade Mountains
in Oregon. Forests that receive more precipitation
have a more favorable site water balance. The aver-
age water balance of a forest is determined by the
amount of precipitation minus the losses such as
evapotranspiration, overland flow, and deep
drainage (see Chapter 16). A large leaf area index
is beneficial because there is more photosynthetic
surface area to absorb carbon dioxide from the
atmosphere. The amount of solar radiation absorbed
and converted into carbohydrates for tree growth
is directly proportional to the leaf area index.
One question that should come to mind then is:
Why don't &l forests support a large leaf area index
to absorb al the solar radiation? The answer to this
guestion can be found by revisiting the carbon
budget of forests. Recall that a fraction of gross pri-
mary production is used to repair and maintain tis-

! Rainfdl patterns in mountainous regions.

Forest Ecosystem Ecology

sues, such as foliage. Autotrophic respiration costs
occur each day regardless of whether the stomates
are open and photosynthesis is occurring. In other
words, supporting a large leaf area index increases
the large carbon cost each day, regardless of
whether environmental constraints are prohibiting
photosynthesis (Figure 6.6). Consequently, plants
support a leaf area index that optimizes the poten-
tial for net primary production. Excessive amounts
of foliage cause excessive autotrophic respiration
costs, while less than optimum amounts of foliage
result in an incomplete use of light and canopy
photosynthesis.

The Nutrient Cycle

Figure 6.9 summarizes the important components
of the nutrient cycle for a hypothetical forest. The
figure includes only the major nutrient pools and
fluxes. Readers interested in a more detailed treat-
ment of terrestrial nutrient cycles should refer to
Schlesinger (8). Most of the processes shown in Hg-
ure 6.9 apply to al nutrients, but there are a few
processes that are applicable only to the nitrogen
cycle.

Why do we need to understand the nutrient
cycles of forest? The answer to this question has
both an applied and theoretical basis. From an
applied or management point of view, it is impor-
tant to understand how forest management afects
soil fertility, because nutrients often limit forest
growth. For example, can forests be harvested
repeatedly without decreasing the long-term pro-
ductivity of the site? If so, how frequently can they
be harvested without depleting the nutrients in the
s0il? Also large losses of nutrients from the forest
ecosystem into adjacent aquatic ecosystems can
severely decrease water quality and threaten human
health. Are there some forest types that are more
likely to experience greater nutrient losses to
groundwater following disturbance? Answers to
these questions are needed if forests are to be man-
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aged on a sustainable basis. The effects of natural
and human disturbance on nutrient cycle are dis-
cussed later in the chapter after a general intro-
duction to the nutrient cycle is presented. From a
basic point of view, there is great interest in under-
standing the processes that control nutrient cycling
rates and nutrient accumulation in the various com-
ponents of forest ecosystems.

Nutrient Distribution

Nutrients are generally not distributed equally within
forest ecosystems. Figure 6.10 is a graphical illus-
tration of the relative distribution of nitrogen (N),
phosphorus (P), and calcium (Ca) in the foliage,
wood, and soil (forest floor + mineral soil) for four
contrasting forest ecosystems. The soil contains the

greatest fraction (80-99%) of the total nutrient con-
tent of forest ecosystems. It is important to note that
although a large fraction of the nutrients are in the
soil, only a very small percentage of the elements
occur in a form that plants can absorb. The distri-
butions of nutrients shown in Figure 6.10 are rep-
resentative of many forest ecosystems of the world,
although there are several notable exceptions.
Extremely infertile forests, such as the tropical
forests that occur on nutrient poor Oxisols and Spo-
dosols, contain a higher percentage of the tota
nutrients in the vegetation than the soil.

Nutrient Inputs

Atmospheric deposition and weathering are two
primary pathways by which nutrients enter forest
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Figure 6.9 Diagram of a nutrient cycle for a
hypothetical forest. The diagram illustrates the mgor
pools and fluxes of nutrients. A complete treatment of
the mgor terrestria nutrient cycles is provided by
Schlesinger (8).

ecosystems, although nitrogen can enter via
biological fixation (see Sidebar 6.1—Nitrogen Fix-
ation). The amounts and types of nutrients that are
present in atmospheric deposition are strongly
dependent upon geographic location. Large
amounts of nitrogen and sulfur deposition occur
in highly industrialized areas such as the north-
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Figure 6.10 Rdative digtribution of nitrogen (N),
phosphorus (P), and cacium (Ca) in foliage, wood
tissue, and soil (forest floor and minerd soil) for
foregts in four contrasting biomes. By far the greatest
fraction of the total nutrient content in an ecosystem is
contained in the soil, but only a smal fraction of this
pool is available for plant uptake. Adapted from
Landsberg and Gower (5).

eastern United States and Europe. Sodium and
chlorine, originating from sea spray aerosols, ae
important nutrient inputs in forests that occur dong
the coast. The amounts and types of nutrients that
become available for plant uptake from wesather-
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ing are strongly dependent upon climate and par-
ent material—or the type of rock beneath the soil
(see Chapter 5, Forest Soils). Chemical weather-
ing of limestone produces calcium, feldspars and
micas release potassium when they weather, and
dolomite releases calcium and magnesium when
it weathers. Nitrogen is not contained in rock near
the earth's surface; therefore, nitrogen is not
released from weathering. As a result, nitrogen is
almost always limiting in new soils derived from
volcanic activity, or from unconsolidated rocks
from glacial deposits.

