PRODUCTION OF BAREROOT SEEDLINGS

EDITED BY
MARY L. DURYEA and THOMAS D. LANDIS




Forest Nursery M anual: Production of Bareroot Seedlings



Duryea, Mary L., and Thomas D. Landis (eds.). 1984. Forest Nursery Manual:
Production Of Bareroot Seedlings. Martinus Nilhoff/Dr W. junk Publishers,

The Hague/Boston/L ancaster, for Forest Research Laboratory, Oregon State Uni-
versity, Corvallis. 386 p.

The Forest Nursery Manual presents state-of-the-art information about cur-
rent bareroot-nursery practices and research in the northwestern United
States and Canada. Information on practices was gathered through a detailed
nursery survey and incorporated into 30 chapters written by leading scien-
tists and nursery managers. The Manua emphasizes the major stages of
seedling production-selecting and developing the optimal site, assuring seed
quality and vigorous early seedling growth, managing the soil and water,
culturing bareroot seedlings, and harvesting and outplanting. A section on
upgrading nursery practices is intended to stimulate thinking towards improv-
ing nursery management. A comprehensive glossary and tables of nursery
conversion factors are included as appendices.




Forest Nursery Manual:
Production of Bareroot Seedlings

Edited by Mary L. Duryea and Thomas D. Landis

A cooperative project of

Nursery Technology Cooperative
Department of Forest Science
Oregon State University
Corvallis, Oregon 97331 U.SA.

and

U.S.D.A. Forest Service

State and Private Forestry
Pacific Northwest Region
Portland, Oregon 97208 U.S.A.

1984 « Martinus Nijhoff/Dr W. Junk Publishers
The Hague/Boston/L ancaster

for Forest Research Laboratory, Oregon State University
Corvdlis



Managing Editor: Carol R. Perry
Cover Design: Don Poole

Distributors

For the United States and Canada: Kluwer Boston, Inc., 190 Old Derby Street, Hingham, MA 02043
U.SA.

For all other countries: Kluwer Academic Publishers Group. Distribution Center, P.O. Box 322. 3300
AH Dordrecht, The Netherlands.

Library of Congress Cataloging in Publication Data
Main entry under title:

Forest nursery manual.

(Forestry sciences)

"Cooperative project of Nursery Technology Cooperative, Department of Forest Science. Oregon
State University . . . and USDA Forest Service, State and Private Forestry, Region 6."

Papers presented at the Bareroot Nursery Technology Workshop held at OSU in October 1982.
Includes index.

1. Trees-Seedlings, bareroot-Handbooks, manuals, etc. 2. Forest nurseries-Handbooks, manuals, etc.
I. Duryea, Mary L. Il. Landis, Thomas D. I11. Oregon State University. Nursery Technology Cooperative.
1V. United States. State and Private Forestly. Pacific Northwest Region. V. Bareroot Nursery Technology
Workshop (1982: Oregon State University). V1. Series.

SD404.25.F67 1983 634.9'564 83-17347
ISBN 90-247-2913-0
ISBN 90-247-2914-9 (pbk.)

The material contained in this publication is supplied with the understanding that there is no intended
endorsement of a specific product or practice. Users of pesticides should always consult the appropriate
regulatory agencies for the latest information on registration and application. Individual authors are
responsible for the opinions expressed in and content of their chapters.

Copyright
® 1984 by Martinus Nijhoff/Dr W. junk Publishers. The Hague.

All rights reserved. No part of this publication may be reproduced, stored in a retrieval system, or
transmitted in any form or by any means, mechanical, photocopying, recording, or otherwise, without the
prior written permission of Martinus Nijhoff/Dr W. junk Publishers. Post Office Box 566. 2501 CN The
Hague, The Netherlands.

Printed inthe U.S.A.



Contents

IS o @0 ) i ] o o = 1 1
o g 0177 =0 o g1 | D ¢

I ntroduction
Chapter 1
Development of the Forest Nursery Manual: A Synthesis of Current Practices and Resear ch

Developing A Forest-Tree Nursery
Chapter 2
Nur sery-Site Selection, Layout, and Development
T I 1Y o T VP °

Chapter 3
Equipment for Forest Nurseries

Starting the Barer oot Seedling
Chapter 4
Assuring Seed Quality for Seedling Production: Cone Collection
and Seed Processing, Testing, Storage, and Stratification
LI T~ 4

Chapter 5

Establishing a Vigorous Nursery Crop: Bed Preparation, Seed Sowing,

and Early Seedling Growth

= T I8 101011 15" o P PPPY”

Managing the Soil and Water
Chapter 6
Physical Properties of Forest-Nursery Soils: Relation to Seedling Growth
O VT4 = o1 U o P PP -

Chapter 7
Soil Fertility in Forest Nurseries
R. VAN BN DIESSCNE. .. .. e e e e e e e e e e e e e e e e e eeaaea.. O3

Chapter 8
Soil and Tissue Analysis: Tools for Maintaining Soil Fertility
LS I o 10 oo o e



Managing the Soil and Water (continued)

Chapter 9
Nursery Soll Organic Matter: Management and I mportance

LT = I - 1

Chapter 10
Cover and Green Manure Crops for Northwest Nurseries

W. S. McGuire and D. B. HANNAWEY ........couiiinitiit e ettt e et e et e e e e e ee e e e e et e e e ranen s

Chapter 11
Water Management

S I 5 PN

Chapter 12
Irrigation in Forest-Tree Nurseries: Monitoring and Effects on Seedling Growth

S B MCDONAIA .. et e e e e e e e e e e e e

Chapter 13
Land Drainage

I 0 Y= P

Culturing the Bareroot Seedling

Vi

Chapter 14
Plant Physiology and Nursery Environment: | nteractions Affecting Seedling Growth

[0 I 1Yo o [

Chapter 15
Nursery Cultural Practices: Impacts on Seedling Quality

Y I O B 1 U Y= PPN

Chapter 16
Plug+ 1 Seedling Production

Chapter 17
Genetic Implications of Nursery Practices

R. K. Campbell @nd F. C. SOMBNSEN ... ... it ie e e et et e e e et e e e et e e et e et e e e aae ea et ee e eeaees

Chapter 18
Weed Management in Forest Nurseries

P. W. Owston and L. P. ADIranamSOn .......ouuin it et e e e e e e e e e e e e e e e e e

Chapter 19
Pest Management in Northwest Bareroot Nurseries

IR ST 1107 = T

Chapter 20
Mycorrhiza Management in Bareroot Nurseries

L 1Y o] FT = = o R O I -] o =

81

87

107

123

133

143

165

183

193

203

211



Harvesting and Outplanting the Barer oot Seedling

Chapter 21
Lifting, Grading, Packaging, and Storing

A. N. Burdett and D. G. SIMPSON ... ..ttt cit it ettt e e et e e e et e e e ee e aen s

Chapter 22
Nursery Storage to Planting Hole: A Seedling's Hazar dous Jour ney

BN o o = o PPN

Chapter 23
Assessing Seedlmg Quahty
G. A. Ritchie .. .

Chapter 24

Planting-Stock Selection: Meetmg Blologlcal Needs and Operat|onal Realities

R. D. lverson .

| mproving Nursery-Management Style: Selected Topics

Chapter 25
Sales and Customer Relations

R AV = 2 =11 T o | (o o PP

Chapter 26
Improving Productivity in Forest Nurseries

Chapter 27
Nursery Record Systems and Computers

LT = T 0 )Y/ o N

Upgrading Nursery Practices

Chapter 28
Designing Nursery Experiments

Chapter 29
Problem Solving in Forest-Tree Nurserieswith Emphasis on Site Problems

Chapter 30
Nurseriesin the Northwest: A Unlque Opportunlty for Improvmg Forest Yield
J. C. Gordon .

AppendixX A: QUESHIONNAITEH L ... ou it et e e e e e e et e e et e e e et e e e e
APPENTiX B: QUESLIONNAIT € H 2 ...\ttt st e et et e e e et et e e et et e e e e et et e e e
Appendix C: ConNVErSION TableS ... . e et e e e e e e et e e e e e et e e e e e e e eas
N ] 0= T LG I ] 05357 T

10 [

235

. 243

. 261

269

273

277

291

307

315

319
345
361
365
377

vii



List of Contributors

Lawrence P. Abrahamson, Senior Research Associate, College of Environmental Science and Forestry, State
University of New York, Syracuse, New York 13210.

Donald E. Boyer, retired U.S.D.A. Forest Service, Route 3, Box 299, Newberg, Oregon 97132.

A. Nigel Burdett, Research Scientist, British Columbia Ministry of Forests, Research Branch, 1450 Government Street,
Victoria, B.C. VBW 3E7 Canada.

Robert K. Campbell, Principal Plant Geneticist, U.S.D.A. Forest Service, Pacific Northwest Forest and Range Experi-
ment Station, Forestry Sciences Laboratory, 3200 Jefferson Way, Corvallis, Oregon 97331.

Charles B. Davey, Carl Alwin Schenck Professor of Forestry, Soil Science, and Plant Pathology, North Carolina State
University, Raleigh, North Carolina 27650.

Robert J. Day, Professor, School of Forestry, Lakehead University, Thunder Bay, Ontario P7B 5E | Canada.

Mary L. Duryea, Assistant Professor, Leader, Nursery Technology Cooperative, Department of Forest Science,
Oregon State University, Corvallis, Oregon 97331.

James W. Edgren, Reforestation Specialist, U.S.D.A. Forest Service, Pacific Northwest Region, Post Office Box 3623,
Portland, Oregon 97208.

Will B. Ellington, President, Lava Nursery, Inc., 5301 Culbertson Road, Post Office Box 370, Parkdale, Oregon 97041.

John C. Gordon, Dean, School of Forestry and Environmental Studies, Yale University, 205 Prospect Street, New
Haven, Connecticut 0651 1.

Philip F. Hahn, Manager, Forest Research, Rex Timber, Inc., a subsidiary of Georgia-Pacific Corporation, Post Office
Box 1618, Eugene, Oregon 97440.

Richard G. Hallman, Resource Staff Assistant, Missoula Equipment Development Center, Building 1, Fort Missoula,
Missoula, Montana 59801.

David B. Hannaway, Assistant Professor, Department of Crop Science, Oregon State University, Corvallis, Oregon
97331.

Stephen M. Hee, Manager, Western Nurseries/Greenhouses, Land and Timber Production and Facilities, Weyerhaeuser
Company, 7935 Highway 12 S.W., Rochester, Washington 98579.

Richard D. Iverson, Research Forester, Natchez Forest Research Center, Route 3, Box 312-B, Natchez, Mississippi
39120.

Thomas D. Landis, Western Nursery and Greenhouse Specialist, U.S.D.A. Forest Service, State and Private Forestry,
Post Office Box 2 5127, Denver, Colorado 8022 5.

Denis P. Lavender, Professor, Department of Forest Science, Oregon State University, Corvallis, Oregon 97331.

Stephen E. McDonald, Research Forester, U.S.D.A. Forest Service, Timber Management Research, P.O. Box 2417,
Washington, D.C. 20013.

viii



William S. M cGuire, Professor, Department of Crop Science, Oregon State University, Corvallis, Oregon 97331.

Randy Molina, Botanist, U.S.D.A. Forest Service, Pacific Northwest Forest and Range Experiment Station, Forestry
Sciences Laboratory, 3200 Jefferson Way, Corvallis, Oregon 97331.

Frank E. Morby, Nursery Superintendent, U.S.D.A. Forest Service, J. Herbert Stone Nursery, 2606 Old Stage Road,
Central Point, Oregon 97 502.

Steven K. Omi, Research Assistant, Department of Forest Science, Oregon State University, Corvallis, Oregon
97331.

Peyton W. Owston, Principal Plant Physiologist, U.S.D.A. Forest Service, Pacific Northwest Forest and Range Experiment
Station, Forestry Sciences Laboratory, 3200 Jefferson Way, Corvallis, Oregon 97331.

Gary A. Ritchie, Project Leader, Seedling Physiology, Weyerhaeuser Company, Western Forestry Research Center,
534 N. Tower Street, Centralia, Washington 98531.

Craig B. Royce, Nursery Manager, D. L. Phipps Oregon State Forest Nursery, Route 3, Box 193, Elkton, Oregon
97436.

David G. Simpson, Research Scientist, British Columbia Ministry of Forests, Kalamalka Research Station, 1450
Government Street, Victoria, B.C. V8W 3E7 Canada.

Frank C. Sorensen, Principal Plant Geneticist, U.S.D.A. Forest Service, Pacific Northwest Forest and Range Experi-
ment Station, Forestry Sciences Laboratory, 3200 Jefferson Way, Corvallis, Oregon 97331.

lack R. Sutherland, Research Scientist, Pacific Forest Research Centre, Canadian Forestry Service, 506 W. Burnside
Road, Victoria, B.C. V8Z IM5 Canada.

Yasuomi Tanaka, Forest Nursery Ecologist, Weyerhaeuser Company, Western Forestry Research Center, 534 N.
Tower Street, Centralia, Washington 98531.

Barbara E. Thompson, Research Forester, International Paper Company, 34937 Tennessee Road, Lebanon, Oregon
97355.

James M. Trappe, Principal Mycologist, U.S.D.A. Forest Service, Pacific Northwest Forest and Range Experiment
Station, Forestry Sciences Laboratory, 3200 Jefferson Way, Corvallis, Oregon 97331.

Robert van den Driessche, Senior Tree Physiologist, British Columbia Ministry of Forests, Research Branch, 1450
Government Street, Victoria, B.C. VBW 3E7 Canada.

Benno P. Warkentin, Professor and Head, Department of Soil Science, Oregon State University, Corvallis, Oregon
97331.

Timothy L. White, Supervisor, Western Research, International Paper Company, Post Office Box 3860, Portland,
Oregon 97208.

Chester T. Youngberg. Professor Emeritus, Department of Soil Science, Oregon State University, Corvallis, Oregon
97331.



Acknowledgments

Producing a manual such as this requires the coordinated efforts, diverse skills and expertise, and continuing
energies and commitment of many people.

Bob Tarrant headed the task force that proposed the establishment of the Nursery Technology Cooperative
and recognized the need for an update on nursery technology.

We are grateful to Tim White, who was a valued sounding board throughout-providing excellent reviews
of many stages of production, including the original outline of the Manual and the questionnaires.

We appreciate the hospitality of all nurseries and seed-processing plants who participated in the Oregon
State University (OSU) Nursery Survey, conducted in fall 1981, and the thoughtful responses of managers and
staff to our guestionnaires. David Simpson of the B.C. Ministry of Forests deserves specia mention for his efforts
in surveying the Canadian organizations.

The Bareroot Nursery Technology Workshop, held at OSU in October 1982, previewed the Manual for over 250
people. The success and "smooth sailing” of the Workshop are largely attributable to the organizational talents of Pam
Henderson and the contributions of Helen Dufur, Steve Omi, and Allan Doerksen.

The secretarial and clerical skills of Char Singkofer were invaluable in preparing the nursery questionnaires,
workshop programs, and related correspondence. Julie Cone helped by typing some of the Manual chapters on word
processor.

Special thanks are extended to all those individuals who took time from busy schedules to carefully review and
critique chapters.

We are grateful for the production assistance of: Alan Smith for indexing; Steve Omi for developing the glossary
and conversion tables. Martha Brookes, Tawny Blinn, Susan Bell, Tom Brookes, Beth Marshall, and Martha Burdick
for proofreading; Allan Doerksen for photographic work: Don Poole for the cover and brochure designs; Joan Barbour
for drafting and layout; Wes Patterson and Don Ferguson for typesetting; George Shaw and Dwayne Downing
for printing; and Carol Perry for substantive chapter editing.

The organizational and creative talents of our managing editor, Carol Perry, were instrumental in the development
of the Manual. Her professional insights and ability to visualize the comprehensive nature of the final product were
invaluable. We are grateful for her help in making this an enjoyable project.

John Gordon provided continual support and encouragement. His foresight and belief in the need for this Manual
motivated and inspired us. For this, and for his creative input, we are thankful.

We acknowledge with appreciation the financial support of both the Nursery Technology Cooperative and the
Department of Forest Science, Oregon State University. The Division of State and Private Forestry of the Pacific
Northwest Region, U.S.D.A. Forest Service, also provided financial assistance.

Finally, we are indebted to our chapter authors-without whose tremendous dedication, patience, diligence,
persistence, and promptness this Manual never could have been produced.



Chapter 1

Development of the Forest Nursery Manual:
A Synthesis of Current Practices and Research

M. L. Duryeaand T. D. Landis

Abstract
1.1 Objective and Rationale
1.2 The OSU Nursery Survey
1.2.1 Survey participants
1.2.2 The questionnaires
1.3 Preparing the Manual
Appendix 1

Abstract

The Forest Nursery Manual—a joint effort between the
Department of Forest Science, Oregon State University,
and the U.S.D.A. Forest Service, Division of State and
Private Forestry—presents state-of-the-art information
about current bareroot-nursery practices and research in
the Northwest (northwestern United States and province
of British Columbia, Canada). The Manual emphasizes all
stages of seedling production, from nursery-site selection
through outplanting. To gather information, 21 North -
west bareroot nurseries and eight seed-processing plants
were surveyed with two in-depth questionnaires. Survey
results were interpreted and incorporated into chapters
written by leading scientists and nursery managers. Over
250 people previewed the Manual at the Bareroot Nursery
Technology Workshop, held at Oregon State University in
October 1982. The growing size and sophistication of
the Northwest bareroot-nursery industry underscore the
pressing need for thisup-to-datemanual.

1.1 Objective and Rationale

The Forest Nursery Manual is the result of a coordinated effort
between the Department of Forest Science, Oregon State Uni-
versity (OSU), and the U.S.D.A. Forest Service, Division of
State and Private Forestry. Current forest-nursery practices
and research are reviewed and synthesized into a state of-the-
art presentation on bareroot nursery technology in the North-
west (northwestern United States and province of British
Columbia. Canada).

In 1979 atask force was appointed by the Dean of the OSU
School of Forestry and the State Forester of Oregon to study
and report on the status of forest-nursery management in the
Northwest. In addition to recommending the establishment of
aNursery Technology Cooperative at OSU, the task force also
recognized the need for a detailed review of bareroot nursery
technology.

At about the same time, nursery specialists of the U.S.D.A.
Forest Service identified the need for a bareroot nursery manual.
The Forest Service publication How to Grow Tree Seedlings in

Containers in Greenhouses (see Appendix 1, this chapter)1 has
been well received worldwide. On that basis, a decision was
made to initiate plans for asimilar manual on bareroot nurseries.

Although many nursery handbooks have been published
over the years (see Appendix |), no up-to-date manua dis-
cusses current bareroot-nursery practices in depth. Regenerating
Oregon's Forests, arecent publication, has a chapter on seedlings;
the Forest Nursery Handbook, developed for bareroot nurseriesin
British Columbia, focuses largely on cultural practices. Other
recent nursery publications (such as Nursery Management: Admin-
istration and Culture) deal primarily with ornamental nursery
practices. None of these has comprehensively addressed
operations, problems, and needs of forest-tree nurseries pro-
ducing large numbers of bareroot seedlings for commercial
use.

Bareroot nurseries are a sizable industry in the Northwest,
annually producing alout 278 million seedlings. New nurseries
are being started and existing nurseries expanded to meet the
increased seedling-production needs projected for the next
decade. In addition, foresters are becoming more and more
aware of the importance of high-quality seedlings to reforesta
tion success. New nursery practices such as seedling vigor
testing and the advent of new seedling stock types (e.g., plug+1
transplants; see chapter 16, this volume) are not covered in
current nursery texts. For all these reasons, an up-to-date
bareroot nursery manual is essential.

1.2 TheOSU Nursery Survey
1.2.1 Survey participants

To meet our objectives of summarizing current bareroot-
nursery practices, we conducted a survey (the OSU Nursery
Survey) of 21 Northwest bareroot nurseries, 16 in the United
Statesand 5 in Canada2 (Fig. 1). To be selected, nurseries
had to (1) produce more than 6 million seedlings per year and
(2) be located in, or supply seedlings to, the Northwest. The 16
U.S. nurseries produced 229 million seedlings in 1980—
approximately 95% of the bareroot seedlings grown in the
northwest U.S. (Fig. 2). The five Canadian nurseries, located in
British Columbia, produced 49 million seedlings—approximately
89% of the bareroot seedlings grown in the province.

The 21 nurseries ranged in elevation from 30 m (100 ft) to
1,282 m (4,206 ft). The oldest nursery, the U.S.D.A. Forest
Service Wind River Nursery, was established in 1909 andthe

Al nursery handbooks mentioned are fully cited in Appendix 1,
Bareroot Nursery Handbooks, at the end of this chapter.

2The Canadian portion of the Survey was conducted by David Simp-
son, B.C. Ministry of Forests.
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newest, the Tyee Tree Nursery, in 1979. Douglasir [ Pseudotsuga
menziesii (Mirb.) Franco] isthe most common species produced
in the surveyed nurseries, and 2-year-old (2+0) seedlings are
the most common stock type (Fig. 2).

Because not all seed collection and processing are done by
nurseries, eight Northwest seed-processing plants also were
aurveyed (Fig. 3). These data are reported and discussed in
chapter 4, thisvolume.

1.2.2 The questionnaires

With the help of chapter authors, we developed two in-
depth questionnaires for the OSU Nursery Survey; copies are
found in Appendices A and B at he. end of this volume.
Questionnaire# 1, a series of tables, requested specific numeri-
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1. Industrial Forestry Association Toledo Nursery
2. Industrial Forestry Association Canby Nursery
3. Industrial Forestry Association Greeley Nursery
4. LavaNursery. Inc.
5. State of Oregon D. L. Phipps Forest Nursery
6. Tyee Tree Nursery
7. U.S.D.A. Forest Service Bend Nursery
8. U.S.D.A. Forest Service Coeur d'Alene Nursery
9. U.S.D.A. Forest Service Humboldt Nursery
10. U.S.D.A. Forest Service Lucky Peak Nursery
11. U.S.D.A. Forest Service 1. Herbert Stone Nursery
12. U.S.D.A. Forest Service Wind River Nursery
13. Washington Department of Natural Resources Lt. Mike
Webster Nursery
14. Weyerhaeuser Company Aurora Nursery
15. Weyerhaeuser Company Klamath Falls Nursery
16. Weyerhaeuser Company Mima Nursery
17. B.C. Ministry of Forests Campbell River Nursery
18. B.C. Ministry of Forests Chilliwack River Nursery
19. B.C. Ministry of Forests Red Rock Nursery
20. B.C. Ministry of Forests Skimikin Nursery
21. B.C. Ministry of Forests Surrey Nursery

cal information on topics such as fertilization, root culturing,
and equipment; because of its detailed nature, this question-
naire was mailed to nurseries prior to our visits, which were
made in fall 1981. Questionnaire #2, in short -answer form, was
administered during those visits and was completed in about 4
hours at each nursery.

Data collected from the Survey were later distributed to the
authors for interpretation and use in their individual chapters.

1.3 Preparing the Manual

Leading scientists with a practical knowledge of on-the-
ground operations were invited to write chapters for the Manual.
To present a balanced point of view, we chose authors from
public agencies and institutions as well as private industry and
also solicited chapters on selected topics in nursery manage-
ment from practicing nursery managers in the Northwest.

As dlitors, we interacted regularly with authors during all
stages in the writing process. First, we provided each author
with alist of topics establishing the subject area to be covered
in his or her chapter. Each author then developed a working
outline and tentative title. Rough drafts were technically re-
viewed by us and by other, scientists and nursery personnel;
final drafts were technically edited at the Forest Research
Laboratory, OSU, where the Manual was designed and produced.

Participants of the Bareroot Nursery Technology Workshop,
held at OSU, previewed the Manua in preliminary form on
October 26-28, 1982. Attendance of over 250 people at the

Total 1980 Production: 278 million seedlings
16 U.S. nurseries: 229 million
5 Canadian nurseries: 49 million

Species produced % of total
Douglas-fir [ Pseudotsuga menziesii (Mirb.) Franco] 61
Ponderosa pine (Pinus ponderosa Dougl. ex Laws.) 10
Lodgepole pine (Pinus contorta Dougl. ex Loud.) 6
Spruces (Picea spp.) 14
True firs (Abies spp.) 7
Other 2

100

Stock types produced % of total
1+0 1
240 79
3+0 1
Bareroot transplant 17
Plug+1 transplant 2

100

Figure 2. Total 1980 production of bareroot seedlingsin the 21
nurseries participating in the OSU Nursery Survey, by seedling
speciesand stock type.

B.C. Ministry of Forests, Duncan Seed Centre. Duncan, British
Columbia

Brown Seed Company, Vancouver, Washington

Crown Zellerbach Nursery, Aurora, Oregon

Esses Tree Seed Company, Inc., Montesano, Washington

Pacific Forest Seeds. Medford, Oregon

Rex Timber, Inc., a subsidiary of Georgia-Pacific Corporation,
Eugene, Oregon

Simpson Timber Company, Albany, Oregon

Weyerhaeuser Company Seed Plant. Rochester, Washington

Figure 1. Listing and location of the 21 Northwest bar er oot
nurseriesparticipatingin the OSU Nursery Survey.

Figure 3. The eight Northwest seed-processing plants respond
ing to the seed section of the OSU Nursery Survey.




workshop reinforced our belief in the pressing need for state-
of-the-art information on nursery practices. Stimulating discus-
sions between authors and other participants resulted in
important additions to many chapters: in particular, chapter
28, Designing Nursery Experiments, was proposed and subse-
quently added to the Manual.

The Forest Nursery Manual is organized into seven sections
emphasizing the major stages of seedling production—from

selecting a nursery site and starting seedlings through growing,
harvesting, and outplanting. Where possible and appropriate,
cross-referencing directs readers to other chapters that might
provide additional useful information. The final section, Up-
grading Nursery Practices, is intended to stimulate thinking
toward improving nursery management. A comprehensive glos
sary and tables of common nursery conversion factors are
also included as appendices.

Appendix 1—Bareroot Nursery Handbooks
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Chapter 2

Nursery-Site Selection, L ayourt,

and Development
F. E. Morby

Abstract
2.1 Introduction
2.2 Selection
2.2.1 Theteam approach
2.2.2 Siteselection criteria
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Abstract

Because no potenti al nursery site is perfect, site selec
tion inevitably requires compromise. A three to seven-
member selection team should be given responsibility for
establishing and ranking site-selection criteria; climate,
soil, water, topography, previous land use, production
potential, land availability and cost, and proximity to ser-
vices are key considerations. Potential sites should be
visited and evaluated and the best site chosen. A develop-
ment team should then lay out the nursery, formulate an
action plan, and document current development and possi-
ble future expansion in a comprehensive master plan.
Careful site selection and planning plus proper manage-
ment are essential to the economical production of high-
quality nursery stock.

2.1 Introduction

A nursery site must be located with the realization that a
perfect site does not exist and that choice of site will require
compromise. However, careful attention to the selection of a
permanent nursery site will amply repay all the effort expended.
An unsatisfactory site will sooner or later (generally, sooner)

increase the cost of operations and could lead to unnecessary-
ily high seedling losses and poor stock production [1]. Such a
situation will leave customers dissatisfied and may cause the
nursery to fail.

Fifteen of the 21 Northwest nurseries questioned in the
OSU Nursery Survey (see chapter 1, this volume) ranked site
selection characteristics (Table 1). The six most important con-
siderations were: (1) soil workability and drainage, (2) soil
texture, (3) water supply, (4) land cost, (5) climate, and (6) soil
depth. On the basis of these and related concerns, this chapter
provides guidelines for selecting the optimum nursery site.
(See chapter 29, this volume, for more information on solving
site problems.)