Nutrient mineralization is the primary source of
nutrients for trees in many forests. Unlike atmos-
pheric deposition and weathering, nutrient miner-
alization is not a new input, but is derived from
recycled nutrients contained in decaying organic
matter and detritus input. Sources of decaying
organic matter include dead leaves, branches, stems,
and roots, aswell as dead animal matter. The annual
input of nutrients to the soil from detritus
decreases in the order of tropical > temperate >
boreal forests (5). Dead leaves and fine roots com-
prise the magjority of the annual nutrient input in
forest ecosystems. The chemical composition of the
tissues and the physical environment determine the
rate that the organic matter will decompose and that
nutrients are released back to the soil. Leaves and
fine roots have higher nutrient concentrations and
lower concentrations of chemicals, and therefore
decompose faster than woody tissue.

Nutrient Losses

Erosion, leaching, volatilization, and harvesting are
the primary pathways for nutrient loss from forest
ecosystems. The loss of nutrients via erosion is gen-
erally not a concern for intact forests because the
multilayers of foliage and the forest floor reduce
the physical impact of raindrops on the soil. The
forest floor increases water infiltration into the soil
which also helps minimize erosion. The erosion of
the surface soil can be a large source for nutrient
loss in highly disturbed forests (i.e., the canopy

125

Sidebar 6.1

Biological Nitrogen Fixation

A unique source of nitrogen input to terres-
trial ecosystems is biological fixation of nitro-
gen. It is ironic that many forests are limited
by nitrogen, despite the chemical composi-
tion of the atmosphere, which is 70 percent
nitrogen. However, there are a small number
of free-living organisms and organisms that
have evolved a symbiotic relationship that can
convert atmospheric nitrogen into an organic
form of nitrogen that can be used by the plant
or organism. There are two types of biolog-
ical nitrogen fixation: symbiotic or asymbiotic
fixation. Symbiotic fixation involves a mutu-
alistic relationship between a plant and, often,
a bacteria. Examples of symbiotic nitrogen fix-
ation include the agriculture crop, dfafa, and
the bacteria Rhizobium; or black locust, a
common early successional tree species in the
southeastern United States, and the bacteria
Rhizobium. Some of the highest biological
nitrogen fixation rates, ranging from 100 to
300 kgN ha* yr'*, have been reported for the
tree species red alder (Alnus rubra) and the
actinomycete, Frankia, in the Pacific North-
west. Shrubs such as Ceanothus in the west-
ern United States and alder in the boreal forest
can also fix nitrogen. There are also many
ground and tree dwelling lichens that are
capable of biological nitrogen fixation. Asym-
biotic nitrogen fixation involves only free-
living microorganisms, and the rates of
nitrogen fixation are much smaller than those
for symbiotic nitrogen fixation. Typical rates
of asymbiotic nitrogen fixation range from
5-10 kg N ha® yr™.
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and/or forest floor are removed) because a large
percentage of the total nutrient content of the soil
is in the upper soil horizons.

Nutrient leaching below the rooting zone is a
second potential pathway of nutrient loss. Nutrient
leaching is detrimental because it is a permanent
loss of nutrients from the soil and decreases the
water quality of adjacent aquatic ecosystems. The
leaching of nitrate (NO3") is a common concern in
agricultural ecosystems. Nitrate is derived from ani-
mal waste and excessive use of nitrogen fertilizer,
and is a serious health concern. Ironically, nitrate
leachate levels can exceed government standards
in some natural forest ecosystems that are domi-
nated by nitrogen-fixing trees, such as red alder. A
more detailed discussion of the effects of timber
harvesting on nutrient leaching is provided later in
this chapter. Measurement and modeling the leach-
ing of nutrients in forested watersheds requires a
biological understanding of the cycling of nutrients
and the flow of water in the soils (see Forest
Hydrology, in Chapter 16).

Volatilization is the conversion of an element
from the ionic form to a gas that is subsequently
lost to the atmosphere. Volatilization of nutrients
occurs during wildfires when the temperatures
exceed the threshold for an element. Denitrification
is a process similar to volatilization in that an ionic
form of nitrogen is converted to a gas, but the mech-
anisms and environmental conditions necessary for
denitrification to occur are very different. Chemoau-
totrophic bacteria, or soil microorganisms that derive
their energy from breaking chemical bonds, are
responsible for denitrification. These bacteria require
anaerobic conditions and an abundant source of
nitrogen. These conditions are not common in most
upland forest soils, but can be important in fertile
lowland soils. Denitrification is the source of large
nitrogen losses in cattle and pig feedlots, because
the soils are typically poorly drained and nitrogen
is abundant from urine and feces. A complete treat-
ment of the factors controlling nutrient losses in har-
vested forests, and the potential implications for
sustainable forest management, are discussed later
in the chapter.

Forest Ecosystem Ecology

Nutrient Transfers Within Forest
Ecosystems

Nutrients intercepted by the forest canopy are
either absorbed by the vegetation, drip from the
canopy to the soil surface (throughfall), or flow
down the stem (stemflow) (Figure 6.9). Nutrients
entering the soil follow one of several pathways.
Nutrients are either stored on the exchange stes
of the soil, absorbed by the roots and mycorrhizae
and reused by the vegetation, temporarily immo-
bilized by soil microorganisms, which require nutri-
ents similar to vegetation, or lost. Nutrients taken
up by the vegetation are stored in the perennial
tissue of the vegetation or returned to the soil sur-
face at the end of the growing season as detritus,
primarily as leef litterfall or fine root turnover. Nutri-
ents return to the soil as litterfal or fine root
turnover (Figure 6.9). Decomposition of the
organic matter releases the nutrients, completing
the nutrient cycle. The amount of nutrients returned
to the soil each year varies among and within the
major forest biomes, but in general litterfall nutri-
ent content decreases from tropical forests to bored
forests (5).

The mean residence time of nutrients is cacu-
lated as the total nutrient content of the compart-
ment divided by the sum of al the inputs to an
ecosystem compartment. For example, the mean
residence time of nutrients in the forest floor is cd-
culated as the nutrient content of the forest floor
divided by the sum of nutrient content of litterfdl
(leaves and woody tissues) and fine root turnover.
The nutrient residence time is a useful index of the
rate that organic matter or nutrients cycle through
aforest. In general, nutrient availability is inversdy
proportional to mean residence time. What factors
influence the residence time of nutrients in foreds?
Warm moist climates stimulate the activity of ol
microorganisms that decompose litterfall, while
cold, dry climates restrict the activity of decom-
posers. Consequently, the organic matter and nutri-
ent content of the forest floor is lowest in the
tropical forests and highest for boreal forests (Hg-
ure 6.11). It should be of little surprise then tha
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Figure 6.11 A generdized relationship for
organic matter or nutrient content in the forest floor
and annual litterfall organic matter or nutrient content.
The mean residence times for the organic matter and
nutrients in the forest floor, depicted by the dashed
lines, illustrate that the time it takes for organic matter
and nutrients to decompose and mineralize decreases
in the order of bored forests > temperate forests >
tropica forests. The abbreviations are as follows:
BENL = boreal evergreen needle-leaf; BDBL = bored
deciduous broad-leaf; TENL = temperate evergreen
needie-leaf; TEBL = temperate evergreen broad-leef;
TDBL = temperate deciduous broad-leef; TREBL =
tropicd evergreen broad-lesf; and TRDBL = tropica
deciduous broad-lesf. The figure was adapted from
organic matter data summarized by Landsberg and
Gower (5).

organic matter and nutrient residence times are
shortest for tropical forests, intermediate for tem-
perate forests, and longest for boreal forests (Fig-
ure 6.11).

Forest Succession

Succession is the continuous change in the species
composition, structure, and function of a forest
through time following disturbance. The early stage
of succession is referred to as a successional sere.
The fina stage or sere of succession, which is gen-
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erally self-replacing, is referred to as the climax
sere. There are two major types of succession: pri-
mary and secondary. Primary succession is the
establishment of vegetation on bare rocks or
severely disturbed soil. Secondary succession is the
reestablishment of vegetation following a distur-
bance that killed or removed the vegetation but
did not greatly affect the soil. Volcanic eruptions,
retreating glaciers and colonization of bare sand
dunes are examples of primary succession, while
clearcutting of forests, wildfires, and hurricanes are
examples of secondary succession. Hundreds to
thousands of years are required for primary suc-
cession to reach climax, compared to decades to
hundreds of years for secondary succession. The
longer time to reach the climax sere for primary
than secondary succession is because soil devel-
opment must take place in primary succession. The
rate of succession is dependent upon the severity
of the disturbance, and the availability of seeds for
recolonization. Tree species that have small, light
seeds that are dispersed by wind or transported
by animals recolonize a disturbed area quicker than
a species with large seeds.

What morphological and ecophysiological char-
acteristics determine the species composition and
abundance in succession? In general, nitrogen fix-
ing plants are important early succession species
in primary succession because nitrogen is not
derived from weathering, and little or no soil
organic matter is present. Ruderals are common
early successional species because of their rapid
growth rates, while stress-tolerant species are com-
mon late successional species.

The structure of a forest changes during suc-
cession as well (5). Depending upon the type and
severity of the disturbance, a moderate to large
amount of dead organic matter from the previous
forest remains on the site immediately after distur-
bance. The leaf area of the forest is a a minimum
and slowly increases as new vegetation occupies
the site. Following a stand-reinitiating disturbance,
such as a blow-down or fire, the new canopy is
largely composed of similar-aged, or even-aged,
trees. Light, nutrient and water availability are
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highest during the early successional sere because
the vegetation has not completely occupied the site.
Canopy closure, or maximum leaf area can occur
within several years after disturbance in some trop-
ical forests, but may take 3 to 50 years in boreal
forests.