Table 1. Nursery-site characteristics ranked by 15 Northwest
bareroot nurseries (OSU Nursery Survey).

Rankingl

Characteristics 1 2 3 4 5 Totd
Climate 1 3 ... 1 7
Elevation e e e e 2 2
Aesthetics
Proximity to markets 2 ... 1 ... 2 5
Water supply 4 1 3 2 10
Soil depth 1 1 1 2 1 6
Soil workability anddrainege 2 4 3 3 12
Land cost 2 1 4 7
Proximity to work force 1 3 4
Sail fertility (including pH

and cation exchange capacity) 2 ... 1 1 1 5
Local topography o1 2 1 4
Politics 1 .. 1 2
Previous land use
Freedom from weeds
Sail texture 3 1 3 2 1 10
Other-adequate acreage O 1

11 (most important) to 5 (least important).
2.2 Selection

2.2.1 Theteam approach

First, a list of possible sites should be screened by the
person or group wishing to establish a nursery in a given
market or use area. Because selecting and establishing a per-
manent nursery requires a large capital investment [9], a team
approach for final selection is probably best.

The team should be composed of at least three of the
following:

Experienced nursery manager

Reforestation specialist, silviculturist, or other potential
customer

InDuryea. Mary L., and Thomas D. Landis (eds.). 1984. Forest Nursery Manual: Production of Bareroot Seedlings. Martinus Nijhoff/Dr W. Junk Publishers. The Hague/Bostor/Lancaster, for Forest

Research Laboratory, Oregon State University. Corvallis. 386 p.



Soils specidist

Forest pathol ogist

Civil engineer

Soil Conservation Service representative
Entomol ogist

Team members must be capable of blending their varied
backgrounds and individual areas of expertise together, and
al should have a physical sense, or "feel," for the land. Be-
cause team input is so diversified, it is far less likely that the
site selected will be difficult or impossible to manage.

The selection team should first review criteriafor al poten-
tial sites using a site checklist (Fig. 1); this form may be modi-
fied to ensure that all selection criteria are listed and properly
emphasized. Then each site should be visited (Fig. 2) and its
merits and drawbacks discussed. Finally, the selection team
should meet after all site visits have been completed to make
the final selection. The entire selection process should be
carefully documented in awritten report.

2.2.2 Site-salection criteria

2.2.2.1 Climate

Growing-season requirements will vary with stock type. A
long growing season (150 days or more) provides an adequate
period to produce 1+0, 2+0, 3+0 [for slowgrowing species
such as Pacific silver fir (Abies amabilis Dougl. ex Forbes) and
some sources of western white pine (Pinus monticola Doug]. ex
D. Don)], and transplant stock. A growing season of less than
150 days would reduce the chances of consistently growing
shippable 1 +0 seedlings but would be adequate for other age
classes.

Temper ature—Possible nursery sites whose daily temper-
atures consistently exceed 105°F for extended periods (3
weeks or more) should be avoided: extremely hot periods
reduce growth and may cause burning of foliage. Short peri-
ods of daytime temperatures of 110°F or more can tax irriga-
tion systems, but properly designed irrigation systems can
protect seedlings from burning during those periods (see
chapters 11 and 12, this volume). Growth of most species
is greatly impeded by ambient temperatures of 90°F and
above.

Field-planting periods must be discussed with customers.
Seedlings to be outplanted from December through early
March cannot be lifted and processed when cold daytime
tempera- tures keep soil frozen. Those seedlings to be
outplanted from late March through June can endure frozen
nursery soil from December to early March and be lifted while
still dormant. However, from 120 to 150 cold nights (49°F or
below) seem  to be necessary before peak root-regeneration
potential is reached [4]. Moderately low combined day and
night tem-peratures during fall and early winter are necessary
for bud cooling, preparing seedlings for optimum budbreak
about 2 weeks after outplanting. About 300 bud-cooling hours
are required in the temperature range 28 to 40°F ([7]: see also
chapter 23, thisvolume).

Extremely low temperatures can be detrimental to seed-
lings not protected by snow or mulch. Extreme cold can drive
frost deep into the soil, delaying lifting and seedling process-
ing well into spring. , If low temperatures recur annually, the
species and basic seed sources that the nursery can produce
will be limited because stock cannot be lifted and processed. If
this fact is ignored, seedlings may not be available when
needed for outplanting.

Precipitation—Proposed nursery sites that have a record
of frequent heavy snows persisting into the normal seedling-
processing season should be avoided. Snow melting in late

10

spring can radically reduce the time frame for processing
seedlings, which can place undue stresses on workers and
managers, facilities, equipment, and seedlings, and create dis-
satisfied customers because specified outplanting dates can-
not be met.

POTENTIAL NURSERY SITE

NAME OF AREA DATE

LOCATION

SOIL SURVEY TYPE

TOP SOIL
1. TEXTURE ASSESSMENT
2. DEPTH
3.pH

SUBSOIL
1. TEXTURE ASSESSMENT
2. DEPTH
3. pH

DEPTH OF WATER TABLE

DRAINAGE

WATER SUPPLY: 1. ADJACENT CREEK

WELL

OTHER

RISEORFALL (FEET) TOSUPPLY __
pH

o p w D

TOPOGRAPHY: 1. (a) LEVEL

(b) ROLLING
(¢) IRREGULAR

2. SLOPE:

TO DEGREES

3. UNSUITABLE (i.e., more than 6° or
very irregular)

COVER: 1. MAIN TREE SPECIES

COMMON MEMBERS OF
GROUND FLORA

N

CLIMATIC DATA (USE NEAREST STATION IN DEPARTMENT
OF TRANSPORT TABLES):

1. TOTAL ANNUAL PRECIPITATION ___

2. SPRING PRECIPITATION:
MARCH APRIL MAY

3. NUMBER OF FROST+REE MONTHS ___

4. HIGHEST TEMPERATURE (AND MONTH
RECORDED) LAST YEAR

APPROXIMATE ACREAGE

ACCESS OWNERSHIP

Figure 1. A nursery-site checklist such as this one is recom-
mended for use by the site-selection team (adapted from([8]).




Figure 2. Selection team evaluating a possible nursery site.

High rainfall areas are best avoided. However, the season
in which the precipitation occurs is important. Heavy spring
rains can delay spring operations such as adding il amend
ments, starting a cover or green manure crop, or sowing tree
seed. Summer rains tend to be a problem only when they
occur as cloudbursts and result in flooding, erosion, or seed-
ling wash-out. Frequent summer rains may be detrimental,
however, because rains may disrupt stock hardening processes
already induced by withholding irrigation. Areas with heavy
winter rains should be avoided; heavy rain saturates nursery
soil to the point of hindering lifting, damaging soil structure,
and causing flooding and erosion.

Wind.—Areas with frequent, long-lasting, high-velocity
winds-particularly where humidity is low and winds are drying
and from the east—should be avoided. Winds will affect irriga-
tion application and uniformity and may result in il movement.
High winds can desiccate seedlings, and soil carried by winds
can blast stems and foliage. Wind can restrict spraying of
pesticides, cause tree-seed cover to be blown away, and dis-
place or scatter seedbed mulches.

2.2.2.2 Soil

Perhaps the most important factor in establishing a nursery
is the correct choice of soil (see chapter 6, this volume). Other
site features, including fertility, moisture, and microclimate,
can be manipulated by the nursery manager [2], but moving or
significantly modifying large masses of soil is, at the very least,
impractical and costly. An intensive soil survey, coupled with
representative soil sampling, will help the selection team choose
the site with the most suitable soil.

Texture—Sandy loams or loamy sands with good drain-
age are excellent for nurseries. Light soils can be worked in
weather conditions too wet for heavier soils—an important
consideration in the Northwest. The content of clay and silt
(particles < 0.05 mm in diameter) in the soil should ke within
15t0 25%.

Depth.—The top 4 feet of soil should be free of claypan,
hardpan, shale, iron concretions, calcareous substrata, or mot-
tled gley layers[9]. Without artificial drainage, this depth seems a
reasonable minimum; where artificial drainage has been in-
stalled, however, a minimum clear soil depth of 2 feet is
probably acceptable [8]. The top 18 inches of soil should be
free of stones, which are expensive to remove, make the soil
difficult to work, and interfere with nursery cultural practices.

Soil pH.—The optimum soil reaction, or pH, for most tree
speciesis between pH 5.0 and 6.0 (see chapter 7, this volume).
Soils of lower pH may have fewer available nutrients, whereas
soils of higher pH encourage the invasion of fungus diseases
[9]. Soil pH can be altered with soil additives such as sulfur or
by injecting phosphoric or sulfuric acid into irrigation water.

2223 Water

Securing an adequate supply of domestic and irrigation
water can be a major problem. Water rights must be obtained
for any water source. Therefore, special consideration must be
given to a site where the quantity and quality of water are
adequate for current and possible future requirements (see
chapter 11, thisvolume).

All water needs and the timing of those needs must be
considered. For example, in most nurseries, irrigation is neces-
sary during the growing season and for frost protection. Re-
strictions on flow and on periods of delivery must be closely
scrutinized. |s the water source reliable during drought years?
Can breaks in canals, pipelines, and other delivery systems be
expected? What are the time frames for repair? Are backup
sources available in emergency situations? |s domestic water
available through a city, village, or other municipality? Are
there restrictions on quantity? Are costs high? Is it feasible to
develop an on-site water source? Is water quality high? Are
there any potential delivery problems? If no water is available
near the site, can atransmission line be constructed?

Irrigation-water sources—Lakes are a good source of
irrigation water. Storage capacity, draw-down, other uses, and
contaminants must be examined before any commitment is
made. Screening may be necessary to remove water-borne
debris.

Streams are sometimes used for nursery irrigation and must
be checked for water rights, other uses, and quality. In addition,
attention must be paid to intakes, diversions for pumping
stations, protection during runoff periods, and maintenance of
the stream channel to ensure maximum carrying capacity.
Stream water may need to be screened to aleviate contamina-
tion by vegetation, weed seeds, frogs, fish, algae, and other
water-borne debris.

Irrigation water delivered through open ditches is usually
controlled by irrigation districts and is subject to specific short
delivery periods. Such a source is not reliable unless storage is
made available on site and therefore is not recommended.

Water drawn from wells is probably one of the best irriga-
tion sources for most locations. Draw-down and pumping ca-
pacity must be checked to ensure that water is available in
reliable quantities when it is required.

Domestic or irrigation pipelines are reliable. In many
instances, clean water will be supplied with adequate pressure
and volume to eliminate the need for pumping. The two types
of pipelines are similar, both generally well designed and
constructed, although domestic water lines usually have more
connections creating a high demand for water and more con-
cern for failure of the system. Systems must be reviewed to
ensure that maintenance is adequate and repairs are timely.

Water quality.—Chemical contaminants may be introduced
into an irrigation source through the soil or from precipitation
or surface runoff. Contamination by minerals such as calcium
or boron, for example, will usualy be found in well water.
However, because streams, lakes, and ditches also may have
mineral contaminants, any potential site must have its water
sources evaluated for mineral content and concentration.

Water originating from any open source (lake, stream, or
ditch) is subject to contamination by weed seeds. High concen-
trations of these can lead to unwanted vegetation in seedbeds
and cover cropsa maor problem. Special, well-designed
screening devices can aleviate this problem.
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Water-borne diseases can infect root systems and foliage. If
pathogens such as Phytophthora, a fungus causing root disease,
are present, chemical water treatment may be necessary (see
chapter 19, this volume).

2.2.2.4 Topography

The area for nursery beds should be level, or nearly so. A
dight slope (2% maximum) is beneficial for better surface
drainage, but slopes greater than 2% can cause erosion, neces-
sitating expensive control measures, and may cause undesir-
able translocation of soluble fertilizer salts [9]. Furthermore, al
mechanical equipment used in forest nurseries operates best
on level ground. Moderate slopes and small rough areas may
be leveled by terracing and grading, but these operations can
be expensive and usually expose infertile subsoil that can
cause future seedling-growth problems. Fertile topsoil should
be removed and stockpiled before any major soil-moving opera-
tion is attempted and evenly redistributed afterward over the
leveled area (see chapters 5 and 13, this volume).

The importance of aspect will depend on nursery-site |ati-
tude and dtitude. In most localities in the temperate zone,
eastern and southeastern aspects should be avoided because
of greater frost danger, and southern and southwestern as-
pects because of excessive dryness during periods of drought.
Where irrigation is available, southern aspects in northern
latitudes at high elevations are best because of their greater
warmth. For most sites, though, a northwestern aspect is best
because vegetative growth starts later in spring and is not
subjected to injury by frost. Water loss through evaporation
from the soil surface is not so rapid on northwestern aspects.

Topographic undulations can cause water to accumulate.
Standing water, no matter how little, causes complete destruc-
tion of nursery stock because of oxygen depletion or buildup
of toxic gases. Irregular topography complicates installation of
irrigation systems, causes irrigation-line leakage, and makes it
difficult to operate nursery equipment. Damage from early fall
or late spring frosts can be catastrophic to growing seedlings.
Frost hollows, which occur wherever cold air can accumulate—in
valley bottoms and large topographic depressions, especially
where trees bar cold-air drainage—must be avoided.

As mentioned earlier in this chapter, heavy snows and
frozen soils should be avoided. Even though these conditions
can occur throughout the elevational zones, they occur more
frequently at the middle to higher elevations. Elevation re-
quires special attention; it is mandatory to choose an elevation
that will ensure stock dormancy as well as lifting dates that
meet customer requests.

2.2.2.5Previousland use

Past use of the land may influence its value as a potential
nursery site (see chapter 5, this volume). For example, past
practices that have altered soil acidity or caused toxic chemicals
to accumulate will be detrimental to growing seedlings. Has
the site been altered? If so, when, and what was done? If the
land has been leveled, were any problems associated with the
leveling? If so, has time ameliorated them? An intensive survey
of topsoil depth will reveal previous land leveling. Will addi-
tional leveling be required and, if so, are any problems
anticipated?

Are there any areas where water accumulates from surface
or subsurface flows? Has the land been drained through a
subsurface system? If so, when was the drainage system
installed? Did it solve the drainage problems? Isit till functional ?
Are there any conflicts with neighbors caused by runoff onto
adjacent land? How has runoff been handled in the past?

Wheat irrigation system was employed? Was it functional ?
Have there been any problems with the water source? Are
water rights secure and transferable? Will the available irriga-
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tion be adequate for seedling growth? Are water quality and
quantity acceptable?

What was the previous cropping schedule? Were disease
problems associated with any particular crop? If so, what steps
were taken to alleviate the problem, or does it still exist?
Current vegetation in the area should be carefully examined
for root diseases and foliar disorders by the forest pathologist
on the siteselection team and recommendations made on
suitability.

What pesticides were used? Were any spilled? If spills
occurred, identify where, what the chemical was, and what was
done to prevent soil contamination. Is there awritten pesticide-
use record?

Are there any known insect problems? If so, are they soil
borne or foliage associated? Do adjacent lands or associated
crops have insect problems? If so, what control techniques are
employed? Are there any insect associations that may be a
concern for the tree-seedling crop? The entomologist on the
site-selection team should make a thorough evaluation.

Ideally, the new site should be relatively free from annua
and perennial weeds and weed seeds. Any previous crop
species that is difficult to eradicate can become aweed problem.
Costs of weed control can be very high; therefore, obtaining a
weedfree ste and managing to keep it weed free will be cost
effective. Vegetation on the site should be identified by the
selection team and control measures evaluated for all species
(see chapter 18, this volume).

2.2.2.6 Site production potential

To help determine the acreage needed for the seedling
growing area, the selection team must estimate potential re-
quests for seedlings. A rule of thumb is 500,000 seedlings/0.4
ha (1 acre), but this figure may vary with species or seedbed
density. For this calculation, subtract all nonproductive areas—
roads, streams, reservoirs, administrative site, and anywhere
else that seedlings will not be grown-from the total nursery-
site area.

Site growing potential can be derived with the following
formula:

A X[ 1-(C+F)] x U x D x (m2/haor ft2/acre)
R

P=

where

P = Annual production capacity, in 1000s of seedlings

A = Production area (acres or hectares)

C = Estimated cull factor

F = Estimated overrun factor

U = Actual seedbed area, %

D = Density objective (number of seedlings to be grown
per square foot); density desired at seedling harvest
age

R = Crop rotation

Many nursery sites have been selected and developed with
little or no allowance made for future expansion. Regardless of
how remote it may seem, expansion should be considered. To
do so, the site-selection team must examine areas adjacent or
close to the property.

2.2.2.7 Proximity to customers, labor, and services

Proximity of the nursery to seedling customers, work force,
transportation, utilities, and facilities for people all should be
evaluated by the siteselection team. Locating the site geo-
graphically close to seedling customers seems to be most
judicious, although, with the advent of transportation systems
and refrigerated trucks, thisis not as paramount as it once was.
often, other criteria prevail.



Labor force—The nursery should be within easy commut -
ing distance—about 35 miles—of an adequate, dependable
labor supply. The number of workers needed varies widely,
depending on size of the nursery, extent of mechanization,
amount of work contracted out, degree of chemical weed
control, and type of stock grown. The peak period of employ-
ment occurs during the short 2to 9-week processing season,
when about 1 person is required for every 65,000 seedlings
processed. About 10% of this work is supervisory and admin-
istrative. Over an entire year, about 1.6 fulltime equivalents
(FTEs; 1 FTE is 2,080 person-hours) are required per million
seedlings produced. Both male and female workers are needed;
typically, 50 to 60% of the work force is women. Certain
specialized positions such as tractor operator and irrigation
specialist require some previous agricultural experience. Wages
are usually higher than in other agricultural work, making it
easier to recruit areliable work force.

Transportation—A good transportation network is es-
sential. Rail, truck, bus, or plane can be used to transport
seedlings, but refrigerated transportation equipment is manda-
tory. County or state roads that are well traveled, maintained,
and connected to freeways will aid the transport of both
seedlings and people; easy connections for seedling custom-
ers and nursery administrators expedite travel and reduce
transportation and per diem costs. Motels, hotels, restaurants,
and other facilities convenient for people in transit are a must,
as are limousine, taxi, bus, and air transport to neighboring
cities and states.

Refrigerated seedling storage.—Access to commercial
tree-seedling storage is mandatory to ensure that stock can be
stored without loss of vigor for up to 3 months. Potential
storage may be found in the fruit or produce industry.

Utilities and fossil fuels.—Telephone, electric power, and
other utilities required for nursery operation must be already
available or easily secured. The history of these utilities as well
as their current cost, supply, and reliability must be evaluated.

What is the commercial rate for electric power? Are the
needed power types (single and 3 phase) and voltages (110,
208, 220, and 440 V) available? If an increased need develops,
will power be available? |'s there a potential for power failures?
Are failures frequent and long term? Will backup on-site power
be required? Is propane or natural gas available? What are the
costs? Are fuel distributors available close-by? Will they pro-
vide service on short notice? What are the on-site storage
requirements?

Other services.—Is a sewer and garbage disposal system
available? What are the costs? What are the restrictions on
materials that can be dumped in the system? Is there a dis-
charge point for release of waste water from seedling pro-
cessing and surface runoff? Are there restrictions on point
discharge, and are permits obtainable?

What commercial repair, maintenance, and labor services
are available? Are they able to respond with little or no ad-
vance warning? Are service contractors close—within 35
miles—or must they travel in excess of 50 miles?

Are electrical contractors equipped to handle main power,
power panels, switches, automatic controls, warning systems
for fire and burglar, refrigeration, and flow control for pumping
stations? Are plumbing contractors and those that service
refrigeration and heating systems available, reliable, and
capable? Do all these services carry adequate parts inventories?
If not, where must parts come from, and what are the turn-
around times? For example, can parts be obtained and repairs
made to refrigeration systemsin from 48 to 72 hours?

Are contracting organizations available for seedling lifting
and weeding? How flexible are these contractors? Will those
available for tree planting, timber-stand management, and

agricultural work also weed seedbeds and lift seedlings? Are
janitorial contractors available? At what cost? Would in-house
or contracted labor be more cost effective?

2.2.2.8 Land availability and cost

Are the sites under consideration actually for sale and within
the price range given to the selection team? What are the
owners' sale stipulations? Look at total developed cost. Unim-
proved land may initially cost less but require such large
capital outlays for development that ultimate total cost may be
more. Land that may initially cost more, on the other hand,
may be developed to the point that few subsequent improve-
ments are needed, and total cost may be less.

2.2.3 Evaluating criteriaand sdlecting a Site

All selection criteria are discussed by the team and the
major ones listed and evaluated [5]:

Objective score = score x weighted value

where score reflects how well the site satisfies individual
criteria (1, lowest, to 10, highest), and weighted value reflects
the relative significance of each criterion (1, lowest, to 10,
highest). The rationale behind the weighting of criteria and site
assessment should be discussed for each site. Once sites have
been rated and discussion is complete, the choice can be
identified. For example, in Table 2, criteria have been ranked
and weighted for three potential nursery sites. Site #3, with a
composite score of 3 59, would be the preferred site.

Table 2. Evaluating criteria for three potential nursery sites
with the Kepner-Tregoe [5] method.

Corres- Weighted value (and corresponding
ponding  objective score) for three sites

Ranked weighted
criteria valuel #1 #2 #3
1. Soils 10 8(80) 6(60) 10 (100)
2. Water 9 10(90) 10(90) 5 (45)
3. Climate 9 6 (54) 8(72) 8(72)
4. Topography 7 5(35) 5(@35) 10(70)
5. Land availability

and cost 8 10 (80) 8(64) 9(72)
Total objective score (339 (321) (359
11 (lowest) to 10 (highest).

2.3 Layout and Development
2.3.1 Theteam approach

Like site selection, layout and development benefit from
the team approach. The development team should consist of
the nursery manager; civil, electrical, and mechanical engineers,
landscape and structural architects; and consultants for soils,
irrigation, subsurface drainage, or other areas where on-site
team expertise is weak or lacking.

Every effort must be made to visit similar facilities for
comparison. Development of a new nursery requires a large
initial monetary investment, and any new technology either
already developed or under consideration must be evaluated
for potential incorporation into development plans. New ideas
aways surface when other nurseries are visited and when both
positive and negative sides of a particular site or procedure
are discussed.

2.3.2 Access and traffic flow

The nursery should be as compact as possible—nearly
sguare or regular in shape—to minimize the length of the boundary
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Table3. Comparative analysis on effects of access for four potential nursery-entry points.1

Site Residential Seedling Composite
Entry Cost, $ Security Traffic lines School areas Wildlife growing area score
1 104,350 9 10 8 9 10 4 8 58
2 112,800 2 9 9 8 6 6 7 47
3 44,850 4 4 8 3 0 8 9 36
4 57,200 3 5 7 5 6 9 10 45

10 (high impact) to 10 (low impact).

fence and reduce the time lost moving from one part of the
nursery to another [1].

Roads provide access to the site (see 2.2.2.7) and to grow-
ing fields. When the site is developed, all access roads should
be paved; they must be capable of taking heavy "semi" truck
and tractor traffic in all kinds of weather. Parking areas must be
evaluated and particular attention given to pedestrian and
vehicle traffic flows. Possible conflicts with people, vehicles,
buildings, and landscaping must be taken into consideration.
The potential maximum number of future employees must be
anticipated and allowances made for future parking if the need
is identified.

When considering connecting points (entries and exits) to
existing road systems, the development team should solicit
input from the local community. A decision matrix such as that
shown in Table 3 is extremely helpful. In that case, four entry
points were rated from O (high impact) to 10 (low impact) in
eight categories and their composite scores determined. Be-
cause of anticipated conflicts, entry #1 was chosen—though it
was far from the least costly.

2.3.3 Administrative site

The administrative site includes administrative offices; stor-
age areas for equipment, trees, seed, pesticides, other chemicals,
and fuels; shops; a fuel-dispensing station; an employee center;
and seedling-processing facilities. The type, number, and loca-
tion of required buildings can be determined with the team
approach. Other administrative development could include
employee-enrichment areas (in the form of parklike surround-
ings), holding areas for irrigation water or soil amendments, a
culledseedling disposal area, and anarea for holding scrap
material and used equipment until sale is possible (potential
aesthetic conflicts with neighbors may arise in this last case).

Although possible future expansion must always be kept in
mind, the administrative complex must optimize the use of
space to avoid being spread out. The results of poor or inade-
quate planning will cause the manager and staff considerable
anxiety in future years.

2.3.4 The master plan

Once agreement has been reached on placement of all
structures and development begins, a master plan—a dynamic
tool—must be made to document the team decision (Fig. 3).
Once the development team has disbanded, this plan will
stand as an illustrated document of site layout, indicating
growing areas, roads, buildings, outdoor storage areas, reser-
voirs, streams, fences, neighbors, possible expansion areas for
buildings, and other site development. The master plan is not
cast in concrete, however, and can and must be updated as
management needs change.

2.3.5 Development program

To properly develop asite, an action plan must be prepared.
One approach is to construct a critical-path chart that shows
events and operations on a timeline (Fig. 4). Tree-production
scheduling must be coordinated with site development. Struc-
tures that are needed first must be built first. For example,
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Figure4. Partial nursery action plan, developed asatimeline.

because seedlings need to be processed and stored in refriger-
ation rooms at the end of the second year, that complex must
be ready for the first crop.

Throughout nursery development, the action plan is contin -
uously reviewed—by an individual, a team, or a concerned
outsider-and revised, as needed. Critical factors hat may
have been overlooked initially are identified and incorporated.
It is important for everything to be viewed objectively and in
proper perspective.

2.3.6 Budgeting and accountability

Budgeting is critical and must have highest priority in the
development process. Budgets should be planned 2 to 3 years
in advance to ensure that funding, people, and facilities will be
available when needed. The budget and the action plan must



be developed together. If shortages of funds or people are
anticipated, construction may have to be delayed or other
alternatives sought.

The process of "fixing accountability" identifies objectives
and action steps [6] and the individuals responsible for their
accomplishment in the outlined time frames. Responsibilities
must be reasonable, however, and should be adjusted if neces-
sary to ensure that the work can realistically be completed.

2.4 Conclusions and
Recommendations

A three- to seven-member team should be designated to
select anursery site. The team should develop site-selection
criteria and establish priorities, then visit and evaluate pos
sible sites on the basis of the chosen criteria, and finally
select the best site.

A development team should lay out the nursery, formulate
an action plan, and then document nursery-site develop-
ment in aflexible but clearly defined master plan.

Possible future expansion of facilities and staff must always
be considered.

A perfect nursery site does not exist; tradeoffs are inevitable—
but nursery soil should not be compromised.

Wise planning and thoughtful decision making—plus proper
management—are essential for the economical production
of high-quality nursery stock for reforestation [3].p
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Abstract

Modern machinery and equipment can increase effici -
ency and productivity in all phases of nursery operations
without sacrificing quality or safety. Seed processing is
facilitated with Kkilns, tumblers, separators, dewingers,
scalpers, and grinders. Seedbeds are prepared with plows,
harrows, rock rakes, packers, bed formers, and levelers;
seed isthen sown with drillsor broadcast seeders. Fertiliz-
ers and soil amendments are applied with spreaders,
seeders, or soil injectors; weeds are controlled by row or
path cultivators. Sprinkler systems not only irrigate seed-
lings but also spray fertilizers, pesticides, or herbicides
and provide frost protection. Saws, pruners, and mowers
are used to trim seedling tops and roots. Transplanting
and lifting machines allow seedlings to be moved from
bed to bed or to processing areas, where they are pack -
aged with balers or bundlers. Both seed and seedlings
may be stored in trays, bins, crates, boxes, bags, drums,
or tubs on palletsor racksin walk-in refrigerators, freezers,
or sheds, or moved from place to place by forklifts,
conveyors, carts, trucks, or tractors with attachments.
Many machines are commercially available in a variety of
types and sizes, but some must be custom built; some are
highly specialized, but others, with adaptations, can serve
common nursery functions.