The second stage of stand development is
referred to as the stem exclusion stage because
of the tree mortality caused by competition for
light, nutrients, and water. The intense intra-
species (within a species) and inter-species
(between species) competition for light, nutrient
and water induces mortality of plants that are
shaded or have one or more life history charac-
teristics that are not well-adapted to the chang-
ing environment. The third stage of stand
development, referred to as understory re-
initiation, is characterized by openings in the over-
story canopy, caused by tree mortality, and the
renewed growth of understory and suppressed
sub-story trees in response to increased light
reaching the forest floor. Consequently, the for-
est canopy becomes more complex, or multilay-
ered. The final stage of stand development, climax
or old-growth stage, is characterized by a species
composition that in theory will continue to replace
itself until a catastrophic disturbance takes place.
Unique characteristics of old-growth forests
include the largest accumulation of standing and
fallen dead trees—referred to as coarse woody
debris. Also, the annual input of litter is domi-
nated by coarse woody debris compared to the
earlier stages of stand development where leaf
and fine root detritus were the dominant sources
of nutrient and organic matter input to the soil.

Some vegetation ecosystems may never reach the
latter stages of succession if natural disturbances
(fire, flooding, hurricanes, etc.) are frequent. A pyric
climax refers to an ecosystem that never reaches
the potential climax vegetation defined by climate
because of frequent fires. The ecotone, or bound-
ary, between grasslands and forests is apyric cli-
max, and only with fire suppression have
woodlands and forest begun to advance into these
regions.

Forest Ecosystem Ecology

Effects of Timber Harvesting on
Forest Ecosystems

The effects of timber harvesting on the long-term
site productivity of forests are of great interest to
land mangers and the general public. The issues
surrounding timber harvesting and sustainability
have many facets. deleterious effects on the phys-
ical properties of forest soils, altered microclimate,
increased nutrient leaching loss, and excessive nutri-
ent removal in the biomass. The effects of forest
management on wildlife is beyond the scope of this
chapter, but is discussed in Chapter 14.

Maintaining the physical properties of forest soils
is essential for sustainable forest management.
Increased bulk density can restrict fine root growth,
thereby decreasing water and nutrient availability
to trees. The use of heavy equipment for harvest-
ing or site preparation is primarily responsible for
soil compaction. Soil compaction can often be
avoided or minimized by restricting heavy equip-
ment to designated areas (logging trails and deck),
the use of high flotation tires, hi-lead cable logging,
or helicopter logging. Harvesting wet areas when
the sail is frozen is also a management option in
cold temperate boreal forests.

A second form of physical abuse of the soil is
soil displacement. Soil displacement can take on
several different forms, but &l are deleterious to
the soil. Operating heavy equipment on wet soils
often results in long-term damage to the soil sruc-
ture, which reduces water infiltration and weater
available for plant uptake. Decreased water infil-
tration increases overland flow and the likelihood
of severe erosion. Soil displacement can also ooor |
during site preparation if the operator of the eguip-
ment is not careful to minimize disturbance of the
forest floor and upper soil horizons. The dedis
remaining from the harvesting is often pushed into
long rows referred to as windrows. Sgnificant
removal of the forest floor and mineral soil to the
windrows drastically decreases nutrients in the
field except for where the windrows occur (Hg-
ure 6.4).
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The removal of the forest canopy in some harsh
climates, such as hot and dry forests, sufficiently
changes the microclimate to restrict adequate regen-
eration. Greater extremes in temperature occur in
clearcut than control forests, and even greater
extremes occur in forests that are burned because
the black surface decreases the albedo® (Figure
6.12). Small changes in the microclimate maybe
insignificant for many forests, but the changes may
be deleterious for hot, drought-prone forests such
as those found in the Rocky Mountains and east-
ern slopes of the Cascades in the western United
States.

Much of the discussions surrounding the poten-
tid adverse effects of timber harvesting have
focused on nutrient leaching losses following har-
vesting and nutrient removal. Nutrient leaching is
the loss of nutrients, in solution, below the root-
ing zone. Recall from Chapter 5 (Forest Soils) most
temperate forests soils lack an anion exchange
capacity, meaning that unless plants or soil
microorganisms take up anions (e.g., NO3z', CI,
HCO;5;, HSOy), the anions in the soil will be
leached if there is sufficient water draining below
the tree roots. A cation of similar charge to the anion
will also be leached because electroneutrality must
be maintained. Nutrient leaching decreases the
amount of nutrients available for plant uptake and
decreases water quality in the groundwater or adja-
cent aguatic ecosystems.

Concern for the potential nutrient leaching asso-
ciated with timber harvesting gained worldwide
attention with the Hubbard Brook study by Likens,
et d. (9). The Hubbard Brook watershed experiment
involved a control (uncut) and a clearcut plus her-
bicide-treated watershed. The objective of the study
was to better understand the natural mechanisms
in a forest ecosystem that controls nutrient cycling,
including nitrate leaching. To do this, the investi-
gators removed the hypothesized primary mecha-
nism that prevents nutrient leaching—plant uptake
of nutrients. It is important to note that the objec-
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Figure 6.12 Comparison of the temperature of
the air 10 cm above the forest floor surface, the forest
floor, and mineral soil & a 10 cm depth for an uncut,
clearcut, and clearcut and burned forest.

tive of this experiment was not to simulate a typi-
cal forest harvest. The removal of the trees (harvest)
and continued suppression of vegetation re-growth
(herbicide treatment) allowed decomposition and
nutrient mineralization to occur, but there were few
plants to take up the mineralized nutrients. Even-
tually the microbial demand for nutrients was
exceeded and large nutrient leaching losses
occurred (Figure 6.13).