3.1 Introduction

Nursery managers realize that maintaining trees as a renew-
able resource requires highly productive nurseries. Modern

machinery and equipment can offer an efficient means of
increasing nursery productivity without sacrificing seedling qual-
ity or employee safety. But staying abreast of developmentsin
nursery equipment can be difficult.

This chapter informs nursery managers about current
developments in nursery equipment and offers ideas about
how custom-built and commercial nursery machines and equip-
ment can serve common functions. For details on equipment
types and specifications, the Missoula Equipment Develop-
ment Center (MEDC), Missoula, Montana, has compiled a com-
prehensive catalog of nursery equipment, including descriptions
of equipment typically used for common nursery functions and
a list of supply sources; construction drawings of selected

machinery are also available.l

3.2 Cone Storage and Handling

After harvesting, cones must be properly stored to dry (see
chapter 4, this volume). If cones are first partialy dried, kiln-
drying time is reduced. Ventilating cones in storage also main-
tains seed fertility and keeps cones from molding.

Cone-storage methods vary with extractory types, volume
of cones, and available facilities. Nurseries store cones in
sheds, on floors or adjustable racks, on trays, or in ventilated
containers like bins. Most nurseries store loose cones in burlap
bags or on wooden trays, though aluminum, fiberglass, and
plastic trays are also used. Wire-mesh or plastic bins or wooden
crates store cones compactly with ventilation. Although stor-
age bins and crates are stacked, air circulates freely around the
cones.

Stored cones can be moved by hand or with various kinds
of forklifts (Fig. 1) and conveyors, al of which are commercially
available.

3.3 Seed Processing, Storage,
and Handling

Nurseries use a variety of machines, including kilns, tumblers,
scalpers, dewingers (Fig. 2), air-screen cleaners (Fig. 3), and air
and gravity separators, to complete cone drying and seed
processing (see chapter 4, thisvolume).

Kilns dry and open cones. Most nurseries use kilns with
trays that hold cones dried by circulating hot air; however,
some use rotating kilns that hold cones in a drum heated
with circulating air. Although nursery kilns are often custom
built, some, such as the International Seed Company kiln and
the McPherson kiln, are commercially available.

Nurseries use tumblers, air or gravity separators, dewingers,
and scalpers to extract seeds from cones, dewing seeds, and

1For more information about the catalog and drawings, contact the
U.S.D.A. Forest Service, Equipment Development Center, Building #,
Fort Missoula, Missoula, MT 59801; phone 406-329-3157.

In Duryea. Mary L., and Thomas D. Landis (eds.). 1984. Forest Nursery Manual: Production of Bareroot Seedlings. Martinus Nijhoff/Dr W. Junk Publishers. The Hague/Boston/Lancester, for Forest

Research Laboratory, Oregon State University. Corvallis. 386 p.
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remove cone bracts. Cone grinders, extractor tumblers, and
fanning mill clippers are also commonly used, as are pre-
heated bins and powered conveyors. Once extracted and
dewinged, seeds may be sized before storage.

Extracted seeds are tested for moisture content and fertility.
Some extractories dry seed in ovens to reduce moisture con-
tent before storage. Seed quality and fertility must be main-
tained because seeds ae often stored for years. Therefore,
most nurseries store seeds in walk-in freezers (Fig. 4), and
many have refrigerator-freezers custom built.

Nurseries use various sizes and types of commercially avail-
able containers-cloth, paper, or burlap bags, erdboard or
wooden boxes, and fiber or metal drums (Fig. 5)—to store
seeds. Lining containers with plastic bags helps maintain
proper seed moisture.

3.4 Soil Fumigation

Most U.S. nurseries apply methyl bromide gas, frequently
using soil injectors with pressurized tanks, to control soil patho-
gens (see chapters 18 and 19, this volume). After fumigation,
the soil must be coveted with tarps or plastic sheets (Fig. 6) to
help it retain the gas. However, many nurseries contract fumi-
gation service because it @n be dangerous and requires spe-
cial equipment.

3.5 Ground Preparation

Nurseries prepare seedbeds with common farming equip-
ment, including plows, tillers, harrows, rock pickers, rakes, and
packers, all available commercially in a wide variety of sizes
and types, and with specialized eguipment, including bed
formers and levelers (see chapter 5, this volume). The equip-
ment chosen depends on nursery size, soil type, needed til-
lage depth, availability, and preferences of nursery personnel.

Plows are common primary tillers (Fig. 7). Straight blade
plows have curved blades with a flat bottom, disk plows have
circular blades, and chisel plows have straight, vertical shanks.

Harrows are common secondary tillers, breaking clods and
smoothing plowed soil. Harrows are also available in different
sizes with blade styles that range from vertical spiked teeth to
disks.

Rock pickers and rakes remove rocks from tilled soil. Rock
rakes have adjustable inclining teeth that skim the soil surface
to catch rocks and lift them into holders.

Figure 1. Common forklift, useful for moving batches of stored
conesaswell asnumerousother nursery containers.
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Before sowing seedbeds, some nurseries form and roll
them smooth with mechanical bed formers (Fig. 8) and rollers,
most of which are custom built. Such seedbed formers com-
bine light disk-shaped plowshares and rakes with roller pack-
ers and leveling bars. Separate soil levelers and packers that
use adjustable blades and rakes on rubber-tired frames are
also available.

3.6 Sowing

Sowing is a critical nursery operation in which seed density,
planting depth, and timing must be carefully controlled (see

Figure 2. MEDC dewinger.

Air Fiue

- Hopper

A # | Screen
Scalper

. = = @
x g # 2 Screen
h o AN
- ]
\ # 2 Screening Spout (Removes
# 2 Main Flow Output Fine)

# 2 Scalping Spout

Figure 3. Schematic of air-screen cleaner [adapted from MEDC
catalog; seetext footnote 1].



chapters 5 and 15, this volume). Most nurseries use agricul-
tural seed drills for sowing, though some prefer broadcast
seeders. Seed drills commonly used include the Whitefish
Nursery seeder, the Wind River drill seeder (Fig. 9a), and the
Love-@yjord seeder (Fig. 9b). However, precise seed place-
ment remains a problem for many nurseries.

3.7 Irrigation

Most nurseries supply and control the water in seedbeds
with commonly available agricultural irrigation systems that
use impulse sprinklers attached to movable sections of pipe
(Fig. 10) (see chapter 11, this volume). The pressure of water
pumping through the pipes rotates sprinkler heads; water
trajectory and patterns of rotation at each sprinkler head are
adjustable. Some nurseries use injector pumps to apply
fertilizers, pesticides, and herbicides through irrigation systems.

Figure®6. Plastic layer helpstrap methyl bromide gasin newly
fumigated soil.

seeds.

Figure 7. Tractor -drawn plow used to prepare ground for
seedbeds.

Figure 8. Rotatiller bed former shapes and smooths plowed
Figureb5. Fiber drumsarewidely used for seed storage. ground into raised beds.
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3.8 Fertilization and Soil Amendments

Applied at nurseries to replenish soil nutrients, fertilizers
may be either organic or chemical. Though both types are
commercially available, specific crop and soil requirements will
determine which type a nursery needs (see chapters 7 and 8,
this volume).

Figure 9. Drill seederslike the (a) Wind River and (b) Love-
@yjord arecommonly used to sow nursery seed.

Figure 10. Impulse sprinkler systems (sprinkler head shown in
inset) haveadjustablewater trajectoriesand rotation patterns.
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Nurseries apply organic fertilizers—manure or mulch, for
example-with commercial manure spreaders (Fig. 11) or
mulchers. Chemical fertilizers may be either solid (usually
granular) or liquid; granular chemicals are spread with granular
applicators, broadcast seeders (Fig. 12), or spreaders and
liquid chemicals by soil injectors, sprayers, or irrigation injec-
tor systems.

Soil amendments.commonly, sand, sawdust, or mulch—
modify soil texture, add organic matter to the soil, and in-
crease the soil's capacity for moisture (see chapters 9 and 10,
this volume). Nurseries apply amendments with a variety of
machines, all of which must adjust to control application den-
sity and width. Sand spreaders (Fig. 13) come in various sizes
and types. Manure spreaders can effectively spread sawdust if
modified to increase their holding capacity and decrease their
spreading density. Manure spreaders or broadcast seeders
also can apply mulch. Some nurseries mix water with mulch
and spray it on newly sown seedbeds with hydromulchers
(Fig. 14).

3.9 Seedbed Cultivation

Weeds rob seedlings of moisture and nutrients. Most nurs
eries periodically control weeds mechanically with various
row and path cultivators, but some still weed by hand.

Many types and sizes of row cultivators, like the Buddingh
wheel hoe (Fig. 15a), are commercially available. Path cultiva-
tors (Fig. 15b) include large row cultivators, rototillers, and
custom-built weeders.

3.10 Root and Top Pruning
Root pruning reduces top growth and encourages full root
development in nursery stock, although the timing and fre-
quency of pruning depend on species, desired size and type of

Figure 11. Tractor-drawn manurespreader appliesorganic fer-
tilizer to soil.

Figure 12. Broadcast ®eder may be used to spread granular
(solid) chemical fertilizer.



stock, and growth stage (see chapter 15, this volume). Two
different models of mechanical pruners—either to cut tap roots
or to trim lateral roots—are used. Reciprocating and fixed
bottom pruners (Fig. 16a), fixed and disk side pruners, and
root wrenchers are available in both models. Most root pruners
are tractor mounted.

Top pruning removes new top growth from seedlings. Seed-
lings are top-pruned regularly before lifting to produce short
sturdy seedlings, obtain favorable root-to-top ratios, and re-
duce transpiration surface; these effects make seedlings har-
dier against drought. Nurseries use adjustable tractor-mounted
sickle-bar, flail, or rotary mowers (Fig. 16b) to prune seedling
tops.

3.11 Pesticide Spraying

Nurseries apply pesticides for weed, insect, and disease
control with a variety of sprayers (see chapters 18 and 19,
this volume). Because chemical treatment may leave toxic
residue in soil, however, nursery personnel must consider the
possible consequences of different compounds when chos
ing pesticides.

Most nurseries apply chemical pesticides with tractor-
mounted boom sprayers (Fig. 17) or spraying kits mounted on
tractor-drawn tilling equipment. Hand sprayers or portable
mist blowers facilitate applications for small treatments. Many

sizes and models of pesticide sprayers are commercialy Bl : Gty _ et
available.

Figure 15. (a) Buddingh wheel hoerow cultivator and (b) Coeur
d'Alene path cultivator keep nursery bedsweed free.

Figure 16. (a) MEDC reciprocating root pruner and (b) tractor-
Figure 14. Hydromulcher spraying a mul ch-water mixture on drawn rotary mower used for top mowing both control seedling
prepared beds. growth.
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3.12 Frost Protection

Seedlings must be protected against frost, which can dam-
age immature seedlings at nurseries located in valley bottoms
or where surface winds are restricted, until they harden and
become dormant (see chapters 12, 14, and 15, this volume).
Encouraging early dormancy by restricting water can reduce
frost damage. Sprinkler systems are often used to protect
seedlings that have not yet hardened from frost (see Fig. 10)
by keeping frost from settling on young trees.

3.13 Transplanting

Nursery stock is often grown in one seedbed for 1 to 3years
and then transplanted, either manually or mechanically, to
another seedbed. Transplanting generally produces large, sturdy
seedlings, but the extra handling increases production costs.

Most nurseries use tractor-drawn transplanters (Fig. 18);
some use hand-transplanting boards for small jobs. Although
commercially available transplanters are often unsuited to nur-
sery work, many can be modified to perform satisfactorily.

3.14 Field Lifting, Handling,
and Transportation

Field lifting describes the removal of trees from nursery
seedbeds (see chapters 21 and 22, this volume). Most nurseries
use tractors with rigid undercutting blades and agitators
(Fig. 19) to disturb seedlings and loosen seedbed soil so that
seedlings can then be lifted manually. Manual field-lifting equip-
ment includes pickup belts, conveyors, and forklifts.

Figure 17. Boom sprayers efficiently apply pesticides to large
acreagesof nursery beds.

Figure 18. Tractor -drawn transplanter.

In recent years, mechanical seedling lifters have been intro-
duced and widely used. These tractor-drawn machines have
hydraulic undercutting blades, conveyors, and spaces for seed-
ling containers. Mechanical lifters like the Grayco Harvester
(Fig. 20) are sometimes modified to accommodate individual
nursery needs.

After trees have been lifted, they must be placed in contain -
ers before being moved to the packing area. Nurseries com-
monly use boxes, bins, and tubs as field containers: custom
made fabric slings, which are usually handled manually, also
may be used. Mechanical seedling harvesters have racks for
carrying boxes and tubs. Equipment needs for field handling
depend on field lifting and transportation methods, nursery
size, istance to packing area, and volume of seedlings handled.

Most nurseries move seedlings from fields to packing sheds
with tractor-drawn trailers. But trailers are difficult to turn in
the field, slow to load and unload, and too light for rigorous
use. Nurseries also use flatbed trucks, pickups, tractor attach-
ments, and forklifts. A wide variety of equipment suitable for
transporting seedlings is commercially available.

Similarly, as nursery size and labor coststend t o increase, it
becomes important to move workers around the nursery as
efficiently as possible. In recent years, a variety of homemade
and commercial crew carriers has appeared. Scooters also are
popular, sometimes replacing light trucks and buses: some
nurseries even use bicycles.

3.15 Sorting, Grading, and Counting

After seedlings are lifted and moved to packing sheds, they
must be sorted, graded, and counted. Even though these
operations are manual, efficiency is increased with commer-
cialy available counters, scales, custom-built conveyors, and

Figure 19. Seedling lifters loosen soil so that seedlings can be
manually extracted.

Figure20. Grayco Har vester, which lifts seedlings mechanically
rather than manually.



sorting tables. Most nurseries use moving belt systems for
sorting, grading, and counting. MEDC has developed a new
stacked, three-belt system that is more efficient in grading
and counting in less space than other systems (Fig. 21).

Packing-shed workers often trim seedling roots uniformly
when sorting, commonly using various custom-built electric
pruning saws (Fig. 22), fabric saws, and paper cutters. A variety
of equipment that trims roots is commercially available.

3.16 Packaging, Storage,
and Handling

Once seedlings have been sorted, graded, counted, and
pruned, they are packaged for shipping or storage. Many
nurseries use mechanical bundling machines, which wrap seed-
lings in burlap and other bags, to package seedlings; a packing
medium like sphagnum moss or "shingle toe" (cellulose fiber)
is often included to keep seedlings moist (see chapter 22, this
volume). Most nurseries, however, pack seedlings manually in
boxes or bags. Commercially available mechanical devices
that package seedlings include balers, bag closers, staplers,
and strapping equipment.

Packaged seedlings may be stored for months before
shipping. Seedlings can be lifted and processed and then
refrigerated at the nursery until needed. Most nurseries store
seedlings in large, walk-in refrigerators, usually custom built,
but others store them in sheds or on permanent racks or
pallets. Because controlling the temperature and relative hu
midity of stored seedlings is crucial, nurseries often monitor
these conditions with sensors that trigger alarm systems if
damaging temperature fluctuations occur.

A variety of commercially available equipment, including
forklifts, roller conveyors, skids, belt conveyors, and carts, is
most commonly used to help employees move seedlings from
storage to trucks (Fig. 23). In general, good scheduling and
good equipment are the key components of designed flow
patterns for all seed and seedling handling.

3.17 Shipping for Outplanting

Customers must receive seedlings promptly and in good
condition. Therefore, nurseries often deliver seedlings in refriger-
ated trucks (Fig. 24) either owned by the nurseries themselves
or contracted specifically for seedling hauling. Planned deliver-
ies and refrigerated equipment allow nurseries to control the
temperature and humidity of seedlings to ensure vigor.

Figure 21. Threetiered belt system, which improves processing
efficiency.

Meat slicing-type biade

Saw blode
Conveyor belt

Figure 23. Trailer used to move containers of seedlings from
onearea of thenursery to another.

Figure 24. Seedlings ar e often transported to thefield for out
plantingin refrigerated trucks.



3.18 Conclusions

Proper equipment in good working condition is essential
for high-quality nursery operations. Some machinery must be
custom built and tailored to specific nursery needs, but other
equipment is commercially available in a range of types and
sizes and readily adaptable to nursery needs. Tractors, for
example, are indispensable. Large tractors are used for lifting,
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plowing, and disking: small tractors for seeding, cultivating,
and towing. All sizes accept attachments that increase versatility .
Special features sometimes make particular tractors the best
choice: for instance, hydrostatic-drive tractors are ideal for
operations that require steady, slow speeds.

The right choice of equipment, in combination with manual
operations, will facilitate all phases of seedling production,
from cone storage and handling through outplanting.
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Abstract

This chapter summarizes current technology concern-
ing cone collection and seed processing, testing, storage,
and stratification for the six major conifer species—
Douglas-fir, ponderosa pine, lodgepole pine, noble fir, white
fir, and western hemlock -produced as seedlings in North -
west bareroot nurseries. Though great advances have
been made in the past 20 years, further refinements are
deemed necessary to continue improving seedling-produc
tion technology, especially as use of valuable seed-orchard
seed is favored over natural-stand seed. Suggested future
refinements should include: (1) determining patterns of
seed retrievability to capture maximum seed yield: (2)
devising a method for separating nonviable and low-vigor
seed from viable and high-vigor seed: (3) developing a
method for improving the correlation between laboratory
and field germination: (4) designing an effective long-term
seed-storage method for true firs: and (5) developing a
quick seed treatment for nursery sowing which shortens
or eliminates stratification requirements.

4.1 Introduction

Seed quality has great impact on the quality of planting
stock. For the last 20 years, the technology of producing
seedlings has advanced greatly. Parallel to this advancement,
seed quality also has improved dramatically. This chapter
brings together information on cone collection and seed
processing, testing, storage, and stratification drawn from the
current literature and from questionnaires sent to 21 nurseries
and eight seedprocessing plants (extractories) in the North-
west (OSU Nursery Survey; see chapter 1, this volume). Discus-
sions mainly focus on the six major coniferous species being
produced by these nurseries: Douglas-fir [Pseudotsuga menziesii
(Mirb.) Franco var. menziesii], ponderosa pine (Pinus ponderosa
Dougl. ex Laws. var. ponderosa), lodgepole pine (Pinus contorta
Dougl. ex Loud. var. contorta), noble fir (Abies procera Rehd.),
whitefir [Abies concolor (Gord. & Glend.) Lindl. ex Hildebr.], and
western hemlock [Tsuga heterophylla (Raf.) Sarg.]. Where knowl -
edge is lacking on these conifers, information on others is
cited to illustrate important points.

4.2 Cone Collection

Careful attention to cone collection is critical to obtaining
good quality forest-tree seed. Successful collection depends
on understanding seed maturation and dispersal characteris-
tics of each species, knowing local weather trends, and evaluat -
ing crop quality, harvesting procedures, and cone-storage
methods.

In Duryea. Mary L., and Thomas D. Landis (eds.). 1984. Forest Nursery Manual: Production of Bareroot Seedlings. Martinus Nijhoff/Dr W. Junk Publishers. The Hague/Bostor/L ancaster, for Forest
Research Laboratory, Oregon State University. Corvallis. 386 p.
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4.2.1 Seed maturation

Cone collection should begin only when seed is mature.
Immature seed can bring about various problems including (1)
slow and incomplete germination [4, 29, 97], (2) low-vigor
seed, resulting in smaller seedlings [30, 107], (3) greater sus-
ceptibility to disease [20, 124], (4) reduced storage capability
[63], and (5) increased incidence of abnormal seedlings [76].
In addition, extraction of immature seed is more difficult than
that of mature seed [85, 116]. Various maturation indicators,
reflecting visual, physical, biochemical, or climatic changes,
can be used effectively to prevent harvest of immature seed.

4.2.1.1 General maturation indicators

Cone color [26, 57, 100], bract color [30], seed wing color
[96], scale color [103], and color and firmness of embryo and
megagametophyte [78, 96] can be visual indicators of seed
maturity. These indicators, though indirect and subjective, have
proved reasonably practical in many instances [131].

Cone moisture content [33, 86], cone specific gravity [53,
85, 96], and embryo development [30, 96, 103] can be physical
indicator sof seed maturity. Loss of cone and seed moistureis
closely associated with seed ripening [46], and the decrease
in cone moisture content and cone specific gravity has been
used to indicate maturity. Of these two indicators, specific
gravity (SG) is usually preferred because it can easily be deter-
mined in the field. This method has been successfully applied
to various pines (Pinus spp.) and true firs (Abies spp.) using
flotation liquids such as water (SG = 1.0) and various mixtures
of kerosene (SG = 0.80), light motor oil (SG = 0.88), and
linseed ail (SG = 0.93). The ratio of embryo length to embryo
cavity length, which can be determined quickly in the field with
a sharp knife and al0X magnifying hand lens [41], also can be
used to judge maturity [30].

Changes occurring within conifer seeds can be biochemical
indicators of seed maturity. On the basis of observed correla-
tion of reducing sugar content and germination, Rediske [106]
recommended that Douglas-fir cone collection be initiated
when reducing sugar content has fallen to 13 mg/g of seed
weight. In a subsequent study, Rediske and Nicholson [108]
found that, in noble fir, the increase in crude fat content is
more closely related to seed maturation and recommended
the threshold value of 250 mg/g of seed for beginning cone
collection. Although measuring biochemical indicators is time
consuming and requires special laboratory equipment, it is
thought to be more reliable than methods based on visual
observation.

Changes in temperature, particularly during the summer in
which seeds mature, can strongly influence the rate of seed
maturation and are used as climatic indicators. Conse-
quently, degree-day summations should be potentially more
reliable than calendar date, especially at high latitude or high
altitude, where summer temperature may limit seed develop-
ment. Tanaka and Cameron [135] reported that 1,310 degree-
days are required for ponderosa pine seed to mature at high
elevations in southeastern Oregon. Zasada [152] related cone
and seed development in white spruce [Picea glauca (Moench)
Voss] to summer heat-sum and found that 625 degree-days
were required to produce cones that could be successfully
after-ripened in Alaska. Heat-sums are not extensively used for
cone-collection purposes, probably due to lack of sufficient
information. However, together with other climatic parameters
such as precipitation and radiation, heat-sums would be a
useful tool for field collection of coniferous conesin the North-
west [46].

Information (as of 1974) on cone- and seed-maturation
indicators for many coniferous species in the United States is
available in Seeds of Woody Plants in the United Sates[138]. Edwards
[46] also provides an extensive discussion on various types of
maturation indicators.
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4.2.1.2Maturation indicatorsused in the Northwest

Maturation indicators for the six major coniferous species
in the Northwest are summarized in Table 1. Those used by
the one nursery and six seedprocessing plants involved in
cone collection (OSU Nursery Survey) are, in order of fre-
guency: cone, wing, and scale color, firmness of embryo
and megagametophyte, and embryo development. Somewhat
surprisingly, seed moisture content and specific gravity are
not currently used, probably indicating that visual observa-
tion of the above characteristics is preferred because it is
less time consuming. One seed plant extensively relies on
biochemical indicators, using crude fat for noble fir and
ponderosa pine and reducing sugar for Douglasfir; on the
basis of past experience, these biochemical indicators seem
highly reliable.

Tablel. Coneand seed maturation indicator sfor the six major
conifersin the Northwest.

Species Maturation indicators Reference
Douglas-fir Reducing sugar 13 mg/g or less [10€]
Embryo:cavity length retio greater
than 90% [30]
Browning of cone bracts [30]
Cone moisture content lower
than 50% (104]

Firm, nonmilky megagametophyte
enclosing ayellowish-green

embryo [78]
Main harvest period of squirrels [80]
Ponderosapine  Specific gravity 0.85 or less
(central Idaho) [85]
Specific gravity 0.84 or less
(Cdifornia) [51]
Specific gravity 0.94t0 0.99
(South Dakota) [239]
Specific gravity 0.88 or less
(Arizonaand New Mexico) [111]
Hest-sum 1,000t0 1,110
degree-days [235]
Lodgepole pine  Specific gravity 0.43t0 0.89 [77
Noblefir Specific gravity 0.90 or less [53]
Crudefat 0.2 5 g/g of seed [108]
Whitefir Specific gravity 0.96 or less,

uniformly brown seed wing,
embryos paley ellow-green,
94% of the embryosfully

elongated [96]

Western hemlock Brown cones with
red-browntips [56]
Cones opening after drying [46]

4.2.2 Seed dispersal

Although seed-maturation characteristics have been exten-
sively studied, little is known about timing of seed dispersal in
relation to cone characteristics or climatic variables. Most
observations relate the timing of seed dispersal to calendar
dates, but such correlations may be of little value in the field
because of yearly variation in weather patterns.

We have found that ponderosa pine seed in southeastern
Oregon starts disseminating when cone moisture content drops
to approximately 120% on a dry-weight basis. Once the rate of
moisture loss in early August has been determined, it has been
possible to predict approximate dates of seed dispersal for
this species. Together with knowledge of seed maturation rate,



approximate seed-dispersal dates could be of practical impor-
tance to cone collectors. The field observations made by our
laboratory also indicated that the earlier seed matured, the
more quickly it started disseminating, probably due to faster
drying of cones. Similar observations should be of value in
capturing the maximum seed yield of other conifers that have
aresponsive reflex of cone scales.

4.2.3 Artificial ripening

It is important that cone collection be initiated after seed
has attained full maturity. However, immature seed can be
artificially ripened during cone storage in certain species. Artifi-
cia ripening has been successful on noble fir [108], grand fir
[Abiesgrandis (Doug]. ex D. Don) Lindl.] [102], whitefir [96], and
Nordmann fir [ Abiesnordmanniana (Stev.) Spach] [95]. Because of
this potential increase in germination during cone storage, true
fir cones are usually stored longer than those of other conifers
before seed extraction. Douglas-fir [125], several species of
pines [13, 76], and white spruce [150, 152] have also shown
increased germination during artificial ripening. However, de-
spite the findings of \arious researchers and the potential
benefits, artificial ripening has not been extensively used for
conifers other than true firs in the Northwest—probably be-
cause there is more risk of poorer germination and reduced
seed yield in other species.

4.2.4 \Weather

Weather conditions significantly impact cone collection.
Except for pines with serotinous cones or some cypresses
(Cupressus spp.) or junipers (Juniperusspp.) for which year-round
collection is possible, the optimum cone-collection period for
most conifers at any given location is relatively short. This
period occurs sometime between late summer and late fall
but could vary by up to 2 to 3 weeks depending on weather
conditions. For example, if the snow melts late at high eleva-
tions during a cool spring, flowering may be so late that seed
maturation could be delayed significantly [131]. A hot, dry
summer may shorten the optimum cone-collection period by
causing early seed fall, whereas cool, rainy conditions may
delay it. Seed generally ripens earlier at lower elevations and
on south and west slopes and later at higher elevations and on
north and east slopes [122].

In addition to general spring and summer weather trends
that determine seed-maturation and dispersal patterns, weather
conditions during the cone-collection period itself are aso
important for the cone-harvesting operation. High winds or
rain may preclude tree climbing, disrupt access to collection
areas, and reduce pickers' productivity. In many areas in the
Northwest, a drying east wind during the fall collection period
may cause seed to disseminate too quickly, thereby reducing
seed yield. For these reasons, daily forecasts and 5day out-
looks are valuable aids to coordinating cone-collection activi-
ties[41].