How representative are the results in the Hub-
bard Brook study to normal forest harvesting
practices? This was a question asked by both
foresters and environmentalists alike after the Hub-
bard Brook results were published. Control and har-
vested paired watershed studies were conducted in
the United States to quantify potential nutrient leach-
ing losses and to better understand the mechanisms
that govern nutrient leaching losses. A wide range
of nutrient leaching losses were observed by
Vitousek, et al. (10). Nutrient leaching losses were
insignificant in some forests, but exceeded 50-100
kg N ha yr? for other forests (Figure 6.14). In gen-
eral, high nitrogen leaching losses occurred in
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Figure 6.13 Comparison of the nutrient leaching
losses from the uncut control (solid line) and
harvested + herbicide (dashed line) forest. Copyright
permission provided by Springer-Verlag (9).

forests that had large nitrogen mineralization rates
or experienced chronic atmospheric nitrogen dep-
osition. Conversely, forests with low nitrogen min-
eralization rates or small nitrogen deposition rates
experienced small to non-significant nitrogen
leaching losses in the clearcut forest.

Concluding Statement

Sustainable forest ecosystem management requires
a fundamental understanding of the principles of
forest management and forest ecosystem ecology.
I hope this chapter has provided the reader a bet-
ter appreciation of the challenges of forest ecosys-
tem ecology—a discipline in ecology that draws
upon ecophysiology, soil science, micrometeorol-
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Figure 6.14 Comparison of annual nitrate
leaching losses for paired control and clearcut
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Oregon; and AR, OR is Oregon. Figure was prepared
from data presented in Vitousek, et a. (10).

ogy, and hydrology. Although, conceptual under-
standing of forest ecosystem ecology is required,
al too often, economical, political, or social issues
take precedence over ecological principles. These
situations often result in mismanagement and dele-
terious effects to the forest. This chapter attempted
to illustrate the interconnection of the water, nutri-
ent, and carbon cycles, and how alteration of a
process in one of the cycles, resulting from natu-
ral of human disturbance, affects the structure and
function of the forest.
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CHAPTER 7
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Introduction

Ecologists recognized early the effect of the sur-
rounding landscape on a given ecosystem. For
example, a pond located within a forest will have
very different ecological characteristics from a pond
located among agricultural fields, even if both
ponds are of the same size and depth. The forest
pond is likely to be cooler because of the shade
from nearby trees, and the surrounding forests pro-
vide habitat for amphibians that will lay their eggs
in it. The agricultural field pond is likely to con-
tain more nutrients from fertilizer runoff, and may
be a stopover site for waterfowl during migration.
These two examples illustrate how landscape pat-
terns affect organisms (1).

However, not only do landscape patterns affect
organisms, but organisms can also create certain
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Refer ences

landscape patterns. For instance, beaver create
ponds in forests by building dams on creeks or
small rivers. Trees that are flooded die, and beaver
cut down more trees for food, thus opening the for-
est canopy. Once their food supply is depleted, the
beaver abandon their pond, their dam breaks down
and an open, nutrient-rich wet meadow remains
that will gradually be recolonized by trees. Land-
scape ecologists study both the effects of landscape
patterns and the processes that create them (2-4).
The aim of this chapter is to provide an introduc-
tion to the science of landscape ecology and its
application to forest management.

Definition and History
Ecology is the study of relationships between organ+
isms and their environment. Landscape ecology is
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the subdiscipline of ecology that focuses on spa-
tia relationships usually over broad areas or "land-
scapes”’ (2-4).

The importance of examining ecological rela-
tionships across landscapes was recognized in the
early 20th century. Carl Troll, a German geographer,
coined the term landscape ecology in 1939 &fter he
had studied aerial photographs of various land-
scapes around the globe. Aldo Leopold, an Amer-
ican wildlife ecologist, noted the importance of
landscape patterns for game animal populations in
1933, and Alexander Watt, an English botanist, stud-
ied the relationships between patterns and
processes in plant communities in 1947 (4).

Despite these early roots, landscape ecology did
not gain widespread recognition in North America
until the 1980s. The increasing availability of com-
puterized spatial data (e.g., satellite images, soil
maps, forest inventories) and computer programs
that have the ability to analyze mapped informa-
tion (e.g., Geographical Information Systems or
GlS), fostered new research and applications (5).
At the beginning of the 21st century, landscape ecol-
ogy has become a well-established scientific disci-
pline, and an increasingly important aspect of forest
management.

Landscape Patterns and How
They Are Generated

In the previous sections, we introduced the con-
cept of landscape patterns and landscape processes.
In this section, we will examine various forms of
characteristic landscape patterns, and discuss how
they originate. The different types of processes that
cause landscape patterns are the organizing prin-
ciple for this section.

Effects of Topography, Surface
Geology, and Geomor phological
Processes on Landscape Patterns

One of the most basic causes of landscape patterns
is topography. Alpine tundra, for example, occurs
in the Rocky Mountains only at the highest eleva-
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tions. A map of alpine tundra therefore shows only
relatively small patches of tundra that are isolated
from each other (Figure 7.1).

Surface geology has a strong effect on soils as
parent material and thereby on the distribution of
different types of forest patches. A good example
of this effect exists in northern Wisconsin, a land-
scape that was glaciated until about 10,000 years
ago. When the glaciers retreated north, the features
they left were large sandy outwash plains,
moraines, and former lakebeds. Jack pine is a tree
species that is well adapted to sandy soils, and the
outwash plains are the only places in Wisconsin
where jack pine is common, whereas the moraines,
with heavier, loamy soils, are dominated by hard-
woods and hemlock.

Geomorphological processes that shape land-
scape patterns include landslides, erosion, sand
dune development, and pattern formation over per-
mafrost. We will discuss here only one process, the
fluvia dynamics that are typical of meandering

Minimum elevation
for Alpine tundra ~
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Alpine tundra patch

Figure 7.1 Panoramic view of a mountain range
with apine tundra a highest elevations, and a
corresponding map with isolated patches of apine
tundra
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Key Concepts

Several concepts and terms are central to land-
scape ecology. The firg of these are patch and
matrix. A patch is a reasonably homogeneous
area identifiable within a landscape. Patches are
often delineated based on their vegetation.
Patches are embedded in the landscape matrix
(1). For example, in a forested landscape with
scattered, small bogs, the bogs can be regarded
as patches, whereas the forest forms the matrix.

The second important concept is the rela-
tionship of landscape patterns and landscape
processes (2). The spatial arrangement of patches
and matrix forms the landscape patterns of a
given area. Landscape processes are dynamic
processes that operate over large areas. An
example of a landscape process is forest fire. In
boreal forests, fires occur naturally and one fire
can cover a very large area (10,000 to 100,000
hectares). After a fire, the forests regenerate and
form very large patches of even-aged trees (3).

The third important issue is that of landscape
scale, which is defined by landscape grain and
extent (4). The landscape grain is the smallest
spatial unit of a landscape or map representa-
tion, also termed the resolution. The size of the
smallest patches usually determines the land-
scape grain. The landscape extent comprises the
entire area within the boundaries of a landscape.

Scale is aso very important conceptually. Dif-
ferent landscape processes occur at a certain
scales, and need to be studied at their appro-
priate scale (1). For example, firesin the boreal
forest operate at a very broad scale, and one
has to analyze several 100,000 hectares at once
to capture the dynamics of these large fire
dynamics. Forest management, on the other
hand, operates at a smaller scale, and a study
area that captures several thousand hectares will
usually be sufficient to study the effects of dif-
ferent forest management activities on landscape
patterns (3).

Sources:
1. M. G. TURNER, Landscape Heterogeneity and Dis-
turbance, Springer-Verlag, New York, 1987.

2. K. MCGARIGAL AND B. J MARKS, Spatial pattern
analysis program for quantifying landscape struc-
ture, Gen. Tech. Rep. PNW-GTR-351, Pacific North-
west Research Station, U.S.D.A. For. Serv., Portland,
Ore., 1995.

3. J F. FRANKUN AND R. T. T. FORMAN, Landscape Ecoi,
1, 5 (1987).

4. D. J MLADENOFF AND W. L. BAKER, Advances in Spa-
tial Modeling of Forest Landscape Change:
Approaches and Applications, Cambridge Univer-
Sty Press, Cambridge, UK., 1999.

rivers (see Figure 7.2a in color insert). These rivers
are characterized by numerous curves. These curves
constantly change position because rivers erode the
outside of the curves and deposit gravel and sands
on the inside of the curve. When the river course
forms the shape of a horseshoe, it may eventually
break through, leaving an oxbow lake. Such
oxbows can persist as open water bodies for quite
a while, but will gradually fill in, first with aquatic

vegetation, and later with shrubs and trees. The
shapes of the oxbows, however, remain, and form
a very characteristic landscape pattern.

Effects of Natural Disturbance
Processes on Landscape Patterns

The previous examples described how geologica
and geomorphological processes affect landscape
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pattern. One may not think of mountain ranges as
a process, but underlying their development are
plate tectonics and erosional forces that operate over
millions of years. Glacial landscapes are shaped by
10,000-100,000 year cycles of glaciation, and rivers
change their paths over centuries or decades. In con-
trast, the landscape processes that we focus on in
this section operate at much shorter time scales.
These processes are collectively referred to as "dis-
turbances" or "disturbance regimes,” because they
alter the vegetation rather abruptly (6). However,
the term "disturbance" is somewhat misleading
because it implies that the disturbance process is
not part of the natural ecosystem. On the contrary,
disturbances are inherent parts of many ecoystems
and are forces that often create characteristic land-
scape patterns and cyclic alterations in ecosystems.