4.2.5 Crop quality

Once seed maturity has been determined, the quality of
cone crops to be harvested must be evaluated. This generally
is done by estimating the number of good seeds present in
several representative cones, sliced lengthwise with a sharp
knife. Cones of Douglas-fir, western hemlock, and pines are
sliced through the center; those of true firs are cut lengthwise
Y4 to % inch to one side of center [43]. A variety, of knife
assembliesisavailable for dicing conifer cones[123, 148, 149].

Minimum acceptable seedcount requirements may vary
from year to year according to supply and demand. Average
good seed counts are 6 for Douglas-fir, 8 for western hemlock,
10 for ponderosa and lodgepole pine, and more than 50% of

the seed (if seed has good appearance) for noble and white fir
[43]. Lodgepole pine in certain areas produces cones that are
very hard and, therefore, difficult to section. To extract seeds,
such cones can be dipped in boiling water for 10 seconds, then
placed in an oven at 65°C for 3 to 4 hours [41]. A minimum of
20 filled seeds per cone is required before a crop can be
harvested. In addition to the filledseed count, damage by
biotic agents such as insects and disease, climatic extremes, or
other abnormalities also should be assessed because these
affect seed yield and are important factors in selecting areas
from which to collect. Dobbs et al. [41] do not recommend
collection if more than 50% of seeds are damaged. Several
articles may be of help inidentifying and assessing insect [59,
74] and disease [25, 62] damage.

4.2.6 Collecting methods

Cones are collected from western conifers: (1) by climbing
standing trees, (2) from felled trees, and (3) from squirrel
caches. Collecting cones from standing trees—the surest method
to harvest seed of known origin, quality, and maturity—is
often time consuming, expensive, and dangerous. Cones can be
picked much more easily from felled trees in logged areas, but
pickers should ascertain whether seeds were sufficiently ma-
ture when the trees were felled. Cones should be picked
immediately after felling so as to minimize seed loss due to
cone opening or mammal, bird, and insect damage. Squirrel-
cached cones are easy to collect, but their use is sometimes
questioned because the source and quality of the crop tree are
not known. No evidence suggests, however, that seeds col-
lected by squirrels are inferior to those collected by other
means. All three of these methods are commonly used by cone
collectorsin the Northwest (OSU Nursery Survey).

Other methods less frequently mentioned in the Survey
were helicopter collection and mechanical seed harvester. Heli-
copter collection has been experimentally tested in Canada by
Dobbs et al. [42]. Mechanical tree shakers, regularly used on
southern pines [27, 75, 137], have been tried only experimen-
tally for western conifers. Although not easily adaptable to
Northwest terrains for natural-stand collection, mechanized
cone collection should play an important future role when
western seed orchards are in full production.

4.2.7 Cone stor age

Cones are stored (1) because processing equipment is not
usually capable of extracting seeds from all harvested cones at
once [81]; (2) to decrease cone moisture content, thereby
reducing kiln drying time; and (3) to artificially ripen seeds of
species such as true firs and improve seed-germination potential .

In large-scale cone collection, cones are usually placed in
burlap bags, which are stored either temporarily near collec-
tion sites or in storage sheds at the extractory. However, great
care should be exercised to maintain seed quality during cone
storage. Burlap bags should not be filled to the tops, so that
cone scales can fully expand upon drying; if scales cannot
open sufficiently, seed extraction may be severely impaired
[131]. Burlap bags should not be stacked up in large piles; this
can lead to seed losses due to overheating or to insect and
disease damage. Warm, moist environments can harm seed
quality [81, 109]; hence, good ventilation should be provided.
At afew seedprocessing plants, cones of true firs and spruces
are stored on ventilated mesh screens for artificial ripening
(OSU Nursery Survey).

There has been an attempt to rank the different species
according to relative ability to withstand prolonged cone stor-
age [81]. At one seed-processing plant in the Northwest, cones
of western hemlock are extracted first and those of true firs
last. The ranking is primarily based on intuition and experience,
but such information is valuable in scheduling cone processing.
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OSU Survey respondents from most seed plants indicated that
they store cones from 1 to 6 months, depending on species
and size of cone crops. Severa studies conducted with west-
ern species have confirmed the success of current cone storage
practices and have shown that, if cones are handled properly
and storage conditions are optimum, seed could be safely
stored in intact cones for up to 4 to 6 months [79, 82, 106,
109]. For cone storage beyond 4 months, it may be advanta
geous to install frost protection because subfreezing tempera-
tures could significantly reduce seed germinability [133].

4.3 Seed Processing

After cones are harvested and stored, seeds are extracted
and prepared for either immediate sowing or storage. This
series of operations, called seed processing, includes kiln drying,
cone tumbling, scalping, dewinging, and cleaning and sorting.
(Seed processing equipment is also discussed in chapter 3, this
volume.)

4.3.1 Kiln drying

Given good drying conditions, cones of most conifers open
readily. Under natural storage conditions, however, cones may
not be thoroughly and uniformly dried, especially when weather
is humid and cool. Cones should therefore be kiln dried to
facilitate extraction.

Kilns are of two types: rotating and progressive [131]. In
rotating kilns, a batch of conesisloaded into and dried within
a drum where temperature and humidity are usually controlled.
Such kilns, although not suitable for drying a large quantity of
cones, can provide specific drying temperatures and relative
humidities for small-lot processing. In progressive kilns, loaded
trays are moved at certain time intervals to expose cones to
increasingly warmer air as they dry. This type of kiln is more
suitable for large-batch processing.

Kilns are generally operated at temperatures between 32
and 60°C [1]. Although studies have shown that the biologi-
cally lethal temperature of most tree seed is around 66°C
[12, 113], the operational maximum temperature should not
exceed 43°C [32, 54]. Because cones often have a high mois-
ture content after storage, however, drying should be started
at low temperatures that are progressively elevated. Drying
cones with high moisture content immediately at high tempera-
tures should be avoided because it could lead to case harden-
ing and result in partial cone opening and incomplete seed
extraction [78]. However, the problem of case hardening can,
to some extent, be overcome by moistening scales or soaking
cones in water.

Air humidity is as important a factor as temperature. Low
humidity is the key to more complete drying. For example,
cones can be successfully dried at the relatively low tempera-
ture of 32 °C if relative humidity is below 30% [1]. Cones of
most major conifers in the Northwest readily open upon drying.
However, lodgepole pine cones from certain geographic areas
are serotinous and require a short soak in hot water before kiln
drying [112]. Additional soaking cycles with water have been
reported to increase seed extraction by 20 to 84% [ 140, 144].

4.3.2 Cone tumbling

In rotating kilns, cones are dried and tumbled simultaneously,
and seeds fall out as cones open. Generally, loose seeds drop
through perforations in the drum. Cones dried in progressive
kilns are subjected to shaking action by tumblers to extract
seeds from cones. A tumbler is a rectangular or round wire-
mesh container mounted horizontally on its long axis, which
turns at a slow speed. Small quantities of cones may be
tumbled in batches. In large-scale continuous operation, the
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tumbler axisisinclined so that rate of cone movement through
the tumbler can be regulated [131].

4.3.3 Scalping

Seeds coming from the tumbler must be separated from a
mixture of cone fragments, hardened pitch, foliage, dust, and
other debris. This step, called scalping, is achieved by vibration,
air movement, or greens, alone or in combination. The most
commonly used equipment has severa layers of vibrating
screens of different-sized mesh. Coarse materials such as scales
and twigs are retained on the uppermost screen and slide
down to be collected in one bin, while fine particles are
screened to be deposited in another bin: the seed is usualy
collected through an intermediate screen [47].

4.3.4 Dewinging

Once debris has been eliminated, wings must be removed
from many conifer seeds. Although wings are often loosened
during tumbling and scalping, dry or wet dewinging may also
be required. Dry dewinging, a technique which employs a
rubbing action to remove wings from dry seed, is generally
used for Douglas-fir, pines, and true firs. Small lots can be
dewinged in a cloth bag; lots of up to 5 kg are better handled
in a Dybvig macerator [19]; and large lots are best dewinged
with a brush-type dewinger, although auger-type dewingers
have also been used successfully.

Because dry dewinging is the processing step that is most
likely to cause seed damage, extra caution should be exer-
cised to use proper equipment and to minimize unnecessary
friction. In one study, for example, three cycles of brush-
dewinging seeds of subalpine fir [Abies lasiocarpa (Hook.)
Nutt.] destroyed 50% of the originally viable seeds [pers.
commun., 49].

Because dry dewinging can mechanically damage seed,
many seed workers prefer wet dewinging, especially for pines
and spruces. The principle of wet dewinging is that wings are
more hygroscopic than seed and, upon wetting, are released
cleanly. The Kason Vibrator [47] and a rotating cement mixer
with a soft brush [144] have been successfully used for wet
dewinging. However, because seed absorbs moisture during
wet dewinging, it must be redried sufficiently before storage.
Germination tests verified that a 20- to 30-minute water soak,
followed by wet dewinging and air drying for 16 hours at 26 to
30°C to 4 to 8% moisture content, did not adversely affect
seed quality [144].

4.3.5 Cleaning and sorting

Empty seed, partially filled seed, and other foreign particles
are removed from good seed in the final cleaning. Scalpers
and fanning mills are often used for species that have few
scales, such as Douglasfir and pines, but vibratory gravity
tables are best for true firs. Pneumatic seed cleaners have aso
been successfully used for various conifer species [45, 126,
151]. All this equipment, in combination, further improves
sorting efficiency. Flotation sorting with water, alcohols, and
other organic liquids has been used to clean red spruce (Picea
rubens Sarg.) [8], true firs [pers. commun., 49], and severd pines
[10, 88, 143], athough this method has only been tested
experimentally with western species.

A noteworthy development in seed sorting is the IDS
(incubation-drying-separation) method, developed by Simak
[129], which can separate nonviable, as well as empty and
partidly filled, seed from viable seed. Fully imbibed seed is
first incubated for a short time, then gradually dried, and
finally separated by various specific- gravity methods. Because
empty and nonviable seeds lose water more quickly during the
drying phase, differences between nonviable and viable seeds



are magnified, making subseguent separation by standard
gravity methods more effective. Scots pine (Pinus sylvestrisL.)
seed of low germinability was successfully upgraded by this
method experimentally [129].

4.3.6 Seed processing in the Northwest

Most processing work is done at seed plants in the Northwest.
All eight seed-processing plants responding to the OSU Nur-
sery Survey process their own seed as well as seed harvested
by other organizations. However, four of the 16 nurseries
responding do at least part of the processing at their own
facilities. The remaining nurseries have private or gate plants
process their seeds.

Seven of the eight seed-processing plants and seven of the
16 nurseries set their own standards of purity for commercial
seed transactions or nursery sowing (Table 2). The seed plants
and nurseries replying to the Survey had a generally higher
standard of purity than the Western Forest Tree Seed Council
[130] recommendations for four of the six major coniferous
species; the lower accepted purity standards of the true firs
(see Table 2) may indicate possible difficulties in removing
nonseed components without adversely affecting seed germi-
nation. Seeds of true firs are known to be especially sensitive
to handling and mechanical damage [47].

Table 2. Minimum purity standar dsrecommended by the West-
ern Forest Tree Seed Council [130] and established by seed
processing plants and nurseries (OSU Nursery Survey) for the
six major conifersin the Northwest.

Seed plantsand
Tree Seed Council nurseries

Species %

Douglas-fir 95 95-99
Ponderosapine 95 9599
Lodgepole pine 90 99
Noblefir 95 90-98
Whitefir 95 90-98
Western hemlock 90 95

4.4 Seed Testing

Seed testing evaluates seedlot quality and is essential for
both seedling production and commercial seed transactions.
Most tree-seed tests are conducted with methods based on
rules of the Association of Official Seed Analysts (AOSA) [7] or
the International Seed Testing Association (ISTA) [66]. Testing
methods pertinent to western conifers are also available from
the Western Forest Tree Seed Council [130].

4.4.1 Sampling

The first step in seed testing is to draw a sample that
represents the entire seedlot. A seedlot is defined as a unit of
seed of reasonably uniform quality from a particular location
or elevation [21]. Seedlot size varies with testing rules and
among laboratories. ISTA [66], for example, has determined
that a seedlot should be lessthan 5,000 kg for seeds the size
of beech (Fagus spp.) seed or larger, or 1,000 kg for seeds
smaller than beech. The Western Forest Tree Seed Council [130]
recommends that lots in excess of 227 kg be divided into
equal smaller lots for sampling.

Loose seeds in containers should be sampled with seed
sampling probes long enough to reach al areasin the containers
The sample should be composed of equal portions taken from
evenly distributed volumes of the lots to be sampled, each
sample proportional to the size of the container. Samples
should be subdivided in the testing |aboratory with a mechani-
cal divider until a subsample of the desired weight is obtained.

4.4.2 Physical characteristics

4.4.2.1 Purity

Purity tests measure the percent by weight of four major
components: (1) pure seeds of the test species, (2) seeds of
other crop species, (3) weed seeds, and (4) inert matter (leaves,
cone scales, etc.). The purity test is usually the first test per-
formed for agiven lot and is especially important for commer -
cial transactions, which are based on weight.

4.4.2.2 Moisture content

Seed moisture content is most often determined with the
air-oven method [66]. Seed samples are heated in ovens; the
weight loss that occurs during drying is considered to be seed
moisture. ISTA rules prescribe oven drying at 105°C for 16
hours for all tree seeds except those of the genera Abies,
Cedrus, Fagus, Picea, Pinus, and Tsuga. Seeds of those genera
contain a significant amount of volatile oils and resins which
may be lost at the above temperature. Therefore, their mois-
ture content must be determined by toluene distillation [66].
Electronic moisture meters, though not as accurate as the
above methods, are frequently used by various seed workers;
they give rapid measurements desirable, for example, when
checking moisture in a large number of seedlots being dried
before storage.

Seed moisture content can be expressed as a percentage of
water loss of either total fresh weight or corresponding oven-
dry weight. Seed moisture content has been expressed on a
dry-weight basis in some research [99], but international usage
is exclusively on the fresh-weight basis. To asoid misunder-
standings, the base should always be clearly specified.

4.4.2.3 Weight

Seed weight, required for calculating sowing rates in nursery
sowing and direct seeding, is a function of seed size, moisture
content, and proportion of full seed in a given lot. The com-
monly used unit is the weight of 1,000 pure seeds (1,000 seed
weight). ISTA [66] specifies weighing eight random samples
of 100 seeds each from the pure-seed component; however,
some laboratories use two or more samples of 500 seeds
each. When means of replicates vary more than 10%, addi-
tional samples should be weighed. All weights should be accu-
rate to three significant digits.

4.4.3 Biological characteristics

4.4.3.1 Teststo estimate seed viability

Germination potential, perhaps the most important quality
measurement in seed testing, is used to determine sowing
rates as well as whether seed must be sown immediately or
can be stored. Seeds of different species have different require-
ments for optimum germination. This potential can be (1) evalu-
ated directly by germinating seeds under predetermined
conditions or (2) estimated indirectly with biochemical staining,
embryo excision, cutting tests, x-ray radiography, or hydrogen
peroxide tests.

The most reliable method is germination in a ontrolled
environment. At least 400 seeds, usually divided into four
replicates of 100 seeds each, from the pure-seed component
of the purity test [7] are normally prechilled for up to 28 days
and germinated on suitable substrates (Table 3). Substrates
should (1) be nontoxic, (2) be free of molds or other micro-
organisms, and (3) provide adequate aeration and moisture
[71]; those recommended by AOSA [7] are blotter papers,
paper towels, washed sand, vermiculite, perlite, and peat moss.
Most (over 70%) of the coniferous species listed in the AOSA
rules are germinated under alternating temperatures (30°C for
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8 hours in the light, 20°C for 16 hours in the dark). An
intensity of 750 to 1,500 (+ 250) lux [75 to 150 (+ 25) foot-
candles] is recommended [71]. Seed is counted as germinated
when all essential structures appear normal. Retests are neces-
sary when an extremely high proportion of full, ungerminated
seed is |eft at the end of the test, or when variation among test
replicates exceeds the accepted tolerances [7].

Although controlled-environment germination tests are
reliable, they are often time consuming, especially for dormant
species requiring prechilling. Several rapid methods of estimat -
ing viability have been proposed, two of which—tetrazolium
staining and embryo excision—are now recognized as official
testing procedures.

The tetrazolium test is the most commonly practiced bio-
chemical staining method [66, 94]. Seeds are immersed in
2,3,5-triphenyl tetrazolium chloride. Living cells stain red as
tetrazolium is reduced by dehydrogenase enzymes to form a
stable red triphenyl formazan, which isinsoluble in water. The
method is fast but lacks uniformity in staining [83]; therefore,
results can be difficult to interpret. Other biochemical staining
methods applied to seed testing with varying degrees of suc-
cess include those using salts of selenium and tellurium [9] and
Indigo Carmine [73, 93].

The excised embryo test is recommended for several spe-
cies of pines including Coulter pine (Pinus coulteri D. Don),
Jeffrey pine (Pinus jeffreyi Grev. & Balf.), and sugar pine (Pinus
lambertiana Dougl.) [66]. Excised embryos are cultured on moist
filter or blotter paper in covered dishes under light for 10 to 14
days at 18 to 20°C. Viable embryos remain firm and white
and turn green, indicating growth, whereas dead ones turn
dark or are covered with mold. This method is fast but requires
skilled analysts.

Other quick methods include the cut, x-ray, and hydrogen
peroxide tests [82]. In the cut test, seed is bisected and then
rated visually; this is the simplest but most unreliable method
because distinguishing seeds damaged during handling and
storage is very difficult. The x-ray test is fast, especially when
Polaroid film is used [44], and development of contrast tech-
niques has greatly expanded x-ray test capabilities [127]. Dis-
advantages are difficulty in interpretation and relatively high
equipment costs. The hydrogen peroxide (H2O») test allows
assessment of root growth in 1% HyO2 [32]. It is simpler to
perform than the excised embryo test and is more objective
and easier to interpret than xray. However, as with other
quick tests, it tends to overestimate viability, compared with
germination tests.

4.4.3.2 Seed vigor

Nursery bed germination is usualy slower and less com-
plete than laboratory germination. Therefore, various labora-
tories have attempted to define and determine seed vigor to
improve prediction of nursery germination. Three mgjor groups
of expressions have been proposed: (1) mathematical values
based on standard laboratory test results, (2) germination
under stressful conditions, and (3) biochemical testing.

Mathematical expressions have been most widely tested.
They include the number of days required to attain a certain
proportion of total germination [L8, 28], germination value
[36], modified germination value [40], and the Weibull function
[22, 114]. Germination under stressful conditions has been
developed mainly for seeds of agricultural species, most widely
ust-ed are the cold test for corn [31, 68] and the accelerated
aging test for soybean [87, 136]. However, application of these
tests or development of new procedures for tree seed has
been rather limited. Biochemical tests have been tried to a
limited extent; the few reported include tetrazolium saining
[94] and the GADA (glutamic acid decarboxylase activity) test
[21].

4.4.4 Seed testing in the Northwest

Over 70% of the nurseries and seed-processing plants con-
duct some type of seed-quality test at their own facilities (OSU
Nursery Survey); the remaining organizations send all their
samples to outside commercial laboratories. The most com-
monly used outside laboratory is the Oregon State University
Seed Laboratory (Corvallis, Oregon). Samples are also sent to
private laboratories, other state laboratories, and the National
Tree Seed Laboratory (Macon, Georgia). Of the 17 organiza-
tions that conduct their own tests, three conduct al of their
tests; the rest have certain types of tests done by outside
laboratories-including checking their own test results. Accord-
ing to the OSU Survey, the tests most commonly conducted, in
order of frequency, are seed moisture content (see 4.4.2.2),
1,000 seed-weight determination (see 4.4.2.3), purity test (see
4.4.2.1), and germination test (see 4.4.3.1). Cut, xray, and
H20, tests are used less frequently. No organization indicated
use of seedvigor expressions, athough a few have tried
Czabator's [36] germination value.

4.5 Seed Storage

Irregular and often infrequent seed production by many of
the major tree species necessitates seed storage—sometimes

Table 3. AOSA seed-testing procedures [7] for the six major conifersin the Northwest .1

Temperature, 2 Test

Species °C duration, days Additional directions

Douglasfir 20-30 21 Light3; prechill 21 days at 3 to 5°C. Vermiculite recommended if top of
blotter not used.

Ponderosa pine 20-30 21 Light; prechill 28 days at 3to 5°C.

L odgepole pine 20-30 28 Light; prechill 28 days at 3to 5°C.

Noble fir 20-30 28 Light; prechill 14 days at 3 to 5°C. Vermiculite recommended if top of
blotter not used.

Dark; prechill 21 days at 3 to 5°C.

Whitefir 20-30 28 Light; many lots completein 14 to 21 days; few sources from the coastal
region may need prechill for 21 days at 3 to 5°C.

Western hemlock 20 28 Light.

1 Substrates for all species were the tops of blotters and covered petri dishes with (a) two layers of blotters, or (b) one layer of absorbent
cotton, or (c) five layers of paper toweling, or (d) three thicknesses of filter paper, or (€) top of sand or soil.

2 Single numeral indicates constant temperature. Two numerals separated by a dash indicate an alteration of temperature, the test to be
held at the first temperature for approximately 16 hours and at the second temperature for approximately 8 hours per day.

3 Where prescribed, light should be provided by a cool-white fluorescent source. I1luminance for dormant seed should be 750 to 1,250 lux
(75 to 125 foot-candles). Seeds should be illuminated for at least 8 hours of every 24 and, where temperatures alternate (see footnote 2),

during the high-temperature period only.

32



for several years—to maintain supplies through years of poor
seed production. Because of this, considerable research has
been carried out on seed storage. Storage is one area of
forest-tree seed technology for which sufficient information is
available for most species of interest.

Successful seed storage requires knowledge of the seed
characteristics of different trees as well as of the factors influ-
encing storage capacity, such as seed quality before storage,
seed moisture content, and storage temperature and method.
These aspects have been reviewed by Baldwin [9], Barton [17],
Holmes and Buszewicz [63], Jones [70], Magini [84], Wakeley
[143], and Wang [145].

4.5.1 Seed longevity

The life span of seeds varies with species. Seeds are classi-
fied into three biological categories according to their life span
under natural conditions: (1) microbiotic seeds (life span not
exceeding 3 years), (2) mesobiotic seeds (life span from 3 to 15
years), and (3) macrobiotic seeds (life span from 15 to more
than 100 years) [34]. Seeds of most conifers and hardwoods
are microbiotic. Under regulated storage conditions, however,
longevity of many tree seeds can be extended more than
tenfold. For example, the viability of naturally dispersed seed of
spruce and many pines extends only into the first growing
season and, occasionally, into the second growing season.
Under subfreezing storage, seed viability of these same spe-
cies can easily be maintained at high levels for 10 years or
longer [17]. Storage over 10 years is not usually required for
seedlingproduction purposes but may become vital to future
tree-breeding programs. Under optimum storage conditions,
seed viability of certain trees might be maintained indefinitely,
but the maximum potential for maintaining original seed viabil-
ity has not yet been determined for most species [145].

4.5.2 Seed quality

Seed quality has a significant impact on storage capability.
Factors affecting quality are seed maturity, cone handling, and
seed extraction and processing. Immature seeds are not only
poor in germinability and liable to be further damaged by seed
processing but also are difficult to store successfully [2, 3, 30, 65).
Overheating during extraction [3] and damage caused by
dewinging [9, 50, 72] also have been found to adversely affect
seed quality. Injured seeds are not suitable even for short-term
storage because they have a high rate of respiration, undergo
spontaneous heating, and deteriorate rather quickly [63, 153].

4.5.3 Seed moistur e content

Of all the factors influencing seed storage, moisture content
may be the single most important one in maintaining germin-
ability. Various researchers [17, 63, 70] have demonstrated the
detrimental effect of high seed moisture on tree-seed viability;
increased rates of respiration and changes in carbohydrates
and fats presumably cause seeds to use their food reserves
[84, 153]. Excessively low seed-moisture content also may re-
duce storage capability. Some species, including Douglasfir,
can tolerate drying to 0% moisture content [119]; however,
overdrying can destroy the monomolecular layers that protect
against oxidation [55]. Recommended seedmoisture content
for storing Douglasfir, ponderosa pine, lodgepole pine, and
western hemlock is 6 to 9% (wet-weight basis); that for true firs
is9to 12% [130]. However, Danielson and Grabe [38] showed
that optimum moisture content for noble fir is also 6 to 9%.

4.5.4 Storage temperature

The effect of storage temperature on the retention of tree-
seed viability has been thoroughly investigated [3, 17, 60, 63,
64, 70, 91, 120, 121]. The general relationship between stor-

age temperature and moisture content was described by Bar-
ton [17] as follows: at a given moisture content, the higher the
storage temperature, the faster the deterioration of seed
viability: the lower the storage temperature, the greater the
tolerance to high moisture content and the better the retention
of viability. Some studies have shown that temperature slightly
above or below freezing may be sufficient to prevent deteriora-
tion for short -term storage [14,120], but the retention of viabil-
ity has generally been better when seeds were stored at -18°C,
particularly for longer periods [3, 13, 122]. Of the 24 organiza-
tions (nurseries and seedprocessing plants) replying to the
OSU Nursery Survey, 16 store seeds at their own facilities. Of
these, 11 store the mat -15 to -18°C (5 to 0°F) and four at-5to
-12°C (23 to 10°F); one stores them at 0.5°C (33°F), but only
for short periods. For a seed moisture content of 6 to 9%
(wet-weight basis), these storage temperatures generally seem
within the safe range (Table 4) for storage up to 7 years. This
length of storage time should maintan supplies through years
of poor western-conifer seed production.

4.5.5 Storage method

Tree seeds can be stored either wet or dry. Large seeds of
hardwood species require moist conditions and are usually
kept wet for short -term storage, whereas small seeds of conifer
species, including al major conifers in the Northwest, are
stored dry. Seed moisture content is controlled by storing
properly dried seed in tightly closed containers or by regulat-
ing humidity in the storage area (as for many agricultural
seeds); in the Northwest, dried seed is generaly placed in
closed containers, although some facilities do use humidity-
regulated storage rooms. These facilities, although costly, are
effective in minimizing reabsorption of moisture by dried seed,
especially in areas with humid climates.

The most frequently used storage containers are plastic
bottles with screw tops, polyethylene bags, and fiberboard
drums [145]. More than 80% of the organizations surveyed
store their seeds in rigid drums lined with polyethylene bags
(OSU Nursery Survey). This method is common in many areas
because it is relatively inexpensive and effectively prevents
uptake or loss of moisture by seed from the atmosphere. Of 16
organizations, nine use plastic bags as containers; five of those
use |- to 6-mil plastic, and the remaining four use 7- to 8-mil
plastic. Thin bags are subject to ripping but easier to handle
when cold. However, plastic containers are not completely
impermeable to moisture [145]. Use of thicker materials may
be desirable for seed requiring low seed-moisture content if
external humidity is high and seeds are to be stored for a long
period.

4.5.6 Retesting

Retesting is often recommended for seeds stored for a
relatively long period (5 years or more). Even under ideal stor-
age conditions, certain poor-quality seedlots rapidly lose their
viability. Fourteen of 16 organizations conduct viability tests at
2- to 6year intervals (OSU Nursery Survey). Seed moisture
content is retested by only three of the 16, however, probably
indicating that moisture content does not fluctuate signifi-
cantly under current storage conditions.

Even if seed moisture changes only minimally in storage,
additional moisture could be introduced when seeds are
withdrawn. Therefore, it is particularly important that sealed
containers removed from cold storage be permitted to reach
ambient temperatures before being opened to avoid conden-
sation of water within the container [145]. Sahlen and Bergsten
[118] found that temperature was completely equalized in the
center of a 28-liter container, with walls 2.5 mm thick, 36 hours
after the container was moved from a -16°C storage room to
22°C ambient temperature. To minimize repeated opening
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and resealing and to reduce storage space, the use of small-
sized containers (10- to 25-kg capacity) has been recommended
[63].