A typical disturbance that was previously men-
tioned is fire in boreal forests (7). The boreal forest
zone occurs in the Northern Hemisphere across
Canada, Alaska, Siberia, and Scandinavia and
reaches to the treeline, the northernmost extent where
trees can grow. Fires are a natural part of the boreal
forest ecoystem; they are necessary to initiate forest
regeneration, and they create important habitat for
many wildlife species. A single fire may last only a
few days or weeks, and may cover hundreds, up to
more than 100,000 hectares. The vegetation type in
these landscapes depends on the time since the last
fire. Recently burned patches are open, and contain
only grasses and shrubs. Tree regeneration, especially
by aspen and pine, soon follows, and even-aged
young forests characterize a patch 20-30 years after
afire. As more time passes, the forests of the patch
grow older until a new fire occurs. Fires are fairly
frequent in the boreal zone, and most forests burn
on average about every 100 years. The landscape pat-
tern that is typical of boreal forests is a very large
mosaic of large patches (see Figure 13.2). This land-
scape pattern is called a "shifting mosaic," because
the landscape always exhibits a mosaic of patches
of different ages, but their location shifts over time.

Quite different landscape patterns result from hur-
ricanes, tornadoes and other winds. Wind damage
to forests can also be fairly extensive, but does not
typicaly reach a contiguous extent comparable to

boreal forest fires. Wind disturbance patches occur
in very variable shapes. For example, tornadoes may
cause narrow, elongated patches of windthrow, and
hurricanes may cause damage across a much larger
area, with very variable effects. Another unique
aspect of wind disturbance is that it can blow down
al or only a portion of the trees in an area. Forests
that are particularly prone to wind damage include
tropical forests in the Carribean, Central America,
and the forests in the southeastern United States,
because of the higher likelihood of hurricanes in
these regions. Windthrow that can have extensive
damage also occurs in north temperate regions, such
as central North America, that are affected by large
low pressure storms and thunderstorms. However,
the frequency of wind damage even in these regions
is generally much lower than the frequency of fires
in the boreal zone.

The different disturbance processes of boreal and
Central American forest landscapes result in a much
smaller grain for the Central American forest land-
scape compared with the boreal landscape. An even
smaller grain is typical of some temperate forests,
such as the eastern United States, or tropical rain
forest in Amazonia, that typically experience fire
and wind damage less frequently than the regions
mentioned earlier. The dominant landscape patterns
of these forests are often the result of single tree
gaps, caused by the death of an old tree with a large
crown. Such gaps are usually not larger than 0.1
ha. An interesting case of gap disturbance is the
European beech forest ecosystem. Gaps in beech
forests are often 1-2 ha in size and elongated in a
north-to-south direction. The reason for this is that
mature beech trees often die after a few years when
their trunk is exposed to sunlight. Once a single
old beech tree dies, the trunks of its neighbors to
the north are exposed to sunlight, and their death
causes the northward expansion of the gap.

Effects of Animals on
L andscape Patterns

Physical processes, such as wind, fire, and sunlight
are powerful forces that shape the landscape pattern
of many ecosystems, but animals also leave their
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mark in the landscape (1). We will again present
three examples of processes that create distinctive
landscape pattern, al of them being related to ani-
mal activities.

Forest insects can shape forest landscapes at large
scales (8). Outbreaks of defoliating insects can occur
simultaneously over many hundreds of thousands of
hectares. One result of these outbreaks is that the tree
species composition in the landscape is changed. For
example, a spruce budworm outbreak in boreal
forests will kill mainly fir and spruce thereby giving
hardwoods such as aspen a competitive advantage.
Spruce budworm outbreaks can aso increase fire fuel
loads by leaving large areas of dead trees, which may
make fires more intense and/or likely.

We briefly mentioned the effect of beaver on
landscape patterns in stream valleys. Beaver cre-
ate dams along creeks where trees, especially young
hardwood trees, are common. They maintain their
dam over many years until food sources in the vicin-
ity are depleted. Sediments accumulate on the bot-
tom of their ponds during this period. Once a dam
is abandoned, it will eventually break, thus drain-
ing the pond. What remains are nutrient-rich sed-
iments that quickly revegetate, first by grasses and
forbs, and later by tree species such as aspen. Once
a new forest has formed the cycle may start again
with the establishment of a new beaver dam.

Our last example for the effects of animal activ-
ity on landscape patterns is certainly not a distur-
bance. Jays are birds that feed on acorns among
other things. One aspect of their feeding behavior
is that they carry acorns, sometimes over several
kilometers, and bury them in the ground. They do
not recover al of these buried acorns, and some
of them will germinate. This makes jays very effec-
tive seed dispersers (Figure 7.3). Trees with heavy
seeds, such as acorns, are otherwise limited in that
their seeds cannot travel far from the parent tree.
However, activities by jays may ensure that oaks
can spread relatively quickly into areas where they
do not occur. This is an important advantage after
a disturbance such as fire has killed the canopy
across a large area. At larger spatial and temporal
scales, dfter glaciations, seed dispersal capability
determines how quickly tree species can follow the
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retreating glaciers and migrate northwards. The
activity of jays and other seed dispersers is one of
the major processes that shape the spatial pattern
of plant occurrence.