4.6 Seed Stratification

Tree seeds. unlike agricultural seeds, are in many cases
characterized by deep dormancy. This is true for most North-
west conifers. Seeds of different species or different geographi-
cal origins often require different pretreatments and conditions
for optimum germination. The most commonly used pretreat -
ment to break dormancy is stratification—which usually is moist
cold treatment for up to several months. Stratification is gener-
ally known to bring about changes in anatomy or physiology,

including embryo growth [105], and in metabolism [106, 117].
Physiologically, breaking of dormancy has often been explained
in terms of a shift in the inhibitor-stimulator balance. Presumably,
although it may not directly affect the level of inhibitors [147],
stratification could increase growth-stimulator levels, which

would then counteract the effects of inhibitors in breaking

dormancy [ 141, 142, 146].

Successful cold stratification requires: (1) proper moisture
content, (2) low temperature, (3) adeguate aeration, and (4)
proper length of time. In practice, seed originally was stratified
by placing it between moisture-holding media such as peat
moss or sand in boxes, tanks, trays, and other suitable contain-
ers and maintaining it there under cold, moist conditions [21].

Table4. Effect of storage conditionsand periods on seed viability of the six major conifers|n the Northwest.

Storage
period.
Species Storage condition years  Effectonviability References
Douglas-fir Sedled, 5°C, 13.6% mcl 3 Reduced by 60% [16]
Sealed, 5°C. 5.8% mc 3 Maintained
Sedled, -18°C. 5.8% mc 3 Maintained
Sedled, -18°C. 13.6% mc 3 Maintained
Sealed: room temperature, 0 and -18°C better than 0°C; substantial loss a
-18°C: 6.59.5% mc 5-7 room temperature after 2-3 years [3]
Seded, -18°C. 6:9% mc 1020  Maintained [101]
Ponderosapine Canvas bags, -4°C, 15% mc 3 Maintained [15]
Canvas bags, -11 °C, 17% mc 3 Reduced by 15 %
Canvas bags, -18°C, 10% mc 3 Reduced by 9%
Sedled, 5°C, 5.1 %mc 3 Reduced by 10% [121]
Sedled, 0°C, 5.1 % mc 3 Reduced by 8%
Seded, - 5°C, 5.1 % mc 3 Reduced by 1 %
Seded, -18°C. 5.1 % mc 3 Reduced by 10%
Sesaled, room temperature, 8. | % mc 7 Reduced by 31 % [3]
Seded, 0°C, 8.1% mc 7 Maintained
Sealed. - 18°C. 8.1 % mc 7 Reduced by 9%
Airtight, 4.5°C 10 Maintained [120]
Airtight, 0 and -18°C 14 Maintained [35]
Airtight, cellar 14 Substantial loss
Lodgepole pine Airtight, 4.5°C 9+ Maintained [91]
Airtight. 4.5°C 11-20 Substantial loss in some lots [120]
Sealed, 0°C, 8.8% mc 7 Maintained [3]
Seded, 0°C 2 Maintained [6]
Noblefir Sealed; room temperature, 0 and 7 Reduced by 41, 11, and 10%, respectively
-18°C; 9.0% mc [3]
Sealed; 8°C for 9 yearsand -4°C for an Reduced by 6-16% after 9 yearsand
additional 7 years; 7, 8, 11, and 13% mc 16 30-50% after 16 years [14]
Sedled, 5°C 5 25% [120]
Seded, -10°C 35 Maintained [67]
Sealed, room temperature | Total loss
Sedled; 20, 5, and -18°C; 4% mc 2 Maintained [38]
Sedled; 5 and -18°C; 6, 8, and 9% mc 2 Maintained
Seded, - 18°C, 12 % mc 2 Reduced by 58%
Sedled; 20 and - 18°C; 16 and 17% mc 2 Greatly reduced
Whitefir Sealed, room temperature, 6.3% mc 7 Complete loss [3]
Sealed, 0°C, 6.3% mc 7 Reduced by 17%
Sedled, -18°C, 6.3% mc 7 Reduced by 10%
Seded, 5°C 5 4-53% [120]
Sedled, 5°C 10 6%
Seded, 5°C 20 8%
Western hemlock Airtight. 5°C 20 1land 13% [120]
Sesaled; room temperature, 0 and -18°C usudly superior to 0°C; complete
-18°C 5-7 loss at room temperature [3]
Sedled, 5°C, 7.7% mc 2 Maintained [16]
Sedled, 5°C, 11.0% mc 2 Substantial loss
Sedled, -18°C, 7.7% mc 2 Maintained
Sedled. -18°C. 11.0% mc 2 Maintained
Canvas bags, -4°C, 8% mc 3 Complete loss [15]
Canvas bags, - 11 °C, 12% mc 3 Complete loss
Canvas bags. -18°C, 8% mc 3 Maintained

mc - moisture content.
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Some nurseries use outdoor soil pits. More recently, stratifica-
tion in polyethylene bags has become common at many nurser-
ies and seedprocessing plants. This method, called "naked
stratification," requires no moisture-holding medium and less
effort in preparing seed for subsequent sowing [6]. Seed is
soaked in water in containers lined with plastic or mesh bags,
drained of excess water, and kept at low temperatures for a
predetermined period of time; bags are often loosely fastened
to allow aeration. All nurseries and seedprocessing plants
responding to the OSU Survey use some type of naked
stratification.

4.6.1 Water soaking

The rate of water absorption varies among species. Most
conifersrequire 1 to 2 days of soaking to achieve full imbibition.
It has been suggested that warm water can speed up water
absorption by seed, and that running water and aeration can
improve oxygen availability; however, this has not yet been
substantiated experimentally for Northwest conifers. One study
showed that running water was of no benefit to noble fir
[unpubl. data, 134]. Twelve nurseries and five seed processing
plants responding to the OSU Survey stratify seed; nine of
these soak seed for 24 hours, the other eight for 36 to 48
hours. During soaking, four organizations aerate water, whereas
three use running water. These practices are probably beneficial,
although the effectiveness should be determined for each
Species.

46.2 Temperature

After draining, seeds are stored in the fully imbibed state. A
few species, such asyew (Taxus spp.) [61, 92] and yellow-cedar
[ Chamaecyparisnootkatensis (D. Don) Spach] [58], require storage
at warm temperatures before cold storage: however, most co-
niferous species reguire low temperatures throughout. For
loblolly pine (Pinus taeda L.), McLemore [89] found optimum
stratification temperature to be 10°C, but Robinson et al. [115]
reported that, for this same species, gradually increasing tem-
perature over a 4-week period gave the best stratification
results. Temperatures above 5°C are not desirable because
they increase the risk of overheating and subsequent deterio-
ration, although freezing temperatures also can damage seeds
at high moisture content. Consequently, low temperatures of 2
to 5°C have been adopted as accepted operational practice in
most cases. All except one organization use stratification
temperatures between 1 and 5°C (OSU Nursery Survey); the
exception uses 0°C. Even in this case, however, embryos
would not experience freezing due to their osmotic potential,
which is lower than that of water. Premature germination dur-
ing prolonged stratification can be minimized if seeds are held
at 2°C, rather than 5°C, for both Douglas-fir and ponderosa
pine [39].

4.6.3 Aeration

Aeration during stratification is necessary to supply oxygen
for seed respiration and to alow carbon dioxide and heat to
escape [23]. Lack of aeration could therefore lead to deteriora-
tion of seed quality through buildup of toxic substances. The
most commonly used technique is to leave a small air space at
the neck of each bag in which seed is stratified and to massage
the whole bag periodically. A few Northwest nurseries also use
fine-meshed bags hung so that air may circulate (OSU Nursery
Survey).

4.6.4 Duration

Optimum stratification length varies among species and
seedlots [5]. In general, the longer the stratification period, the
greater the rate of germination, especially under suboptimal

germination temperatures [5, 52, 132]. For this reason, seed
destined for colder environments must be stratified long enough
for quick and complete germination. However, prolonged stratifi-
cation can cause seeds of some species to germinate prema-
turely [5, 98, 121]; furthermore, vigor and total germination
may be reduced if seeds are stratified for excessively long
periods [5, 98].

In the Northwest, stratification periods vary from 28 to 90
days for noble fir and Douglasfir and 28 to 45 days for
ponderosa and lodgepole pine (OSU Nursery Survey). These
variations probably reflect the nursery environment under which
seed is to be sown and germinated.

Premature germination sometimes occurs during prolonged
stratification. Although premature germination is a serious
concern in nurseries because the fragile seeds can be dam-
aged in handling or during mechanical sowing, redrying and
storing of stratified seed are possible. Danielson and Tanaka
[39] reported that ponderosa pine seed air-dried to 26% and
Douglasfir seed air-dried to 37% can be stored for 9 and 3
months respectively without losing the beneficial effect of
stratification or having their viability adversely affected. Subse-
quently, Edwards [48] tested the efficacy of surface-drying true
fir seed after 1 month of stratification at saturation moisture,
followed by 3 months of storage at 35% moisture content; this
treatment not only prevented premature germination but also
improved total germination and germination rate.

The exact mechanism behind the benefit of surface drying
is not completely understood. It may be related to improved
gaseous exchange brought about by removing the water film
from the seed surface, which increases oxygen availability to
the seed and facilitates the release of any accumulated toxic
gases. Although the surface-drying technique provides the
option of storing stratified seed for prolonged periods without
losing stratification effects, the lower limit of seed moisture
content should be determined for each species. Seeds can be
stored safely below certain thresholds but seem to then re-
quire restratification after storage [11, 90]. This induction of
secondary dormancy suggests that seed moisture and dor-
mancy are closely related.

4.6.5 Other treatmentsto improve

ger mination

Although stratification is an effective method to break
dormancy, it is often time consuming. Past research has shown
that hydrogen peroxide [28], gibberellic acid [110], ethylene
[24], microwave irradiation [69], or osmotic agents [128] can
stimulate germination of conifer seed. However, these studies
were usually conducted under optimum germination condi-
tions and may not be effective under the suboptimal tempera-
ture conditions frequently encountered in the field in early
spring when seed is sown at Northwest bareroot nurseries.
Further work is required to develop a quick, effective method
that would facilitate germination under a wide range of tempera-
tures and that would either eliminate the need for stratification
or shorten the stratification requirement.

4.7 Future Research Needs

Technology of seed procurement and utilization has ad
vanced significantly in the past 20 years. Further refinements
are deemed necessary, however, especially because we are
now moving into a transition period in which more valuable
seed from seed orchards will be preferred to seed from natural
stands. Some suggestions for these refinements follow:

Cone collection: Though a great dea is known about
seed-maturation characteristics, relatively little is known
about the timing of seed dissemination. To maximize the
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yield of high-quality seed in cone collection, acomplete
picture of the pattern of seed retrievability—which is
influenced by both seed maturation and dissemination—is
essential, especially in seed orchards where individual

clones can be closely monitored.

Processing: Currently available seed-cleaning procedures
remove al of the empty seed and some of the partialy
developed seed. A method is needed for separating all

the nonviable from viable seed, even including seed that
looks fully developed but does not germinate. This is
particularly important as precision sowing and uniform
spacing of seedlings are introduced to maximize utiliza-
tion of seedling-production areas. Each seed should have
the potential of germinating, emerging through the soil

surface, and forming a healthy seedling. Some effort is
being made toward achieving this goal [129].

Testing: Currently used seedtesting methods for west-
ern conifers provide information on germination potential
of seed under optimum laboratory environments; however
this often correlates poorly with nursery-bed emergence.
A procedure should be developed by which germination
potential in the nursery bed can be accurately assessed
to improve predictability of crop establishment.

Seed storage: Some true fir species, such as noble fir,
produce infrequent cone crops, with large crops occur -

ring at intervals of 3 to 6 years depending on location.

There has been some concern that the viability of truefir
seed deteriorates during storage within arelatively short
time; current storage procedures have shown inconsistent
results [3, 14]. Seed condition before storage and storage
environment need to be more closely examined. The

National Seed Storage Laboratory is investigating the

feasibility of using liquid nitrogen to store noble fir seed
for periods up to 50 years. Such an approach may be
necessary to maintain the viability of alarge crop of true
fir until the next crop is available.

Seed treatment: Coniferous seeds are generally charac-
terized by deep dormancy requiring prolonged stratifica-
tion of 60 to 90 days. Unfortunately, this requirement
reduces planning and scheduling flexibility of nursery

crops. Developing a quick seed treatment that would

shorten or eliminate stratification requirements would be
most beneficial.
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Abstract

Many aspects of preparing a production nursery bed,
such ascorrecting drainage problems, eiminating disease
potential, and maintaining fertility and pH, are specificto
sitehistory and soil properties. Efficiency of field useisa
major concern in designinganursery and should be con-
sidered when aligning bedsand installing irrigation sys-
tems. Sowing should bedonein spring, commonly in April
or May, after soil temperaturesat the 10-cm (4-in.) depth
reach 10°C. Though seeders commonly used tend to pro-
duce clumpy distributions, adver se effects on seedling
quality and quantity arereduced at low densities. Both
seedling quality and cost ar e affected by seedbed density;
therefore, great care must beexercised in prescribing
densities. Sowing formulas must consider the desired seed-
ling density aswell as expected yields and variousas-
pects of seed quality and quantity. Expected tree, yield,
and damage per cents, derived from experience, should be
reevaluated annually. Proper care and tending after sow
ing arecritical for obtaining high tree percents. Diseases,
birds, and weather arethe most common causes of 10ss,
and preventive measures should be taken whenever
possible.

5.1 Introduction

Aswith most endeavors, getting off on the right foot is
important in growing a quality nursery crop. Care taken in
ground preparation, sowing, and early seedbed monitoring
will result in better drainage and fewer disease problems as
well as more and better seedlings at harvest. Early and thor-
ough planning will provide the flexibility needed for nursery
personnel to cope with changing conditions yet maintain quality.

This chapter presents procedures for bed preparation, seed
sowing, and early seedling maintenance which are based on
current practice in the Northwest and on the available literature.
Universal practices are simply mentioned. Those that are con-
troversial or that vary greatly from nursery to nursery are
examined more closely. Alternatives are discussed and, if
warranted, recommendations made. Theory and practice in
many important areas such as fertilization, weed control, and
seed properties as they relate to sowing and early growth are
not covered extensively because these topics are fully ad
dressed by othersin chapters 7, 18, and 4, respectively, of this
volume. Further information on many subjects addressed here
also is discussed by Armson and Sadreika [2] and Aldhous [1].

Each step in establishing a vigorous crop has a number of
alternative approaches. When possible, several alternatives and
their pros and cons are described. The lists, however, are not
exhaustive and other possibilities exist. A good rule of thumb
when weighing alternatives is to ask questions such as:

How much will a given treatment cost?
- What is the expected outcome of an alternative treatment?

- What extra cost or lossin seedling quality can be expected
from not following a prescribed treatment or preferred
alternative?

Isthis cost or loss acceptable?

Alternatives and combinations of alternatives are many.
Each nursery manager must ask the above questions and
reach decisions based on hisor her own situation. Adherence
to sound principles and proper timing will result in rapid
establishment and growth of seedlings.

5.2 Production-Area Development

Past land use and present condition are among the most
important factors to consider when establishing a new nursery
and preparing it for sowing.

5.2.1 Previousland use

First, ascertain what was growing on the site during the last
5years. If theland wasin agricultural use, determine whether
any of the previous crops could have become infested with
diseases or insects that also attack crop-tree species or whether
weeds present are difficult to control. If diseases or pests are
suspected, identify the problem by soil assay or insect trap-

InDuryea. Mary L., and Thomas D. Landis (eds.). 1984. Forest Nursery Manual: Production of Bareroot Seedlings. Martinus Nijhoff/Dr W. Junk Publishers. The Hague/Boston/Lancaster, for Forest

Research Laboratory, Oregon State University. Corvallis. 386 p.
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ping and take appropriate management measures before a
nursery crop issown. If previous crops are unknown or assays
impractical, presowing soil fumigation isgood insurance be-
cause it will remove most pathogenic fungi and weeds. It may,
however, negatively affect beneficial soil organisms such as
mycorrhizae and bacteria[6], and it is very expensive ($ 1,000
to $1,500/acre) (see chapters 19 and 20, this volume). Once
pests have been identified, specific treatments can be applied
that cost less and maintain beneficial soil microorganisms.

Hard-coated weeds such as clover and vetch are not killed
by fumigation. Summer fallow with tillage and irrigation will
remove these weeds best. When seeds sprout, allow them to
grow rapidly until the first true leaves appear; then till in. After
each tilling, a new crop will appear, so the sequence must be
repeated. Irrigation helps ensure rapid growth during July and
August so that as many "crops" of weeds as possible can be
grown and killed during a single summer. If time does not
permit a summer fallow, an extensive herbicide schedule,
hand weeding, or both will control the problem, but some
seedlings will be damaged.

Former forest sites pose some additional problems. Clearing,
removing debris, and leveling can be expensive and time
consuming. Tree roots and, in many cases, rocks complicate
the task: seeds sown on a rock or root have little chance of
developing into acceptable seedlings. However, seedling dis-
eases usually are less prevalent, weed problems generally are
fewer, and beneficial mycorrhizae-forming fungi often are
endemic.

5.2.2 Leveling land and orienting beds

Once cleared, afield must be leveled and sloped. If itis
aready reasonably level, with aslope of 2to 3 % [10], ade-
quate finish leveling may be accomplished with a land plane.
However, where drainage is restricted or frost pockets are
formed by natural contours, more severe measures are needed
(see chapters 6 and 13, this volume).

Depending on depth of the cuts and fills, removing topsoil
and storing it for return after leveling may be the first step. As
with all major projects requiring heavy equipment, land level-
ing should be done when the soil is driest to minimize the
chance of massive compaction [23]. If possible and practical,
fields should be leveled and sloped so that the least amount of
soil is moved. Careful attention to this aspect will save money
and minimize compaction. Desired slope also depends on soil
characteristics. Sandy soils require less slope than heavier
soils. increased slope favors bed erosion in sandy soil but aids
surface drainage in finer textured soil [14]. Fields can be tiled
for supplemental drainage before final leveling and sloping.

Bed orientation, important to ease of operation and seed-
ling growth, should be considered before final slope and road
positions are planned. Where no additional sloping is neces-
sary on a newly acquired field, orient beds to run perpendicu-
lar to the land contour for maximum drainage. Where contours
must be drastically changed, consider the possible advantages
and disadvantages of east-west or north-south orientation. In
an area where lifting is restricted due to frozen ground, orient-
ing beds in a north-south direction will facilitate early thawing
by the morning sun [1]-and thereby lifting. East-west orienta
tion increases the possibility of sunscald in the summer and
will cause growth differentials across the bed due to shading
[unpubl. data, 22]; where frozen soil is not a problem, east-
west orientation can produce acceptable resullts.

5.2.3 Laying out irrigation and road systems

Once bed orientation has been determined, irrigation and
road systems must be designed and installed. Bed lengths in
Northwest nurseries range from 76.25 to 152.5 m (250 to 500

&

ft) (OSU Nursery Survey; see chapter 1, thisvolume) under
normal circumstances because a pressure drop can occur in
longer irrigation lines. At the Forest Service Nursery in Medford,
Oregon, beds are 244 m (800 ft) long, but the possible pres-
sure drop is compensated for by starting the lateral pipes at
thetop of the slope, adding the downhill rush of the water to
the line pressure.

Nozzle size, sprinkler pressure, and spacing of lateral lines
and of sprinklers on laterals all are important to uniform
delivery and application of water. For uniform water applica-
tion in winds up to 5 mph, sprinklers should be placed so that
the longest of the two distances in rectangular spacing (the
distance between sprinklers either on adjacent laterals or on
the same lateral) is 60% of the no-wind diameter (see manu-
facturer's specification) of the sprinkler used, and so that the
sum of the two spacings is not more than 105% of that diam-
eter [16, 18]. For example (Fig. 1), if sprinklers have a no-wind
diameter (C) of 20.4 m (67 ft), the largest spacing in one direc-
tion could be 60% of 20.4 m (67 ft), or 12.2 m (40.2 ft).
Therefore, the distance between sprinklers on the adjacent
laterals (B) is 12.2 m. Then, solving the formulafor A:

105% C=A+B

1.05(67) = A + 40

A=~9m (~ 30 ft)

Sprinkler-pattern diameter should be increased or spacing along
the lateral decreased where higher wind speeds are expected.

No additional uniformity is achieved with triangular, rather

than rectangular, spacing [18]. Water-droplet size, a result of
nozzle size and pressure, can greatly influence crusting of the
soil surface. Therefore, during germination, a smaller nozzle

size may be desirable to reduce crusting [16]. (For more in-
formation on irrigation and nursery-site layout, see chapters
11 and 2 respectively.)

A Sprinkler
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Figurel. Correct sprinkler distance for uniform water distribu-
tion in atypical nursery section. A Isthe distance between sprink-
lersalong the same Irrigation line, B the distance between adjacent
irrigation lines, and C the sprinkler-pattern diameter. If C = 67 ft,
then A or B, whichever islarger, should not exceed 0.6 x 67,
or 40 ft, and A + B should not exceed 1.05 x 67, or 70 ft.

5.2.4 Field efficiency

Field efficiency (the amount of area growing trees divided
by the amount of area cultivated in a given field) is primarily
determined by irrigation-system design. Distance between irri-
gation laterals is a major component affecting efficient land
use within the production field. Once a fixed irrigation system



is installed, it is difficult, if not impossible, to improve field
efficiency because the area saved in narrower paths will result
in wider unused strips along irrigation lines. In the Northwest,
various combinations of bed and tractor-path widths, numbers
of seedling rows per bed, and distances between irrigation
lines are used (Table 1), resulting in field efficiencies ranging
from 55to 71%,; 2/3 of the nurseriesreport efficiencies of 58
t0 63%.

Table 1. Factorsaffecting field efficiency (OSU Nursery Survey).

Most

Highet Lowest common
Bed width, m (in.) 127 (50) 107 (42) 1.22(48)
Path width, m (in.) 0.76 (30) 0.53(21) 0.61 (24)
Rows of seedlings/bedt 8 7 8
Beds between irrigation lines 9 5 6
Distance between irrigation
lines, m (ft) 159(52) 9.15(30) 12.2(40)
1For 2+0 beds.

Width of tractor paths also is important for calculating
efficiency. As path width increases from a theoretical minimum
of one tractor tire width (38 cm, or 15 in.) to the practical
maximum of two tractor-tire widths (76 cm, or 30in.), field
efficiency drops, and the required distance between irrigation
lines increases. Because tractor operations can be difficult when
paths are too narrow, most nurseries compromise with path
widths of 61 cm (24 in.). A typical nursery section (that dis-
tance between two irrigation laterals) (Fig. 2) would include six
beds, each 122 cm (48 in.) wide, with 61-cm (24-in.) tractor
paths and irrigation lines 12.2 m (40 ft) apart (OSU Nursery
Survey). Such an arrangement would result in 60% field
efficiency.

5.3 Field Preparation

5.3.1 Preparing the soil

After the field has been sloped and leveled and once road
and irrigation systems have been installed, there islittle differ-
ence in the steps necessary to cultivate and prepare bedsin a
new nursery field or one used many times before. In both
situations, examine the physical and chemical properties of
the soil.

Compaction is the most commonly cited soil physical prob-
lem (see chapters 6 and 29, this volume). If compactionis
known or suspected, deep subsoiling during the late fall is
recommended to improve drainage. A green manure crop that
has a fibrous root system can improve soil physical properties
and may increase organic matter (seechapters9 and 10, this
volume).

Fertility and pH are important soil chemical properties (see
chapters 7 and 8, this volume). Soil tests for phosphorus,
potassium, calcium, and magnesium provide a basic inventory
of mineral nutrients. If these elements are significantly deficient,
the appropriate fertilizer should be added before bed forming.
For optimum conifer growth, pH should be kept between 5
and 6. The pH is best adjusted during afall fallow period so
that the reaction of amendments with the soil will have been
effected before sowing. Sulfur is used to lower soil pH and
limetoraiseit.

Soil is most often fumigated to remove weeds or pathogens
in fall (OSU Nursery Survey). Methyl bromide/chloropicrin
(67% / 33%) is preferred in the U.S. because of its proven
effectiveness. Law prohibitsits use in Canada (see chapter 19,
this volume). Note that methyl bromide reacts with sulfur;
therefore, if sulfur is being used to reduce pH, it should be
applied after fumigation [pers. commun., 24].

Figure2. Typical nursery bedswithin sections. Note raised beds and tractor-path width.



Following fumigation, thefield isleft fallow over winter. In
spring, when the soil is dry enough to work, cultivation for
sowing should begin. What implements are used and in what
order depends mainly on soil texture. In any event, the objec-
tive is to prepare the field so that a bed former can be used to
produce level, even seedbeds. Care should be taken not to
mix unfumigated soil from below or from edge areas into the
fumigated field. Nurseries with sandier soil usually require min-
imal presowing soil preparation. Before final presowing culti-
vation, fertilizer can be spread and incorporated into the soil
(see chapter 7, this volume). Final preparation should leave the
soil fluffed and mixed, ready for bed shaping.

5.3.2 Marking and forming seedbeds

Some nurseries, especially those with inexperienced tractor
drivers, have difficulty getting beds formed straight and at the
proper intervals between irrigation lines. Most nurseries have
adopted some homemade equipment to remedy this situation.
Many possibilities exist. With an experienced tractor driver
and relatively short beds, "eyeballing" the beds works surpris-
ingly well. Some nurseries run string lines to get straight beds;
othersrely on tractor-mounted bed markers.

A method that uses a bed marker and the irrigation line as a
reference point can be adapted wherever a fixed irrigation
system exists. First, irrigation lines are positioned in the field.
Their proper placement isimportant and should be done with
surveying egquipment so that the distance between any two
lines is constant. To form the first two beds along the outside
of the nursery section, next to the laterals, a chain is sus-
pended from a bar attached to the front of the tractor at the
proper distance from the outside wheel; while driving, the
tractor operator keeps the chain over the irrigationlineand
thereby creates a straight bed. A bed marker, which need
consist only of a wheel on apipe, is mounted on the side of
the tractor opposite to that with theirrigation tracing chain; it
marks where the tractor wheel should run for the next bed,
usualy about 1.8 m (6 ft) away, depending on the path width
desired. Many other systems that accomplish the same results
exist. An accurate but expensive method employs a tractor
equipped with a lasertracking device and a laser-emitting target ;
however, this kind of precision is not necessary for growing
quality seedlings.

Two genera types of bed formers are commonly inusein
the Northwest. One type simply moves soil from the tractor
path onto the raised bed and levels off the bed surface. This
type, often homemade, can be mounted behind or under the
tractor; Whitfield Manufacturing Co. (Mableton, Georgia) makes
one commercially that works on this principle. A second type
combines final tilling and bed forming by attaching a bed
shaper to the back of a1.8-m (6-ft) rototiller or roterra. This
second type requires less field preparation before bed shaping;
but the rototiller may produce asoil layer that is compacted,
restricting drainage, and should therefore be avoided on heav-
ier soils (see chapter 6, thisvolume).

Beds, however shaped and formed, are generally raised
between 7.5 to 15 cm (3 to 6 in.) above the tractor paths to
increase drainage and promote warming of the seedbed (OSU
Nursery Survey). Both an increased germination rate and more
rapid root growth can be expected. Beware of deep tractor
paths, however—they can cause problems during the second
growing season. Implements such asindividual-bed fertilizer
spreaders and even tractor bellies can scrape the tops of tall
2+0 seedlings. The resultant damage can reduce the number
of shippable seedlings (seedlings that pass all standards for
both size and form) and may promote disease development.

5.4 Sowing

Once the previous sequence of steps has been followed,
the field isready for sowing. Successful sowing depends on
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type of seeder, sowing date and depth, bed density, and
sowing formula.

5.4.1 Seeders

In Northwest nurseries, the two most common seeders are
the @yjord seeder (manufactured by Love Co., Garfield,
Washington) and the Wind River seed drill (OSU Nursery Survey).
According to the Survey, neither iswholly satisfactory—the
largest complaint is clumpy seed distribution, a problem that
no commercialy available seeder has asyet solved. A compari-
son of ease of operation of these seeders and the Stan Hay
found the @yjord to be slightly superior (Table 2) [13].

Table2. Summary of operational seeder characteristics[adapted
from 13].

Oyjord StanHay Wind River

Ease of adjustment Excellent Poor Fair

Rangeof adjustment ~ Adequate = Adequate = Adequate

Ease of cdlibration Excellent  Poor Fair

Clean out Excellent  Poor Fair

Seed damage Low Moderate  Low

Rangeof travel speeds Adequate  Limited Adequate

Variation with speed  Low High Low

Number of hoppers One One/row Onewith one
pocket/row

Depth control Good Good Good

Seed covering Good Good Good

Construction Good Good Good

5.4.2 Sowing date

Regardless of seeder chosen, deciding when to sow is
important and depends on several factors, some of which are
related to seedling growth and some of which are wholly
operational. Sorensen [19] found that Douglas-fir [ Pseudotsuga
menziesii (Mirb.) Franco] sown as germinants set bud earlier and
had a longer shoot-elongation period when sown earlier. Each
day of earlier sowing between April 23 and May 12 increased
height of 1+0 seedlings by about 0.5 mm. Differences in
budset and height persisted through the second year, indicat-
ing that early sowing can increase seedling size.

To attain germinantsin the nursery by April 23, seed must
be sown in the cold, wet nursery soil April 1 or before. Thisis
often impractical because the soil is unworkable. Furthermore,
germination is slower in cold, wet soil, creating asituation
where preemergence damping-off can reduce total germina-
tion [20]. Data from the OSU Nursery Survey indicate that
most sowing in the Northwest is done between mid-April and
early June. Sowing is best done as early as possible after
average soil temperature at the 10-cm (4-in.) depth exceeds
10°C. In Oregon's Willamette Valley, this usually occursin
early to mid-April.

Although spring sowing is the norm, fall sowing can provide
natural stratification and has been shown to produce excellent
seedlings. The advantages are outweighed, however, by the
disadvantages. Fall-sown beds must be protected from ro-
dents and birds, should be mulched to prevent frost heaving,
and may be lost to early spring frosts. Bed preparation and
nursery-space availability also may be problems [15].

5.4.3 Sowing depth

Sowing depth is crucial to producing a uniform bed of
seedlings. As with many other seeding parameters, the accu-
racy with which aselected depth can be achieved depends on
uniformity of the prepared seedbed and soil properties. If a
bed lacks alevel, flat top, then sowing depth will vary greatly
from row to row and even along a given row. This variation can



lessen germination, retard growth, and reduce crop uniformity.
Experiments have shown how germination can vary with sow-
ing depth for slash pine (Pinus elliottii Engelm.) (Fig. 3) [17].
Similar results can be expected with Northwest species.
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Figure3. Effect of sowing depth on speed of germination of
dlash pine seedlings. Pointsfollowed by thesameletter do not
differ significantly at the 95% confidencelevel, accordingto
Duncan's new multiple rangetest (adapted from[17]).

Best germination is obtained by sowing seed only as deep
as necessary to cover it and prevent erosion or birdsfrom
removing it. Reported sowing depths for Douglas-fir and
ponderosa pine (Pinus ponderosa Dougl. ex Laws.) vary from
"just covered" to 1.25 cm (1/2in.): the most commonly used
depths range from 0.31 t0 0.62 cm (1/8to 1/4in.) (OSU Nursery
Survey). In the Canadian nurseries surveyed, seed was surface
planted and then covered with a 1/4 inch of sand. Seedbeds are
not mulched with water-holding material at the time of sowing
in the Northwest (OSU Nursery Survey).

5.4.4 Seedbed density

In recent years, nurseries have responded to the research
results on seedbed density and spacing by decreasing the
number of seed sown per square meter. The density at which
a nursery chooses to sow depends on the seedling characteris-
tics desired at harvest and the economics of seedbed use.

Experiments have shown that increasing bed density is
closely correlated with decreasing stem diameter and dry
weights in Douglas-fir [9, 11, 25] and three western pine spe-
cies [4]; it has been negatively correlated with height growth in
some experiments [9] but not in others [11]. When outplanting
results from seedlings grown at various densities were com-
pared, survival did not differ significantly, but seedlings ini-
tially grown at lower densities (108 to 215 seedlingsmZ2, or 10
to 20 seedlings/ft2) grew taler than those grown at higher
densities[ 11] (see aso chapter 15, this volume).

Logic dictates that seedling spacing within arow should be
as uniform as possible for optimum growth. However, many
seeders produce a clumpy distribution. At the lower densities
commonly used (108 to 215 seedlingsmZ2, or 10 to 20/ft 2, the
range of spacing created with a Wind River drill did not affect

either stem diameter or shoot:root ratio of seedlings[3]. Sim-
ilar research comparing morphology of seedlings grown in
hand-thinned, uniformly spaced beds vs. those grown in opera-
tionally sown beds of the same average density showed that
spacing did not affect seedling caliper, whereas density did
[unpubl. data, 22].

To determine sowing density (the number of viable seed
sown per square meter to achieve agiven density at lifting), the
nursery manager must know the intended diameter specifi-
cation of a shippable tree at lifting and the diameter distribu-
tion of seedlings grown at various densitiesin the nursery. The
manager must estimate tree percent (the number of treesin a
nursery bed at lifting relative to the number of viable seed
sown) and then must designate an acceptable yield percent
(the percentage of trees meeting aspecific size criterion, re-
gardless of form). On the basis of yield percent, adensity is
chosen which will give the maximum number of shippable
seedlings per square meter at the lowest cost. Yield percent is
an important economic factor not only because seed is becom-
ing more expensive, but because lifting and handling many
more seedlings than are shipped can also be expensive.

Bunting [5] gives an excellent account of the dilemma faced
when choosing a bed density:

"The choice of which density to grow your seedlings at is always
acompromise. It would be nice to be able to grow the beds thin
enough so that there would be no built in cull factor, on the
other hand, the thinner you grow your beds the fewer shippable
trees you produce per acre and hence production costs go up.
When you increase densities to try and maximize the number of
shippable trees you will produce per acre you increase your cull
percentage and your lifting costs. Since lifting and shipping
costs can be greater than the cost of producing the stock, thisis
no small consideration.”

A good way to choose the correct growing density (density
inabed at lifting, usualy for 2+0 seedlings; sowing density
X tree percent) for a specific diameter limit and a given nursery
isto construct a set of curves similar to thosein Figure 4 for 2
+0 Douglas-fir [unpubl. data, 22]. It is important to remember
that ayield percent of 75 does not mean that 75% of the seedlings
will be shippable, only that 75% will meet the diameter
standard. Of those meeting the diameter standard, a certan
percentage (the damage percent) will exhibit some defect such
as root damage, multiple tops, or disease that will make them
undesirable. The percentage of the crop that is shippable
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Figure4. Yield percent for variouscaliper standardsand bed
densitiesfor 2+0 seedlings[unpubl. data, 22].



(shippable percent) isthus calculated asyield percent x
(1 — damage percent). Barring alarge loss to disease or insects
adamage estimate of 5 to 10% is probably conservative when
calculating sowing formulas. When possible, this factor should
be based on past experience with the nursery in question.

A bed density is chosen based on seedling specification
(e.g., 4-mm caliper) and on an acceptable compromise be-
tween maximum yield percent and maximum number of seed-
lings per square meter. In the Northwest, growing densities
vary by stock type and range as follows (OSU Nursery Survey):

Stock type Seedlinggm2 (ft2)
240 161-323 (15-30)

2+0 for 2+1 376-538 (35-50)

1+0for 1+1 538-753 (50-70)

5.4.5 Sowing formula

Before seed can be sown, a formula must be employed that
calculates the amount of seed necessary to sow to produce the
desired number and size of seedlings. In general, al sowing
formulas have the same basic form; they differ radically,
however, in the number and refinement of the factors used in
their calculation.

Some nurseries use a "nursery factor" that is a combination
of all possible causes of seedling loss between germination
and shipping. However, as a composite, it tells the grower little
about what specific problem is causing the loss. Other nurseries
have been compiling data for many years and have factors for
correcting sowing formulas based on nursery field, species,
and sometimes even field-by-species interaction. For anew
nursery or one that does not want or cannot afford to compile
very specific data, the seed and nursery factors discussed in
the following two sections (5.4.5.1 and 5.4.5.2) should allow
nursery personnel to track seedling survival and yields with
minimum effort and to pinpoint problem areas for improvement.

5.4.5.1 Seed factors

Before any sowing formula can be used, the nursery man-
ager must know the quality of the seedlot intended for sowing.
Most nurseries will obtain the data necessary from an indepen-
dent seed-testing laboratory, although some prefer to perform
the tests themsel ves (see chapter 4, this volume).

In any case, seedlot quality is determined on the basis of
three major factors. Seed purity percent is the percentage of
the seedlot, by weight, that is seed, not debris. A high percent-
age (25%) of debris can cause seeders to plug and reduce
seeding accuracy. Seed germination percent ist he percentage
of the total number of seedtestedthat germinate after a
standard treatment and set period of time inthe laboratory.
This factor can vary greatly from one lot of agiven species
to another. Estimates from past experience can be very inaccu
rate and should only be used as a last resort. Furthermore,
results from laboratory and field germination often do not
agree, probably due to variation in stratification length and, of
course, germination conditions. If no better data are available,
however, laboratory germination is probably a reasonable
approximation of field germination. A 1,000 seed weightis
determined by weighing 1,000 seeds plus the accompanying
debris. The pure, live seed (the expected number of germi-
nants to be produced) per kilogram can then be calculated.
The difference between laboratory and field germination, if
known, can be used to modify the pure, live seed calculation.

Seed is wet stratified before sowing for periods varying
from 1 week to 4 months depending on species (see chapter 4,
this volume) and surface dried just before sowing. The seed
is spread on screens to air dry until surface moisture no longer
holds seeds together and they do not stick to the hand. Drying
allows the seed to flow smoothly through the drill and reduces
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clumping. No seed in the Northwest is treated with bird repel-
lent or fungicide before sowing (OSU Nursery Survey).

5.4.5.2 Nursery factors

Nursery factors affecting the sowing formulainclude tree,
yield, and shippable percents, bed density, and number of
seedlings ordered.

Tree percent depends heavily on cultural practices and
environmental influences. Refinement can be made by calculat -
ing this factor at each inventory (e.g., 1 +0 tree percent, sum-
mer 2 +0 tree percent, and fall 2+0 tree percent) and using
these numbers to project final 2+0 bed density and tree
percent. For example, a higher than expected 1 +0 tree per-
cent may indicate that trees should be thinned to obtain the
lower density needed for the expected yield percent. Calculat-
ing intermediate tree percents may also alow the nursery
manager to pinpoint the time of loss and, thereby, the cause.
Cultural practices can then be changed to minimize losses.

Any tree percent used in the sowing formulais, at best, an
average of many years of experience and, at worst, a conserva-
tive educated guess. Owston and Stein [15] reported a range
of 25t0 77% for Douglas-fir (unweighted average for 18
nurseries, 51%); similar tree percents (48 to 80) are reported
for ponderosa pine [12]. Most Northwest nurseries use a tree
percent of 60 to 80 for Douglas-fir (OSU Nursery Survey).

However, as previously noted, certain size and form criteria
must be met for seedlings to be considered shippable. Seed-
lings present in the tree percent that meet the size criterion
make up the yield percent: of these, some will be lost to the
damage percent. The remainder are the shippable percent. As
discussed earlier, yield percent varies with bed density. Select-
ing an economically feasibleyield percent for a given size
criterion also sets the best bed density for that seedlot (Fig. 4).

To complete the sowing calculation, only the number of
seedlings ordered by the customer is needed.

5.4.5.3 Calculating the sowing formula
Once seed and nursery factors have been determined,
calculating the sowing formulais easy:
(1) Pure, live seed per kilogram (PLS/kg) =
(germination %/100) x (purity %/100) x (1,000 g/1,000
seed weight)
(2) Number of shippable seedlings produced per kilogram
of seed =
PLS/kg x (tree %/100) x (yield %/100) x (shippable
%/100)
(3) Kilograms of seed required =
(Number of seedlings ordered)/(number of seedlings/
kg)
(4) Meters of nursery space required =
[(Kilograms of seed required) x (PLS/kg) x (tree %/
100)]/bed density
For example, let's assume we received an order for 1,000,000
Douglasfir seedlings. Seed test results are 83% germination,
98% purity, and 1,000 seed weight of 11.6 g. Pure, live seed
per kilogram can then be cal cul ated:
(83/100) x (98/100) x (1,000/11.6)= 70,120
From past records, we know our tree percent is80 and our
shippable percent 86. Seedlings must have a4-mm caliper to
meet the size criterion, and an economic analysis indicates we
need ayield percent of 87.5% to balance packing and bed
area costs. Number of seedlings produced per kilogram of seed
is calculated:
70,120 x (80/100) x (87.5/100) x (86/100) = 42,212
Thus, the kilograms of seed required would be

1,000,000/42,212 = 23.69
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From Figure 4, we determine that the best density at which to

grow our seedlings would be 250 seedlings/mz. In that case,
bed space required (in square meters) can be cal cul ated:

[(23.7) x (70,120) x (80/100)]/250 = 5,318

Figure 5 demonstrates how seed and seedling factors deter-
mine the ultimate number of seedlings produced.

Each year, as practices change, actual tree, yield, and dam-
age percents should be calculated and any large changes from
past yearsinvestigated as to cause. These new percents should
be used as part of the updated data basefor new seed and
seedlingrequirement calculations.

5.5 Care of the Seedbed during

Germination and Early Growth

A critical nursery period follows sowing. Seeds and seed-
lings are vulnerable to the environment and predators, and
major losses can occur if seedbeds are not protected. If condi-
tions are not right or careis not taken, viable seed either will
not germinate or will be lost to predatorsor disease. Even
after seedlings have emerged, predation and disease continue
to be, problems. In addition, new seedlings may have to sur-
vive hail storms, scorching sun, and high temperatures. As
spring progresses, weeds, if not checked, can reduce growth
and even kill young seedlings by usurping water and sunlight.

However, certain steps can be taken to nurture seedlings
through this period and ensure their vigor.

5.5.1 Irrigation

After sowing, the soil surface should not be allowed to dry
out. If soil becomes dry, the seed may dry too much, all
advantages of stratification may be lost, and slow, spotty
germination may result. Seed of species such as western hem-
lock [Tsuga heterophylla (Raf.) Sarg.], which are small and surface
sown, are often covered with burlap to hold in moisture and
prevent seed from being washed away. Careful watch must be
kept daily because more than one watering per day may be
required to maintain proper moisture staus on spring days
with high evaporative demand. Asarule, finer textured soils
require more frequent watering than coarser textured ones
(see chapter 12, this volume).

Too much water during germination, however, is not desir-
able. Excessive water promotes preemergence damping-off
and growth of seedborne fungi by decreasing soil
temperature and increasing soil moisture [20]. A correct balance
is important. If emergence is much slower than expected and
examination of seed reveals that it is"rotting in the ground,"
decreasing water and spraying with an appropriate fungicide to
prevent further damage can be beneficial.

After germination in the nursery has peaked, the watering
regime should be changed. Frequent, shallow irrigation should
be superseded by longer periods of irrigation. Soil should
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be kept between - 0.1 and - 0.75 bar at a depth of 15 cm (6in.)
for optimum growth and irrigated only when it approaches
— 0.75 bar [8]. Thisregime is followed wntil hardening-off treat -
ments are begun in midsummer (mid-July to mid-August). Pre-
dawn plant moisture stress is then alowed to increase to
between 12 and 15 bars before rewatering to promote budset
[7] (see chapter 15).

During the period from germination to dormancy, irrigation
water is applied to cool and shade young (1+0), tender
seedlings. In the exposed surface of a nursery bed, soil-surface
temperatures can rapidly rise to over 45°C (112°F) on awarm,
sunny day. This can literally "cook" the root-collar areaand
kill the seedling. To prevent damage, the soil surface can be
cooled by irrigation.

Critical soil temperatures used for cooling vary with seed-
ling age and species. Damage is most apt to occur in younger
seedlings of species adapted to cool, moist climate; for instance,
Douglasfir and western hemlock are less tolerant to heat
damage than most pines. Some. nurseries use air temperature
as a guide for determining need for cooling, but the majority
use soil-surface temperature, usually measured 0.5 to 1cm
below the surface. A typical guideline might be: irrigate when
soil temperature exceeds 32°C (90°F) before July 1; 35°C
(95°F) before August 1; and 38°C (100°F) until winter (composite
from OSU Nursery Survey).

How long and how often a nursery applies water when
critical temperatures are reached varies greatly and depends at
least partialy on soil type. Some nurseries irrigate 5 to
10 minutes during every hour the temperature is above that
considered critical; others water for an hour; and still others
water until the soil temperature drops below a fixed, safe
temperature [e.g., 25°C (77°F)]. One nursery reported that
due to its soil properties, irrigation does not reduce soil tem-
perature but merely prevents further increase. Research data
on critical temperatures and how they vary with the season for
various species are not available. Therefore, nursery managers
should adopt a reasonable schedule of cooling and adhere
to it until sound research evidence produces a better one.

5.5.2 Diseases and insects

After emergence, damping-off can continue to be a problem
(see chapter 19, thisvolume). Fumigation is the most common
method used in the U.S. to rid the soil of damping-off fungi. In
Canadian nurseries, where fumigation is not used, seed is
covered with 0.5 cm of sand. This decreases the moisture
around the seed and increases soil-surface temperature. No
matter what is done to reduce occurrence of damping-off, it
can still be a problem in certain years. Careful and frequent
monitoring of the crop for any sign of disease and rapid
treatment with a fungicide drench at the first sign can make a
significant difference in tree percent.

Although not generally found in the Northwest (OSU Nur-
sery Survey), insects can be a problem in the nursery. Cut-
worms probably pose the greatest threat. Paches of seedlings
clipped just above the ground line soon after emergence can be
a sign of this pest. Control can be achieved with a number
of insecticides. Recently, another yet unidentified insect pest
has caused extensive damage at nurseriesin Oregon's Willam-
ette Valley. Buds and stems of 1+0 and 2+0 seedlings have
been damaged | ate in the growing season [pers. commun., 21].

5.5.3 Birds and rodents

As soon as the seed is sown and until the seedcoat is shed,
birds can create a serious problem inthe nursery. They seem
particularly fond of pine seed and can destroy a crop in avery
short time. In southern pine nurseries, seed is commonly coated
with bird repellent. Northwest nurseries use either scare tac-
tics or screening (OSU Nursery Survey). Where the problemis
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prevalent, owls painted on balloons, hawk decoys on posts,
loud noises, and shotguns have al been tried, with varying
degrees of success.

Screening is the most expensive and labor-intensive method,
but also the most effective. A frame of wood as wide as the
bed and 2 or 3 mlong, covered with fiberglass screen, can be
placed over the bed until seedcoats are shed. These frames
are relatively inexpensive, reusable, and effective. Where
possible, to reduce damage, nurseries can wait to sow until
certain migratory birds have passed through their area. Ro-
dents are generally not as great a problem but, where en-
countered, are usually controlled by poison bait and traps.

5.5.4 Weeds

The last pests to be considered, but the ones found most
frequently, are weeds (see chapter 18, thisvolume). Recent
developments in herbicides have made weed control easier
and cheaper than ever before. Asdiscussed previously, weed
control begins when afield is selected for nursery production.
As many weeds as possible, both in and around the field, are
eliminated at that time. Where practiced, fumigation elimi-
nates many residual seeds. Yet even with al this presowing
care, weed seeds still blow into the nursery from surrounding
fields and germinate if additional steps are not taken.

Most nurseries control weeds by applying a selective herbi-
cide within a week after sowing. The most commonly used
chemicals in Douglas-fir nurseries are oxyfluorfen (Goal 2E®)
and bifenox (Modown®). Weed control usually begins to falter
about midsummer and can be reinforced by a second applica-
tion of herbicide or supplemental hand or machine weeding.
Recent evidence that oxyfluorfen may limit germination of some
conifer species and accumulates over time in some soils may
cause reevaluation of its widespread use [unpubl. data, 22].

5.6 Conclusions and

Recommendations

In seedbed preparation and sowing, planning is all-important.
Many of the potential problems such as poor drainage, weeds,
and disease can be eliminated or greatly ameliorated by care-
ful planning and field pretreatment. The difference between a
successful, economically run nursery and one that is continu-
aly trying to solve preventable problems at undue expense is
planning.

Before preparing a new field for sowing, review the past
history of the area; decide if any potential problems exist and
how to eliminate them or & least alleviate their impact on the
nursery crop. Determine an appropriate slope and orientation
for the field. Before irrigation lines, roads, and beds are
established, considerations of field efficiency should be bal-
anced with those of ease of operation. Once irrigation lines are
established, it is almost impossible to improve field efficiency.

Beds should be raised 6 to 12 cm above ground level and
have smooth, even surfaces; this allows more uniform sowing.
Seed should be sown as early as possiblein spring, after the
soil temperature at the 10-cm depth exceeds 10°C. Most
commercialy available seeders do an adequate job of distrib-
uting seed, although the @yjérd is generally more versatile.
Sowing depth should be uniform for uniform germination. A
sowing depth of "just covered” to 0.5 cm isrecommended for
Douglasfir.

Sowing density and subsequent growing density have a
pronounced effect on the resulting size of the seedling and its
production cost. Managers should consider growth characteris-
tics in the nursery and costs of various nursery operations
when determining rowing density. A growing density of 160
t0325 seedlinggm2 (15 to 30 seedlings/ft2) is recommended
for 2+0 Douglas-fir.



In addition to planning, crop monitoring and recordkeeping
are necessary to obtain the numbers needed for aviable
sowing formula. Accurate tree, yield, and damage percents are
essential to determining the correct amount of seed and bed
space to grow a given seedlot.

Proper care and tending after sowing ensure the early
success of the crop. The secret isto be aware of the possible
problems and keep a constant vigil. Diseases, birds, weather,
and weeds are the most common causes of 1oss.

Although a vigorously growing 1 +0 crop free from weeds
and pests is the goal of all nurseries, many factors may com-
bine to make this difficult to achieve. Bareroot nurseries are
always at the mercy of nature. Hail, excessiverain, and cloudy
or hot weather all take their toll. It is important, therefore, that
nursery managers understand and optimizeall those factors
over which they exert a measure of control. Good seedbed
preparation and sowing practicesand early seedling care al
increase the likelihood of success. Having accepted the chal-
lenge of growing seedlings and succeeded, nursery managers
and personnel may find nothing more beautiful than looking
over their fields of lush green, uniform, healthy seedlings.
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Abstract

The physical properties desirablein forest-nursery soils
arethosethat provide the optimum environment for root
growth and function. Because these properties are diffi-
cult to alter, they should be used to determine which sites
are chosen for forest nurseries. Solid grains, about half
the soil volume, provide the framework for stable soil
pores and an anchor for plant roots. The large pores,
about half the pore space, allow for necessary gas ex-
change; the small pores store water for plant use. Soil
cultivation and drainage change the relative proportions
of solids and pores. Tillage can improve soil tilth, but
excesstillage usually results in undesirable changesin the
soil. Soil organic matter content is important to tilth as
well asto stability of structure. Soil compaction, including
crusting, represents a special problem, which can be both
caused and ameliorated by tillage. Increased soil resis-
tance to compaction and adequate organic matter mainte-
nance should bemajor objectives in nursery soil manage-
ment for Northwest forest nurseries.

6.1 Introduction

The vigor of a shoot depends upon the health of the root.
But though the shoot isawaysin sight, the root is not. The
root must proliferate in the soil to supply the shoot with the
necessary water, oxygen, nutrients, and structural support.
Any hindrance to root growth restricts root functions and thus

influences shoot growth. Y et such hindrances may not be obvi-
ous until the soil is examined to see how the root has devel oped.

Our objective in managing nursery soilsisto manipulate
them to provide an optimum physical environment for root
growth. In this chapter, physical properties of soils are exam-
ined to this end from a root's perspective. What are the
root's requirements? What are the impedimentsin the soil to
meeting those requirements? How can soil management re-
move or alleviate those impediments to improve the physical
environment, so roots-and shoots-can thrive?

Specific nursery practices for applying the principlesare
not thoroughly discussed here. Thisis duein part to my lack of
familiarity with all nursery soil problems and the management
options available to cope with them, but aso in part to a
conviction that forest-nursery managers are best able to de-
sign practices to apply the principles.

6.2 Physical Environment for
Root Growth

The physical characteristics desired in nursery soil are:
Optimal proportions of air and water in soil pores after
natural drainage
Rapid drainage of excess water from soil

- Adequate infiltration rate for rainfall or irrigation water
High resistance to compaction
Low shear strength for easy harvest of seedlings
Low adhesion of soil to seedling roots

- Absence of frost heaving, erosion, and soil splash onto
seedlings

These characteristics are optimized in loamy sands or sandy

loams whose silt plus clay contents are 10 to 25% and whose

organic matter contents can adequately stabilize soil structure

to maintain pore size and continuity.

Adequate "root room," a concept that has been usedto
evaluate the root's environment [6], requires adeguate depth
of freely draining soil. Root proliferation also requires low soil
resistanceto root growth. Compacted layers, poor drainage,
and root pruning decrease root room. Seedbed density also
affects root room, as do various management practices to
change shoot:root ratios. The mass of roots is approximately
half the mass of shoots, although this ratio can vary from 0.3 to
0.8, depending upon management factors [10]. A good root
environment, with adequate aeration and low resistance to
root penetration, favors high root mass.

Root growth depends upon movement, or fluxes, of materi-
as in the soil. Fluxes of water asit redistributesin the soil, of
oxygen as it diffuses to the root and of carbon dioxide and
other gases as they diffuse away from the root, and of nutri-
ents as they either diffuse or flow to the root are all necessary

In Duryea, Mary L., and Thomas D. Landis (eds.). 1984. Forest Nursery Manual: Production of Bareroot Seedlings. Martinus Nijhoff/Dr W. Junk Publishers. The Hague/Boston/L ancaster, for

Forest Research Laboratory, Oregon State University. Corvallis. 386 p.
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for root function. In addition, the root itself movesasit ex-
tends into the soil, and any resistance that it meets influences
its function. Root hairs, mycorrhizae, and enhanced biological
activity in therhizosphere all involve fluxes. Most root growt h
occurs in early spring and again in autumn, when shoot growth
is not great, although it can also occur during summer, depend-
ing upon species and weather [ 10].

Soil physical characteristics are important in nursery-site
selection because they are hard to change. Sail fertility, for
example, can be changed quite readily by adding fertilizer and
lime, but it is usually impractical to mix in enough off-site soil to
change soil texture or depth. The easiest way to modify physi-
cal characteristics isto add organic matter from mulches such
as sawdust or cover crops (see chapters 9 and 10, this volume).
It is no wonder, then, that in considering soil physical factors
for site selection, Northwest nursery managers listed good soil
workability and drainage as the dominant desirable characteris-
tics (OSU Nursery Survey; see chapter 1, thisvolume) (Table 1).

Table 1. Important soil factors considered by Northwest nurser-
iesin selecting sites (OSU Nursery Survey).