Effects of Human Activities
on Landscape Patterns

All the processes described above have shaped
landscape patterns for many millions of years, but
during the last few thousand years, human activ-
ities have increasingly affected landscape pattern.
It is important to note that humans have dtered
the landscape for a long time. For example, indige-
nous peoples in Australia and North America st
fires in forests and grasslands to promote young
regrowth, and thus provide better habitat for the
animals they hunted. However, the impact of
human activities has greatly increased with the
advent of agriculture, cities, the industrial revolu-
tion, and growing world population and resource
use in the 20th century.

One of the most distinct patterns of landscapes
is the pattern of human settlements. These patterns
are particularly striking when forested areas ae
being settled and often follow the patterns of trans-
portation networks and legal boundaries. For exam
ple, in the Amazonian province of Rondonia
(Brazil), roads are the most important means of
transportation (see Figure 7.2b in color insert).
Major roads form the backbone of what has been
called "fishbone patterns.” Early settlers clear lad
adjacent to the major roads, but soon numerous
minor roads develop that run perpendicularly to
the major roads. Farmers continue to clear land in
the vicinity of the minor roads thus leaving only
small strips of forest in the middle between them.
This process of breaking up the intact fores is
called forest fragmentation, which encompasses
both the loss of the majority of the forest and a
resulting pattern where forests occur only in ardl
patches that are isolated (9). Forest fragmentation
by settlement has occurred in many parts of the
world over time. Most recently, it has occurred dur-
ing the last 300 years in areas that were colonized
by European immigrants such as the eastern United
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Figure 7.3 Diagram of oak encroachment with short-range seed dispersal caused by wind and squirrels (on
the left) and long-range seed dispersal by jays (on the right).

States, Western Australia, and in tropical regions
with rapidly growing populations.

Even where forests remain, human management
will often have a strong influence on their patterns.
Forest harvesting—especially clearcutting—creates
vay distinct landscape patterns (10-13). The actual
pattern will depend on three factors, the size of the
dearcuts, the rotation length (i.e., how often each
forest is harvested), and how cutting units are allo-
cated across the landscape spatially.

Both management objectives and legal restric-
tions determine the size of clearcuts. For instance,
the state of Baden-Wirttemberg in Germany
dlows clearcuts no larger than 1 ha. Currently, the
Nationd Forests in the United States observe a 16 ha
limit, whereas some clearcuts in Canada can occupy
hundreds of hectares. Clearcut size will also vary

with topography, usually being larger in fla terrain,
and depending on the tree species and purpose of
forest management.

Rotation length determines how much of the
landscape is open at any given point in time. For
instance, a rotation length of 50 years translates into
20 percent of the landscape area being younger
than 10 years and thus probably not containing a
closed forest canopy. A rotation length of 100 years
reduces the area of open patches to 10 percent of
the landscape area.

The allocation of clearcuts also has a strong effect
on landscape patterns. In the recent past, the most
common management practice in the United States
has been to disperse clearcuts as much as possible.
The result is a pattern characterized by many small,
open patches with narrow stands of intervening
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forest, creating a highly fragmented matrix (Fig- D c B A
ure 7.4). A very different approach is to allocate new
clearcuts in the vicinity of previous harvests. This
creates larger openings, but it also leaves large areas
of continuous and undisturbed forest, and regen-
erates large, future patches of forest.

Subtler patterns that humans impose on land-
scapes are the road networks (14). Forests can be
fragmented even without any forest cutting,
because roads form barriers to movement of some
animals. It is obvious that major highways have a
strong effect even on large mammals. Highways not
only cause wildlife accidents and deaths, they can
also prevent migration between areas, leading to
the isolation of populations and a higher potential
for local extinctions (9). However, even small roads
impair the movements of insects, small mammals
and amphibians (15). In experiments, pedestrian
beetles only once crossed a six-meter-wide, two-
lane road and even single-lane roads were only
rarely successfully crossed (Figure 7.5). The main
reason is that the gravel makes it very easy for pred-
ators to spot their prey. This finding demonstrates
that even small, rarely traveled logging roads can
fragment forests.
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Figure 7.5 Number of beetle crossings over a
major and two minor roads, A-D represent trap rows,
circles represent live traps. Curved lines represent the
movement of a marked beetle between capture and
recapture.
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Figure 7.4 Clearcuts on U.S. National Forest land In the previous section, we outlined causes for dif-
(on the left) adjacent to Yellowstone National Park (on ferent landscape patterns. In this section, we will
the right). (Photo courtesy of J. Rotella, Montana State examine how different landscape patterns affect
University.) forests. This includes not only direct effects on trees,
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Sidebar 7.2

Temporal and Spatial Scales of Processes That Affect Landscape Patterns

It is useful to dratify landscape processes that
alter forest landscape pattern according to two
criteria; their return interva (i.e., how much time
passes, on average, until a location is affected
a second time by a process), and their spatial
extent. These two aspects are somewhat corre-
lated (i.e., processes that operate on smaller
areas tend to occur more frequently). On the
other hand, processes that affect very large areas,
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such as plate tectonics and glaciations have very
long return intervals. However, there are
notable exceptions to this rule, and they indi-
cate how disturbance-prone a landscape is. For
e