% of time
Listed 1<t or 2nd
Sail factor Considered in importance
Workability and drainage 67 38
Texture 57 28
Depth 43 19
Fertility 33 14

6.3 Sail Structure

Soil structure refers to the size, shape, and arrangement of
soil grains and pores. The relative sizes of the different physi-
cal and biological components are shown in Figure 1. The solid
portion of asoil is composed of soil grains, or particles, of
different sizes (Table 2). Different proportions of these sizes
produce the texture classes (e.g., sandy loam, silt loam, etc.).
The pore space of asoil—that portion between the grainsor
grain aggregates—is occupied by air and water. Porosity (volume
of pores divided by total soil volume) of soils in desirable
physical condition is around 0.5.

Table 2. Grain-size fractions.

Name Size, mm
Clay < 0.002

St 0.002-0.05
Very fine sand 0.05-0.1
Fine sand 0.1-0.25
Medium sand 0.25-0.5
Coarse sand 05-1.0
Very coarse sand 10-20
Gravel >20

Aeration, which occurs only in pores not filled with water,
consists both of oxygen diffusing through soil to the root and
of carbon dioxide and gases such as ethylene diffusing from
the root to the soil surface. Diffusion rates are 1,000 times
slower in water than in air; therefore, water-filled pores do not
contribute to aeration. In a well-drained soil, most diffusion
occurs in transmission pores larger than 0.05 mm (Table 3). For
good aeration, aminimum of 20% of the pores should be filled
with air [4]; when only about 10% are, diffusion of gasesfallsto
zero. The pores constituting this 10% porosity are isolated by
water; their continuity islimited, and diffusion cannot readily
occur.

Optimum bulk density (mass of dry soil divided by soil
volume) varies with grain size and nature of the soil. A clay or

AVERAGE SIZES, Um

Soil Bacteria 2.0x 0.05
Fungi (Hyphae) 5
Root Hair 10
Root 200
Soil Pores
Empty at wilting Ot
Empty at field capacity 15
Soil Aggregate 5,000

Figure 1. Architecture of the soil, showing relative sizes of biologi-
cal and physical components (adapted from [12]). Root hairs can
penetrate only the largest soil pores holding water available to
plants; even bacteria cannot penetrate the smaller pores.

clay loam should have a bulk density of 1.0 to 1.1 g/cm3
because a large part of its porosity isin the very small residual
pores (Table 3). Soils developed on volcanic parent materials
have optimum bulk densities of 0.9 to 1.1 g/cm3. Some very
sandy soils can provide an adequateroot environment at a
bulk density of 1.45 g/cm3 because the pores are mostly stor-
age and transmission pores.

Table 3. Pore-size classifications in soils (adapted from [5]).

Classification Size, um (mm) Function

Fissures 500-5,000 Allow repid drainage
(0.5-5
Transmission pores 50-500 Allow flow of water, diffu
(0.05-0.5) sion of gases

Storage pores 0.05-50 Hold water available to
plants

Residua pores 0.005-0.05 Hold water not available to
plants




An ideal sandy loam soil, then, from aroot's perspective,
could have a bulk density of 1.3 g/cm3, an air-filled porosity of
20%, and a water content of 23% at field capacity (see 6.4).
On a volume basis, this soil would have 50% solids, 30%
water, and 20% air.

6.4 Soil W ater

Water infiltrates the soil at the surface and redistributes
below. The force of gravity pulls water down. Soil water poten-
tial (Y soil) (the negative pressure that must be applied to pre-
vent pure water from moving into soil) pulls water into drier
soil and decreases as soil water content decreases. In dry soils,
soil water potential is much smaller than the force of gravity. A
small amount of added water will, therefore, be distributed in
the surface layers of dry soil. Soil water potential depends
upon pore size and is lowest in the smallest pores; thus, water
will be sucked first into these. The force of gravity can remove
water from larger (> 0.05 mm) pores; thus, drainage will empty
those.

The water retention curve (Fig. 2) relates soil water poten-
tial with water content. Varying water potentials can be ap-
plied to a soil sample in the laboratory, the resulting water
content measured, and awater retention curve produced. The
shape of the curve for a particular soil givesinformation on the
amount of water released to plants at different potentials.
Plant roots will first absorb the water held at the highest
potential in the largest pores (see chapter 12, this volume).
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Figure 2. Water retention curve for a typical sandy loam with
bulk density of 1.5 g/cem3;.

Water content may be expressed by weight or volume.
Water content by weight, usually a percentage, is the mass of
water divided by the mass of ovendry soil. Water content by
volume is the volume of water divided by total soil volume and
can be calculated as water content by weight multiplied by
bulk density. This volumetric water content is a useful number
because it is directly related to centimeters (inches) of water in
asoil. A value of 0.10 means 0.10 cm of water per centimeter of
soil, or 10 cm of water per meter of soil (1.2 inches of water
per foot of soil).

A saturated soil without growing roots will drain to field
capacity (water content of a soil saturated by rainfall or irriga-
tion and then allowed to drain for 24 to 48 hours). The water
remaining in the soil at field capacity, held at lower soil
water potentials, will drain only very slowly. Any water added
inirrigation beyond that required to increase the water con-
tent to field capacity is wasted. Excess water will drain away
before an appreciable part of it can be used by plants, leaching
fertilizer and preventing good aeration (see chapter 13, this
volume, for more detailed discussion of land drainage).

Clearly, water control isavery important part of managing
soils for intensive use such as forest nurseries. Nursery manag-
ers should know the field capacity of their soils, which can be
readily measured: (1) after the soil is saturated by irrigation or
rainfall, asmall areais covered with a plastic sheet to prevent
evaporation; (2) after 48 hours, soil samples are taken at 6- and
12-inch depths, and water content is determined.

The total "available water" stored in the soil is defined as
the difference between field capacity and wilting percentage
(water content at which a plant wilts and will recover turgor
only if more water is added). Figure 3 shows the water reten-
tion curve from Figure 2 replotted on the basis of available
water instead of water content. For this soil, half of the avail-
able water is released between — 0.1- and — 0.3-bar soil water
potential and less than a quarter isleft at— 1 bar.
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Soil Water Potential (Y )
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Figure 3. Water retention curve for typical sandy loam (Fig. 2)
replotted on the basis of available water.

Growth is not constant over the water-content range from
field capacity to wilting percentage (Fig. 4). Atmospheric
conditions, which determine atmospheric demand and the
amount of water transpired, shape the growth vs. available
water curve. In many situations, growth is measurably reduced
once about half of the available water has been used. For
maximum growth, the soil should be irrigated when it has
dried to that point.

It is often assumed that the effects of water stress are
temporary, restricted to the period of actual stress, and that
maximum growth resumes once plants are irrigated. However,
water stress has longer term effects. These may be due to
changes in roots on drying which make roots less able to
absorb water. New root growth must then occur before maxi-
mum shoot growth can.
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Figure4. Generalized relation between plant growth and avail-
able soil water.

6.5 Soil Temperature

The temperature of the soil, as well as that of the soil
relative to the air, affectsroot growth and function. The root
zone has agradient in soil temperature within which tempera-
tures change diurnally and with depth. Both low and high soil
temperatures can be a problem in forest nurseries.

Soil temperature can be controlled through changein
either water content of the soil or absorbing and evaporating
properties of the soil surface. The amount of heat required to
raise the temperature of a volume of water istwice as high as
that required for an equal volume of soil. Drainage to decrease
water content will increase soil temperature. Mulches can con-
trol soil temperature by decreasing or increasing absorption of
insolation and by reducing evaporation (see chapter 12).

6.6 Tilth and Tillage

Soil tilth is hard to define but easy to recognize from feel
and from kicking the soil with your toe. Tilthisthe physical
condition of a soil related to ease of tillage, suitability as a
seedbed, and impedance to seedling emergence and root
growth. A soil in good tilth has aggregates that are rounded
and porous, in arange of sizes, that crush easily in the hand.
From the standpoint of the plant root or the germinating seed,
tilth is the system of pores of different sizesthat supply the
roots needs. That system of pores—and its stability—is the
concern of tilth and tillage.

Tillage can be used to increase the volume of transmission
pores and of the larger (> 10 um) storage pores (Table 3),
though it does not influence the smaller storage pores and
residual pores. These small pores are determined by physical
and chemical interaction between soil grains, such as swelling
and shrinking, and by intergrain movement caused by biologi-
cal activity in the soil. in sum, tillage directly affects the larger
pores and indirectly affects the smaller pores by changing the
environment for biological and physical-chemical action.

6.6.1 Seedbed preparation

The main physical effect of plowingis aloosening of the
soil. How long thisincrease in porosity lasts depends upon the
stability of soil structure (Fig. 5). A soil with stable structure will
retain a high porosity for many months; thisis typical of soils
that have been in grass sod. Other soils will revert to their
original porosity within weeks; this undesirable condition is
characteristic of soils low in organic matter or those under
continuous cultivation.
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Tillage operations that prepare a fine seedbed from a plowed
soil decrease porosity by making smaller aggregates that can
fit more closely together, eliminating the larger pores and
fissures. The close fit is assumed to be required to assure that
the seed contacts the soil adequately to imbibe moisture for
germination. However, the decreased porosity created in a
fine seedbed is not optimum for later plant growth. Therefore,
soil in seedbed preparation should be manipulated only to the
degree of fineness needed for adequate seed germination. It
may be better to accept a lower germination percentage to
ensure a favorable environment for subsequent growth.

Many studies have been carried out to determine optimum
size of aggregates for seed germination and plant growth. The
results depend upon the watering regime—with fine aggregates,
aeration is limiting; with coarse aggregates, water islimiting.
Generally, growth is optimum for aggregates of 0.5 to 2 mm.
This observation indicates that rototillers create aggregates that
are too small.

Some tillage operations are used for weed control (see
chapter 18, this volume). Where weed-control alternatives are
available, the benefits and hazards of the extratillage need to
be evaluated.
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Figure 5. Total porosity of soil after plowing.

6.6.2 Organic matter

Organic matter isthe energy source for biological activity in
the soil. Molecules produced during decomposition stabilize
soil aggregates, thus maintaining good soil structure. This
process, like others previously described, is dynamic: because
decomposition is continuous, a supply of fresh organic matter
is always needed for stable soil structure (see chapter 9, this
volume).

In most agricultural crops, the root and some of the shoot
are left in the soil as a source of fresh organic matter. The root
can be 40% of the weight of the shoot. In a forest nursery,
however, root and shoot are both removed. Therefore, or-
ganic matter must be either brought in from somewhere else
and added to the soil or grown on site as a green manure crop
(see chapter 10, this volume). A green manure crop grown
aternately with nursery seedling crops helps to maintain or-
ganic matter, and its prolific roots stabilize soil structure.

6.6.3 Response to tillage: soil workability
Soil workability depends primarily upon soil cohesion, the
forces holding soil grains and aggregates together, and soil



adhesion, the forces holding soil to tillage implements. Both of
these properties vary with water content. Figure 6 shows this
variation for sand and clay, which manifest the extremesin
cohesion and adhesion. Clays develop the highest cohesive
and adhesive forces because of the small grain size and large
surface area. In contrast, sands develop cohesion or adhesion
only through water films—when the soil is saturated or dry,
these properties are not displayed. Agricultural soilsfall be-
tween the extremes of sand and clays.
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Figure 6. Cohesion and adhesion of clay and sand as a function
of water content.

Achieving tilth requires breaking down large aggregates
against the force of cohesion. The energy needed increases as
soil becomes drier. However, good tilth cannot be achieved at
high moisture contents because the broken aggregates will
not remain as separate units. Tillage is, therefore, most effec-
tive at intermediate water contents, the correct water content
depending upon texture and kind of clay, and is best deter-
mined by experience with a particular soil.

The main practical way to ater soil workability isby adding
organic matter. Organic matter increases cohesion of, sandy
soils and decreases cohesion of clays; in either case, the result
is better tilth, or range of pore sizes, for optimum root growth.
Organic matter also decreases adhesion of most soils.

6.7 Soil Compaction

Soil compaction is the rearrangement of soil aggregates
into a position of higher bulk density, hence lower porosity, as
a load is applied to the soil (Fig. 7). Because rearrangement is
easiest into large pores, most of the loss of porosity isinthe
large poreswhere water flow and gas exchange occur. Rear-
rangement also increases soil strength and resistance to root
penetration. As a result, a small amount of compaction can
have alarge influence on root growth.

Soils differ in inherent compactability due to grain-size
composition and organic matter content. Soils having predomi-
nantly one grain size are not easily compacted. However,
when a range of sizes is present, small grains can be moved
into pores between larger grains, increasing compaction. Or-
ganic matter stabilizes aggregates, increases their strength, and
decreases compaction.

Aggregates can be rearranged to a higher bulk density from
both applied pressure and shear. A tractor tire without slip
would apply only pressure to a soil; however, if slipis present,
which is the usual case, both pressure and shear are applied. A
tractor tire or track produces equal pressure lines that form
bulb shapes below it (Fig. 8), but maximum pressure drops off
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Figure 8. Mean normal stress (psi) under a wheel with a 13-38 tire
and a 12-inch track (adapted from [8]).

quickly with depth and with lateral distance from thetire or
track. Because track pressures arelower than tire pressures,
vehicles with tracks may be preferred to minimize compaction.

The main soil variable determining compaction iswater
content. Increasing water content to a certain point makesthe
soil easier to compact; for example, the loose sandy |oam soil
in Figure 9 ismore compactable at 11 % water content than at
6%. Above an optimum water content, compaction decreases
and soil puddling increases. Over the range of water contents
below field capacity, where soils are usually tilled, compaction
increases with increasing water content.

6.7.1 Recognizing soil compaction

Compacted layers in soils become apparent when they
interfere with water movement or root growth. Various meth-
ods are available to measure severity and depth of compaction.

Soil penetrometers measure the force required to push a
probe through a soil, giving a quantitative comparison among
different fields in the nursery and from year to year. Thisisa
relative measure, however, because no probe pushed rapidly
into soil can adequately reproduce the process by which a
root grows. Penetrometer readings show whether compacted
layers are present and where they occur. Because soil resis-
tance to the penetrometer probe increases with decreasing
water content, a comparison of readingsis valid only if water
content is the same.
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Mechanical resistance and poor aeration, the two main
factors limiting growth in compacted soils, often work together
and are hard to separate. Compaction increases mechanical
resistance by increasing soil strength and decreases the vol-
ume of large poresin which gas exchange occurs. For example,
root growth of maize seedlings (Fig. 10) is shown as afunction
of these variables; applied pressure formed the mechanical
resistance, and different oxygen concentrations simulated
aeration. In Figure 11, root elongation of pea seedlings is
shown as a function of bulk density and water content of a soil.
The mechanical resistance due to these two variables was
measured as penetrometer resistance. If only mechanical resis-
tance was present, root elongation would have followed the
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line segments labeled "b." Decreased root elongation shown
by the line segments "a" resulted from decreased aerationin
the wetter soil samples.

Many measurements and observations have shown that
roots can exert large forces to grow; for example, roots can
crack pavement. However, growth rates under those condi-
tions are very slow and are inadequate to support active shoot
growth. Figures 10 and 11 show that root growth decreases
very quickly as soil resistance increases.

Bulk density can be readily measured, but its measurement
reguires some care. Soil can be cored at different depths and
then dried, and its bulk density calculated by dividing its
oven-dry weight by the volume of the core. Bulk densty also
can be measured nondestructively. Nuclear density probes,
largely research tools, canbe placed onor into soil for this
purpose. However, this eguipment is expensive, and special
safety precautions must be taken with its radioactive source.
Air permeameters also are used in research work to evaluate
compacted layers which restrict air movement.

Bulk density valuesfor sandy loam soils normally fall in the
range of 1.3to 1.5 g/cm3. High (above 6%) organic matter
contents result in lower bulk density. Soils with high contents
of halloysite clay, amorphous clay minerals, or pumice grains
have low bulk densities, around 1.0 g/cm3; these soilsalso
usually have good drainage, good workability when wet, and
lower susceptibility to compaction.

6.7.2 Minimizing soil compaction
On the basis of the compaction process described above,
the options for minimizing soil compaction fall into four groups:

(1) Decreasethe amount of pressure applied to soil and
the number of times it is applied. Use tractors and
equipment with low ground pressure (see Fig. 8); use
equipment as few times as possible; and dedicate cer-
tain soil areas for tractor wheels.

(2) Increase the resistance of the soil to compaction by
adding organic matter to increase soil aggregate stabil-
ity and by draining soils to decrease water content.

(3) Till the soil at lower water contents, where it is more
resistant to compaction.

(4) Use tillage equipment that has the least compacting
influence. Avoid creating tillage pans; till to different
depths at different times; do not use vibrating tools.

6.7.3 Improving compacted zones

Though avoiding compaction is most desirable in principle,
it isoften not possible in practice. Seedbed preparation re-
quires certain tillage operations, and seedlings often must be
lifted when the soil is wet. Compacted soil zones do occur—
and amelioration is necessary.

Reversing compaction requires moving il aggregatesinto
an arrangement of greater porosity and then stabilizing that
new arrangement in some way. The most common practice for
overcoming compacted subsoilsisripping. Ripping shanks, at
40- to 80-cm (15- to 30-in.) spacing, are pulled through the soil
40to 80 cm (15to 30in.) deep. A second pass at right angles
to thefirst is common.

Although most nursery managers claim good results with
ripping, soil scientists have theoretical reasons for believing
that changes in the soil due to ripping may be only transitory.
If the same forces, whether natural or due to soil manipulation
such as tillage, continue to act on the soil, then soil particles
would again settle into the original bulk density. To prevent
this, the soil would have to be modified in some way. Many
measurements of porosity and rooting have failed to detect
differences between ripped and unripped fields [unpubl. data,
11].



What are the requirements for effective ripping? Toin-
crease porosity, the soil volume must be increased (Fig. 12). If
ripping does not increase height of soil at the surface, whichis
afunction of design, angle, and depth of the implement used,
it cannot increase soil porosity. There is a critical depth for
each type and shape of ripping tine [9].

If the soil isdry, ripping will shatter it, producing the de-
sired effect. If the soil is wet, aggregates can readily flow back
into a structure with the original porosity. However, even
under ideal conditions of loosening and shattering, ripping
may produce small soil clods, loosely arranged, which have
large pore spaces between them but low porosity within.
Ripping cannot change the internal porosity of 1- to 5-mm
clods. Though the ripped soil has some large fissures, which
aid aeration, root penetration, and water drainage, root hairs
cannot easily extract water and nutrients from clods. The
increased drainage due to large fissures probably accounts for
much of the benefit obtained from ripping.

The effects of ripping can probably best be evaluated visually.
Expose a soil face to below the depth of the ripping tine. The
amount of shattering and lifting and any compaction fromthe
shaft or tine can then be observed (Fig. 12).

6.7.4 Soil crusting

Soil crusts are thin layers at the surface that are either rigid
enough to decrease seedling emergence and damage stems of
growing plants, or impermeable enough to decrease infiltra-
tion of water into soil or gas exchange between soil pores and
the atmosphere. The crusts, commonly 1 to 5 mm thick, result
from movement and bonding of soil grains into anew, more
dense arrangement due to falling water drops from either
rainfall or irrigation. Crusting is most common in soils with a
high content of fine sand or coarse silt. Stable aggregates are
difficult to maintain in these soils, and special management
practices often are necessary to overcome effects of crusts.

Some soils contain plate-shaped grains such as unweath-
ered mica in their sand and silt fractions. If the aggregate
stability of these soilsislow, the grains will disperse on wetting.
These plate-shaped grains then settle out with a preferred
orientation along their horizontal axis. On drying, clay grains
will bond the adjacent plates. The effect is analogous to sheets
of paper allowed to fall and then glued in spots. A hard and
impermeable crust forms.

Another common mechanism for crust formation is for
dispersed grains of fine sand and coarse silt to flow into pores
between aggregates or large grains. The silt grains seal the
poresin athin layer of soil at the surface. When the soil dries,
a hard and impervious crust forms.

Because crusts result from grain movement and rearrange-
ment, wetting alone will not remove them although it de-
creases their strength. Light cultivation will obliterate the effect
of crusts by bringing uncrusted soil to the surface: however, a
crust will form at the next wetting.

Preventing crusts requires increasing aggregate strength to
prevent dispersion of grains, protecting the surface from the
energy of water striking it, and decreasing the bonding be-
tween grains on drying. Mulches protect the surface from
direct impact of falling water drops. Organic matter commonly
is added to increase aggregate stability and decrease bonding
between soil grains on drying; decomposing organic molecules
coat mineral grains and interfere with strong grain-to-grain
bonds. Type of cultivation also influences aggregate stability:
for example, rototillers destroy aggregates, thereby increasing
the chance of crusting.

Various materials such as phosphoric acid and vermiculite
have been added to soils as anticrusting agents: the effect is
usually to decrease bonding. Chemicals can be added in a
band above the seed; vermiculite can be covered with a thin
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layer of soil to prevent it from being blown away by wind or
washed away by water. Hemphill [7] found vermiculite more
effective than phosphoric acid (Table 4) in promoting emer-
gence of vegetable seeds.

Table 4. Evaluation of anticrusting materials for vegetable crops
(adapted from [7]).

Number of seedlings emerged per meter
of row at 14 days

Treatment Carrot Lettuce Onion
Control 4.7 4.7 52
Phosphoric acid 8.8 9.0 83
Vermiculite 15.7 27.3 17.3

6.8 Northwest Nur series:
Assessment of Soil Physical

Properties

Of te soils identified in the OSU Nursery Survey (see
chapter 1, this volume), 54% were sandy loams, 18% loamy
sands, 12% loams, 8% silt loams, and 8% clay loams.

The sandy loams had 2 to 3% organic matter. Most manag-
ers prefer an organic matter content of a least 5% and are
actively adding organic matter to their soils. Most tillage equip-
ment can be used on sandy loam soils, which are relatively
easy to till; tilth improves as organic matter is added. Good
tilth in sandy loams depends predominantly on maintaining
high levels of actively decomposing organic matter.

The loams to clay loams, which are finer grained, store
more water and can be tilled effectively only over a narrow
range of water contents. Seedbed preparation, which consists
of breaking the soil into fine aggregates, is more difficult, asis
separating soil from roots during lifting. However, these char-
acteristics depend upon the type of clay. For example, the clay
fraction of soils formed on volcanic materials has relatively low
cohesion and adhesion.

Rototillers are used in almost all nurseries. Some managers
realize that this equipment destroys soil structure by pulveriz-
ing the soil too much and leaving a compacted layer just below
depth of working; nevertheless, rototilling is often the easiest
way to get the fine seedbed desired for uniform germination of
small seeds. Although rototillers are often singled out, any
tillage operation has the potentia to destroy soil structure and
create tillage pans in the soil. Therefore, the best general
management guide is to decrease the number of tillage opera-
tions to the minimum necessary for seedbed preparation.

Of the soil-related problems identified by nursery managers
(Table 5), compaction and organic matter maintenance were
the major concerns. Preventing compaction requires that soil
not be worked when it is at a water content near field capacity.
Because this is often unavoidable, compacted zones have to be
ameliorated by ripping. The large emphasis on maintaining
organic matter seems justified, based on its many benefits,

Table 5. Soil-related problems in Northwest nurseries (OSU
Nursery Survey).

% of time
Considered Listed 1st or
Problem aproblem  2nd in importance
Compaction 62 24
Organic matter maintenance 62 19
Poor drainage 43 19
Wind abrasion 34 19
Too much variation 29 14
Too"heavy" 29 14
Uneven topography 24 5

although a few soils have inherently good physical properties
at low organic matter levels. Certain amorphous or oxide clay
minerals can impart good structure. For most soils, however,
organic matter is essential to good soil structure.

Poor drainage was identified as a problem, although most
managers rated their soils as having good drainage. The poor
drainage may result from unevennessin thefields, identified
as a problem by aquarter of the managers. |nadequate drain-
age may be more of a problem than managers realize, however,
because its effects are subtle. Decreased root growth, de-
creased efficiency in nutrient uptake, and plant changes due to
decreased aeration will reduce seedling growth uniformly over
an area; therefore, the amount of the decrease may not be
apparent. Intensive management of soils usually requires artifi-
cial drainage.

Soil variation within afield makes it difficult to manage the
field uniformly. Variation in physical properties is hard to
correct; often, the variation occurs over such a small scale that
different units cannot be separated as different fields. Land
with excessive variation over a small area should be avoided
for use as nursery sites.

Soil splash, often a first step in crust formation, has been
identified as a problem in some nurseries. Soil splash will be
controlled by the same preventative measures used to control
crust formation.

Success in maintaining a good physical environment for
growth of seedlings depends upon a wise choice of site and
wise manipulation of the soil. The objective of this manipula-
tion is to maintain a stable soil structure with a sufficient
volume of pores of different sizes to allow for the important
fluxes of air, water, and nutrients and for water storage. The
soil must resist compaction, puddling, and crusting to maintain
this pore assemblage. No "magic" substance can be added to
soil to achieve a stable structure—this is truly a management
concern. Maintenance of organic matter, adequate subsurface
drainage, use of soil-building cropsin arotation, and judicious
tillage are all parts of a successful soil-management program.

Technical Paper 6536, Oregon Agricultural Experiment Station,
Oregon State University, Corvallis.
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Abstract

The soil cation-exchange complex serves as a reservoir
of nutrients which arereleased into the soil solution, where
they are accessible to seedlings. Although macronu-
trients are most readily available in soils of pH 6 to 7,
micronutrients are most available in more acid soils;
therefore, pH values of 5.0 to 6.0 are recommended for
forest nurseries. Under such conditions, available nitrogen
is primarily In the ammonium form, and phosphorus can
form Insoluble iron and aluminum compounds. Sulfur,
potassium, calcium, magnesium, and micronutrients are
seldom deficient in forest nurseries because sufficient
fertilizer is added as " maintenance" dressings, or supplies
from native minerals are adequate. Recommended fertil -
izer applications for a 2year nursery rotation range from
112 to 285 kg of nitrogen, 67 to 200 kg of phosphorus, and
75 to 150 kg of potassium per ha. Recommended nu-
trient levels In both soils and seedlings are tabulated
and some effects of nutrients on seedling growth and
physiology mentioned.

7.1 Introduction

The primary purpose of forest nurseries is to produce trees
to form new forests. Therefore, maintaining adequatefertility in
bareroot nursery soils is important to assure production of
high-quality planting stock. Gathering the appropriate informa-
tion on maintaining adequate nursery soil fertility into a single
publication has been attempted many times previously [e.g., 1,
9, 58, 71, 77] and undoubtedly will be necessary again as
conditions change and new information becomes available. In
this chapter, the main factors affecting soil fertility are outlined
and the management measures that can alter or maintain
fertility described. Particular attention is devoted to fertilizers
and their use, and some effectsof nutrients on seedling growth
and physiology also are included.

7.2 Soil Cation-Exchange Capacity

Soils are derived primarily from minerals but also contain
organic matter. The colloidal fractions (< 0.002 mm in diameter)
of both mineral soil and soil organic matter are the chemically
active portions. The colloidal mineral fraction is constituted of
clays consisting of particles (micelles) of silicate and alumina
arranged in crystal lattice structures [e.g., 20]. These micelles
carry an overall negative charge and so can attract and adsorb
positively charged particles (cations) such as hydrogen (H*) or
positively charged metallic ions such as ammonium (NHg%),

potassium (K*), calcium (Ca**), and magnesium (Mg™™).
Colloidal organic matter (humus) also carries negative charges
and behaves as micelles do except that it carries many times
more negative charges for the same amount of dry weight.

Cations adsorbed to clay micelles and organic matter can be
displaced by other cations that are more positively charged or
as aresult of mass action. The quantity of cations which can be
adsorbed or displaced is a measure of the cation exchange
capacity (CEC) of the soil. This measurement is important for
soil fertility because nutrient cations held on the soil CEC are
not leached but are available for plant growth. Although CEC is
normally measured at pH 7, nursery soils may have lower pH
values and high organic matter contents such that the effective
CEC may be lower than the measured CEC.

Nutrients are released from the CEC complex into the soil
solution in the form of ions (Table 1), which are absorbed by
plants. The proportion of the CEC occupied by basesis referred
to as the percent base saturation. The remaining CEC is as-
sumed to be occupied by H* ions which confer an acid reaction
to the soil; therefore, soils with low percent base saturation
tend to be acidic. Low percent base saturation also implies that
the supply of nutrient cations for plant growth islow.

CEC is measured in milliequivalents (meq), which relatethe
combining capacity of soil and nutrient cations. For example, a
soil with a CEC of 20 meq could adsorb 20 meq Ca, which

In Duryea, Mary L., and Thomas D. Landis (eds.). 1984. Forest Nursery Manual: Production of Bareroot Seedlings. Martinus Nijhoff/Dr W. Junk Publishers. The Hague/Boston/L ancaster, for

Forest Research Laboratory, Oregon State University. Corvallis. 386 p.
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equals 400 mg Ca (20 x equivalent wt. of Ca, 20.0 g; see
Table 1), 20 meq K (782 mg K), or 20 meg Mg (243 mg Mg).
The meq values are normally expressed on the basis of
100 g dry soil. For practical purposes, 1 mg of nutrient/100 g
of soil is equivalent to 22 kg/ha (20 Ib/acre) furrow slice.
Thus, 0.4 meg K/100 g soil would represent
0.4x39.1=15.64mgK/100 g
15.64 x 22 = 344 kg K/ha (312 Ib K/acre) furrow slice

where 39.1 is the equivalent weight of K (Table 1).

CEC values for anumber of nurseries in the Pacific region of
Canada and the United States ranged from 8 to 30 meg/100 g
soil, and base saturation was usually less than 50% [71]. The
OSU Nursery Survey (see chapter 1, this volume) showed the
mean CEC of 16 nurseriesto be 12.5 meg/100 g (range, 6 to 29
meg/100 g).

Table 1. lonic forms of macronutrients and their equivalent
weights.

lonic Equivaent
Nutrient form weightl
Potassum K+ 39.1
Cacium Cat+ 20.0
Magnesium Mgt+ 12.2
Nitrogen (nitrate) NO3- 62.0
Nitrogen (@ammonium) NH4+ 18.0
Sulfur (sulfate) Dy4-- 48.0
Phosphorus (phosphate) PO4-- 317

1Equivalent weight is the weight that will combine with (for unlike
charges) or replace (for like charges) the weight of some other ele
ment. Thus, 39 g of K+ will replace 20 g of Cat+ or combine
with 48 g of SO4--.

7.3 Soil pH

Soil pH, or reaction, is described by the pH scale in which 7
is neutral for soils measured in water. Soils measuring from 5.5
to 6.5 are generally regarded as slightly acid, those from 4.5 to
5.5 as acid, and those less than 4.5 as strongly acid. Values
lower than 3.5 are rare. Alkaline soils have pH values above
7.5.

The pH is normally measured in a mixture of 1 part soil to 1
part distilled water: but other ratios (e.g., 1:5) may be used, or
0.1 molar calcium chloride may be used instead of distilled
water. However, different methods result in different values.
In particular, the calcium chloride method indicates pH values
about 0.5 units lower than those obtained in water.

Soil pH affects availability of nutrients to plants and influ-
ences the composition of soil flora and fauna, including some
crop pathogens. The macronutients nit rogen (N), K, Ca, and Mg
are most readily available at soil pH values above 6, but
maximum availability of P is restricted to between pH 6 and 7
[20]. The micronutrient metals iron (Fe), manganese (Mn), zinc
(Zn), copper (Cu), and cobalt (Co) are most available in soils
with pH values below about 5. 5. Most conifers tend to become
chlorotic on soils of neutral or alkaline pH because of their
inability to obtain adequate Fe and Mn. However, extremely
acid soils (pH < 4.5) are infertile because they do not retain
nutrient cations such as NH4+, K+, and Cat+ to any extent.
Incidence of damping-off is reduced when nursery soil pH is
maintained in the region of 4.5to0 6.0 [62], and weed problems
also are reduced on acid soils (see chapters 18 and 19, this
volume).

Ideal values for conifer nursery soilsare pH 5 to 6 andthose
for hardwood nursery soils pH 6 to 7 [65]. Aldhous [1] warns
against allowing nursery soil pH to become too high and recom-
mends pH 5 for conifer nurseries, pH 5.5 for hardwoods, and
pH 6 for poplars. Growth of several Northwest conifer species
is optimal between pH 5 and 5.5 [13].
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7.4 Nutrient Form and Availability
7.4.1 Nitrogen

Three forms of N occur in soil: (1) organic N associated with
the soil humus, (2) ammonium N (NH4-N) fixed withinthe lattice
of clays such as vermiculite, and (3) soluble inorganic ammo-
nium and nitrate compounds [20]. As soil organisms slowly
break down organic matter, ammonium is released into the soil
solution. In the presence of adequate bases, ammonium is
nitrified to produce nitrate ions (NO3-). Nitrification is probably
slow in forest nursery soils because most, but not all, are lowin
bases. In any case, most conifer seedlings grow well with a
predominantly NH4-N source [43, 49, 69]; Douglasfir [ Pseudotsuga
mendesi (Mirb,) Franco] can be grown exdusvey on NH4N [75].
Although the NHzN fixed within the clay lattice is relatively
unavailable to plants, the NH, + adsorbed within the measur-
able CEC isavailable to plants and relatively resistant to | eaching;
NO3-, on the other hand, is readily leached from soil.

The common Kieldahl chemical analysis for N in soils deter-
mines all the N present other than nitrate, which is normally
excluded. Although this value generally indicates soil N status,
it is frequently a poor guide to N fertilizer requirements, which
may be better judged from measuring of mineral N in light
nursery soils. Effects of fertilizing a sandy loam soil with ammo-
nium nitrate were readily detected by measuring extractable
mineral N [74].

7.4.2 Phosphorus and sulfur

Occurring primarily in the earth's surface as insoluble apa-
tite [Ca5(PO4) 3F or Cas(PO4)30H]. Pis present in the soil mainly
as inorganic phosphates (50 to 70%) and organic P (30 to 50%),
which together compose the solid phase. A very small amount
of P, in proportion to the solid phase, is present in the liquid
phase as orthophosphate ions (H2PO4, HPO4--, and PO4---).
Though the proportion of orthophosphate ions is influenced by
pH, it is thought that plants can take up any one of these ions.
These soluble phosphates react with Fe and aluminum (Al)
under acid soil conditions to form insoluble FePQ4 « 2H20 and
AlIPO4 « 2H20 and with Ca to form apatites in neutral and
calcareous soils. The P thus becomes fixed in a form that is
unavailable to plants.

Phosphorus fertilizers dissolve in water to release ortho-
phosphates which, if not absorbed by plants, are steadily
rendered unavailable by the fixation process just described.
Soils with more clay tend to fix more of the P supplied by
fertilizer than those with less clay, but soils with more organic
matter tend to fix less. Organic matter improves P availability
because it (1) competes with phosphate ions for binding sites
on soil particles. (2) produces organic anions which chelate
(form organic compounds with nutrients available to plants) Al,
Fe, and Ca, and (3) slowly releases P during decomposition.

In forest soil, trees appear to rely, at least partly, on mycor-
rhizae for obtaining soil P [30] (see chapter 20, this volume).
Even in the nursery, P deficiency has been detected in white
spruce [ Picea glauca (Moench) Voss] after soil fumigation [24].
Thislack was attributed to destruction of mycorrhizal fungi es-
sential to P uptake but could be rectified by using adequate P
fertilizer.

Heavy use of superphosphate fertilizer has been reported to
greatly accentuate Cu deficiency symptoms in Sitka spruce
[Picea sitchensis (Bong.) Carr.] [ 13].

Analysis of total soil P is relatively uninformative because
only a small fraction of P is available for plant growth.
Consequently, several methods for determining available P
have been devised which employ a variety of extracting agents
(such as sodium bicarbonate and various dilute acids) and give
a variety of results, seldom comparable. One suitable method
for acid nursery soils is the dilute acid-fluoride procedure (Bray



and Kurtz No. 1 solution; see [33], p. 159) which is used in
Ontario [7] and British Columbia [71]. A sodium bicarbonate
extraction solution (Olsen's method: see [33], p. 164) is widely
used for calcareous soils of high pH.

Sulfur (S) occurs mainly in soil organic matter and is ab»
sorbed by plants as sulfate. Unlike P, it is not rendered unavail-
able to plants by reaction with other soil components, and it is
usually present in adequate amounts in fertilized nursery soils
because many fertilizers contain it in substantial amounts. For
example, ammonium sulfate contains 24% S, potassium sulfate
18% S, and calcium superphosphate 12% S. Nevertheless, Scan
be deficient in nurseries [18]. In fact, incidence of S deficiency
may be increasing due to use of fertilizers with low S content
aswell as reduced industrial SO2 emissions. The amount of Sin a
conifer isclosely related to the amount of N; theratiois1 part S
to 14 parts N by weight [66]. Knight [35] recommends ensuring
that 1/15 as much S as N is applied to light soils to safeguard
against deficiency.

7.4.3 Potassium, calcium, and magnesium
The cations K+, Cat+, and Mgt+ are adsorbed on soil
catiornrexchange sites where they are available to plants.
Potassium-containing minerals, which are widespread, weather
to release K. Exchangeable Ca and Mg also are derived from
weathering of soil minerals, but these are not so ubiquitous. Ca
is more readily displaced than K and can become dpleted in
acid nursery soils. However, even K can be rapidly depleted by
leaching in sandy nursery soils with apH of 5 or less [37].

7.4.4 Micronutrients

The metallic micronutrients Fe, Mn, Cu, and Zn occur as
cations in the soil solution at low pH. At high pH they are
converted to insoluble oxides and hydroxides which are not
available to plants; for example. Douglas-fir seedlings growing
in an artificia container soil (pH 6) to which too much Ca (50
meg/100 g) had been added showed Mn deficiency symptoms
and contained no detectable foliar Mn. Healthy seedlings grow-
ing in a medium with asimilar Calevel but at pH 5.5 contained
2 ppmfoliar Mn [unpubl. data. 76]. Availability of micronutrients
is generally reduced by increasing soil pH, as occurs with
liming, although availability of molybdenum (Mo) is increased
by raising pH. Boron (B) is generally more available under acid
conditions; however, its concentration usually decreases down
the soil profile. Therefore, deficiencies may be accentuated in
dry weather because surface root activity is curtailed by lack of
water [20]. Organic matter can complex metallic cations and
render them unavailable to plants or can also produce mole-
cules that chelate micronutrients.

7.5 Recommended Nutrient Levels

Soil and plant analysis can help the nursery manager main-
tain adequate nutrient levels for satisfactory plant growth
(see chapter 8, this volume). These analyses are not always easy
to interpret, however, and the quality and growth of stock over
the previous few years provide equally important guidance for
changes in nursery fertility.

7.5.1 Sails

The soil nutrient levels to be expected in afertile nursery on
the Pacific Coast growing Douglasfir seedlings (Table 2) can
probably be taken as a guide for mostnurseriesin the Northwest,
although the range of values may be large [71]. Analyses from
nurseries in other regions [e.g., 73] show levels similar to or
somewhat lower than those in Table 2. Note that percentage of
Kjeldahl N is largely a function of soil organic matter content
and seldom indicates the N available to plants.

Table 2. Expected range In analytical values for Douglas-fir
nursery soils (adapted from[71]).

Analytical
Range method
pH 4855 1 soil: | water paste
Organic matter, % 35 W et oxidation
N, % 0.20-025  Kjeldahl
P, ppm 100-150 Bray and Kurtz No. 1, dilute
acid-fluoride
K,meg/100g 0.20-0.30
ppm 78117
Ca, meg/100 g 3.0-80 1 N ammonium acetate
ppm 600-1,600 leachate at pH 7
Mg, meg/100 g 0.7-2.0
ppm 170-486
CEC, meg/ 100 g 10-20

Sail is most conveniently sampled when it isin fallow or after
cover cropping so that recommendations for adjusting fertilizer
schedules can be prepared before sowing the new crop (see
chapter 8, this volume). One of the best ways of using soil
analysis is to maintain records for each management unit and
interpret them for the effects of different management pro-
cedures.

7.5.2 Seedlings

Because nutrient concentrationsin conifers vary with season, it
is conventional to sample seedlings in late autumn or early
winter when nutrient levels are relatively stable. Whole shoots
or entire plants commonly are analyzed for 1+0 seedlings,
but only needles usually are removed and tested in older stock.
Nutrient concentrations in needles are higher than those in
stems and roots, but concentrations in 1+0 seedlings are
higher than those in 2+0 seedlings. It is convenient to sample
whole 1+0 seedlings in mid-October for chemical analysis so
that inadeguacies in plant nutrient concentrations can be recti-
fied by fertilizing during the second year of growth (see chap-
ter 8, thisvolume).

Nutrient concentrations vary with growing conditions of the
crop, and from year to year, but certain ranges can be expected
(Table 3). Seedlings with concentrations below the lower limit
of the 50% range may be inadequately supplied with nutrients,
and those with levels close to the minima almost certainly
require appropriate fertilizing. Micronutrient levels in whole
1+0 Douglas-fir seedlings whose roots had been thoroughly
washed ranged from 30 to 101 ppm B, 108 to 180 ppm Mn, and
47 to 66 ppm Zn [71]. In 1+0 white spruce, Mn ranged from
328 to 1,456 ppm [70]. The higher values were associated with
applying chelated micronutrients to the seedlings.

Nutrient levels expected in needles of adequately supplied
2 + 0 Douglas-fir (Table 4) are probably a guide to levels that
can be expected in most other conifer species grown in North-
west nurseries. The deficiency level of K in white spruce needles
was 0.13 to 0.21% [31]. The Mn level ranged from 636 to
2,852 ppm in 2+0 white spruce foliage in a nursery experi-
ment where Mn chelate was used [ 70]. The deficiency level of S
for Sitka spruce needles was about 0.08% and the sufficiency
level about 0.16% [18]. The deficiency level of Cu in Sitka
spruce was 2.5 ppm and in Douglas-fir 4 ppm [60].

Interpreting foliar nutrient concentrations can be compli-
cated by effects of environmental factors and interactions
between nutrients. However, in healthy plants the ratios be-
tween the different nutrients are fairly constant. Work with
Douglasfir, Sitka spruce, and western hemlock [Tsuga heterophylla
(Raf.) Sarg.] seedlings shows that if the percentage of N is set a
100, the proportions of the other nutrients are, approximately,
16P, 60K, 5Ca, 5Mg, 9S, and 0.7Fe under favorable nutrient
conditions [32]. These proportions can serve as a guide to
nutrient imbalance within the seedling.
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Table 3. Means and ranges of morphological and nutrient
concentration values for samples of 40 (80 white spruce) 1+0
seedlings of five species collected on October 15, 1968 to 1978.

M easurement

Mean  Minimum Maximum 509 rangel

Coastal Douglas-fir (233 observations)

Seedling dry wt.,, g  0.48 0.08 136
Shoot length, cm 9.93 3.60 1922 ...
Shoot: root ratio 0.50 0.29 105
N, % 161 0.74 255 141181
P, % 0.20 0.11 045 0.17-023
K, % 0.85 0.43 132 0.74095
Ca % 0.30 0.01 061 0.22-0.38
Mg, % 0.11 0.06 022 0.100.13
Interior Douglasfir (70 observations)
Seedlingdry wt., g  0.29 0.07 081 ..
Shoot length, cm 6.34 3.50 1280 ..
Shoot: root ratio 0.56 0.30 115
N, % 1.93 134 279 173213
P, % 0.25 0.18 041 0.22-028
K, % 0.84 0.63 144 0.74095
Ca, % 0.31 0.05 0.67 0.22-0.40
Mg, % 0.12 0.07 0.17 0.100.13
Sitka spruce (44 observations)

Seedlingdry wt., g 0.23 0.08 0.47

Shoot length, cm 5.68 3.40 11.90

Shoot: root ratio 0.51 0.25 1.03 s
N, % 2.03 1.06 262 180226
P, % 0.25 0.16 0.37 0.18033
K, % 115 0.74 142 105125
Ca, % 0.51 0.32 0.71 0.45057
Mg, % 0.16 0.11 0.25 0.140.18

White spruce (234 obser vations)

Seedling dry wt., g 0.18 0.03 0.60

Shoot length, cm 3.90 1.70 9.20 e
Shoot: root rat io 0.57 0.24 097 .
N, % 2.59 0.24 350 228291
P, % 0.32 0.22 042 0.30-0.35
K, % 0.90 0.52 126 0.83-098
Ca, % 0.49 0.12 0.87 0.39-059
Mg, % 0.15 0.10 0.22 014017

L odgepole pine (53 observations)

Seedlingdry wt., g 0.58 0.15 158 ...
Shoot length, cm 6.55 2.70 14.60 e
Shoot: root ratio 0.42 0.30 062 .
N, % 1.99 1.38 266 176222
P, % 0.25 0.17 0.33 0.22-0.28
K, % 0.95 0.73 124 0.86-1.03
Ca, % 0.32 0.19 052 0.27-037
Mg, % 0.13 0.10 0.17 012014

1Range in mineral nutrient concentrations for 50% of observations;
range cal culated as mean + 0.68 standard deviation.

7.5.3 Deficiency symptoms

Inadeguate mineral nutrition usually results in reduced seed-
ling growth before any characteristic deficiency symptoms
become evident. Visual symptoms of macronutrient deficien-
cies have been described by Purnell [52], Sucoff [61], Stone
[59], Benzian [13], Baule and Fricker [11], and Armson and
Sadreika [9]. Morrison's [46] summary (Table 5) shows that, in
many instances, symptoms are rather similar for deficiencies
of different nutrients. Thus, determining the particular nutrient
causing the deficiency is seldom possible without supporting
evidence, such as tissue analysis or aleviation of symptoms by
nutrient addition.

Table 5. Visual deficiency symptoms in conifers (adapted
from [46]).

Nutrient Deficiency symptoms

N Genera chlorosis and stunting of needles increasing
with severity of deficiency; inmost severecases needles
short, tiff, yellow-green to yellow; in some cases purple
tipping followed by necrosis of needles a end of
growing season.

P Y oungest needles green or yellow-green; older needles
distinctly purpletinged; purple deepenswith severity
of deficiency; in very severe cases in seedlings, dl
needlespurple.

K Symptoms vary: usualy needles short, chlorotic, with
some green near base; in some severe cases, purpling
and necrosis with top dieback, or little or no chlorosis
of needles but purpling, browning, or necrosis.

Ca General chlorosis followed by necrosis of needles,
especialy at branch tips; in severe cases, death of
terminal bud and top dieback; resin exudation.

Mg Yellow tipping of current needles followed in severe
cases by tip necrosis.

S General chlorosis of foliage followed in severe cases
by necrosis.

Fe More or less diffuse chlorosis confined in milder cases

to new needles; in more severe cases, bright yellow
discoloration with no bud development.

Mn Needles dightly chlorotic; in severe cases, somenecross
of needles.
B Tip dieback late in growing season with associated

chloroticto-necrotic foliage, intergrading to dieback
of leading shoot with characteristic crooking.

Zn Extreme stunting of trees with shortening of branches;
needles yellow, short, crowded together on twig, some-
times bronze-tipped; older needles shed early, with
resultant tufting of foliage; in severe cases, trees
rosetted with top dieback.

Cu Needles twisted spirdly, yellowed or bronzed; "tip-
burn" or necrosis of needle tips evident; in severe
cases, young shoots twisted or bent.

Mo Chlorosis of leaves followed by necrosis of tissue, begin-
ning at tip and eventually covering whole |eaf.

Table4. Nutrient concentrations? expected in dry needlesof 2 + 0 Douglas-fir in October.

Nutrient concentrations

Level N P K Ca Mg
~~~~~~~~~~~~~~ %~~~~~~~~~~~~~

Adequate 18 0.18 0.8 0.20 0.12

Low 12 014 ... L

Very low 10 0.09 ...

SeY] Fe Mn B Cu Zn
~~~~~~~~~~~~~~ ppM~~~~~~ -~~~
80 ... 390-1,294 939 51-7.7 17-63
...... 39-51
.................. 5 2451 ...

1A variety of sources has been used; these are cited in [72]. P concentrations have been revised downward from that paper. Micronutrient

vauesare from [59].
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ihi em showed little adverse effect from these S applications. Sulfur
76 Fertl l Ity M anag ent applied at 4,480 kg/ha (4,000 Ib/acre) decreased pH by about
Managing nursery soils is something of an art because

1 unit from the control in June and 1.4 units in September

specifications for many soil and crop characteristics cannot be (Table 6). Slaked lime applied at 4,480 kg/ha (4,000 Ib/acre)
precise. Location, climate, soil, weather, and many other fac- increased pH by about 1.1 units in June and about 1.0 in
tors make each nursery unique. Though guidelines and limits September. Between September and June of the following year,
can be provided, much depends upon the individual nursery no further major changes in pH occurred.
manager, who can keep adequate records of cultural treatments, Organic materials are safe acidifying agents whose effects
particularly soil amendments, and conduct regular analyses of often become appreciable only after several years of continu
soils and crops. By being aware of how soil fertility factors ing application (see chapter 9, this volume). Hop waste (from a
are changing and how stock is growing in the nursery and brewery) was effective in reducing pH of a calcareous silt loam
performing after outplanting, the nursery manager can develop (pH 7.8 to 8.0) at a nursery in the East Kootenay region of
prescriptions to maintain adequate soil fertility. British Columbia. A dressing 2.5 cm (1 in.) thick, worked into
. . the soil, reduced pH 1.2 units after 2 years; a similar dressing
7.6.1 Controlling soil pH of commercial peat decreased pH 1.0 unit.

Raising soil pH can be relatively easy, but reducing it is
much more difficult. Thus, any attempts to increase nursery soil Table6. Average changesin soil pH obtained with Sand daked
pH should be careful and conservative. Fertilizers modify soil lime [Ca(OH) 2] at two coastal nur series.
pH, with most of the commonly used N and P sources tending Soil pH
to acidify the soil. This effect is usually small and can readily be March
offset by an occasional small amendment of dolomitic limestone. L
The considerable ability of soilsto resist changein pH is due to application, ~~Yearl-~ ~oYear2-~

) : : > Treatment kg/ha June Sept. June
the buffer capacity resulting mainly from the reserve acidity of
the cation exchange complex. The pH is atected in the soil Control 0 5.6 54 55
solution, but this is in equilibrium with the cation exchange S 1,680 49 45 47
complex. Greater proportions of clay or organic matter in the . 4,480 45 40 39
soil provide a larger cation exchange complex and so buffer Ca(OHi7 }1238 g‘;’ gg gg
the soil solution against pH change. High buffer capacity im- ' . i :
plies stable soil pH.

Soil pH can be reduced with S, aluminum sulfate[A12(SO4)3], Ground limestone or dolomitic limestone (which contains
and sulfuric acid (H2S04). But these substances are toxic to Mg as well as Ca) is equally good for raising soil pH. The
conifer seedlings at high concentrations and should therefore effectiveness of a unit quantity of limestone in changing pH is
be applied as long before sowing as possible. Adding more influenced by both soil texture and soil organic matter content
than 1,680 kg/ha (1,500 Ib/acre) of S to Ontario nurseries (Table 7). Both clay and organic matter increase the soil's buffer
reduced survival of red pine (Pinus resinosa Ait.) in the seedbed, capacity, making it more difficult to either raise or lower the
though average seedling dry weight increased up to at least existing pH.

2,520 kg/ha (2,250 Ib/acre) of S [47]. Experience in Ontario Most nurseries in the Northwest irrigate heavily, and the pH
nurseries has shown that 560 kg/ha (500 Ib/acre) of S reduces and dissolved salt content of irrigation water can influence soil
soil pH 0.5 unitsover therangepH 5. 5t0 7.0 [9]. pH. Water with high pH, containing cations and especially

Sulfur and slaked lime [Ca(OH)2] were applied to silt loam bicarbonates, tends to raise soil pH. Acid injection into the
soils at two coastal nurseries in spring to obtain plots with irrigation system is possible [8] when water sufficiently low in
different soil pH [68]. Douglas-fir sown during the same spring bicarbonates is not available.

Table 7. Ground limestone (1,000 kg/ha) required to raise existing soil pH to one of three chosen pH values In soils of different
textures (adapted from[ 1]).

Intended pH for soil-texture class

Sands, loamy Sandy loams Silty loams, silt Clay loams, silty Sailsin previous
sands |loams, loams, clay loams, clay class, but high
sandy clay loams inorganic matter 1
Existing pH,
by soil analysis 5.0 55 6.0 50 55 6.0 50 55 60 50 55 6.0 50 55 60
30 502 63 75 60 7.7 9.0 82 102 122 100 125 150 119 149 180
32 45 58 7.0 55 70 85 7.3 94 114 90 115 140 10.8 137 17.0
34 40 53 6.5 49 64 79 6.5 85 105 80 105 130 95 126 156
36 35 48 6.0 43 58 7.3 56 7.8 9.8 70 95 120 84 113 143
38 30 43 55 36 51 6.7 49 6.9 89 6.0 85 110 72 102 132
40 25 38 5.0 30 45 6.0 41 6.2 82 50 75 10.0 60 89 119
42 20 33 45 25 40 55 33 53 7.3 4.0 6.5 9.0 48 78 108
44 15 28 40 19 34 49 25 45 6.5 30 55 80 36 65 95
4.6 10 22 35 13 28 43 16 36 56 20 45 70 24 54 84
48 05 18 30 06 21 3.6 09 29 49 10 35 6.0 13 41 72
50 13 25 15 30 20 41 25 50 30 6.0
52 0.8 20 10 25 13 33 15 4.0 18 48
54 0.3 15 04 19 04 25 05 30 0.6 36
56 10 13 16 20 24
58 05 0.6 09 10 13

1|f the soil contains more than 10% organic maiter, use the next higher soil-texture class.
2 To convert to tong/acre, multiply by 0.398.
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7.6.2 Organic matter

Organic matter consists of three principal components—(1)
plant, animal, and microbial residues in various stages of
decomposition, (2) humus, and (3) live microorganisms [27]—and
affects soil in various ways (see chapter 9, this volume). It
increases the CEC, buffer capacity, and water retention; pro-
vides a substrate for microbial activity, which can influence soil
crumb structure; supplies some nutrients; appears to play an
important part in P nutrition, both by supplying P and by ren-
dering other sources of P more available to plants; and inter-
acts with micronutrients to increase their availability.

Organic materials added to nursery soils are decomposed
by microorganisms that respire. Their respiration causes a large
portion of the organic matter to be lost by oxidation. Thus,
fresh organic matter must continually be added if a particular
level of soil organic matter is to be maintained.

In the past, large additions of peat, forest duff, or com-
post were considered essential for maintaining nursery soil
fertility [53, 58]. Longterm experiments comparing the rela-
tive merits of organic composts and mineral fertilizers con-
ducted over 15 years in two English nurseries [17] and 20
years in one Scottish nursery [40] generally showed that min-
eral fertilizers alone produced as much or more seedling growth
as added organic matter. Related studies of mycorrhiza
development showed no consistent differences between Sitka
spruce and Scots pine (Pinus sylvestris L.) treated with organic
compost and mineral fertilizer [41]. The English nurseries had
sandy loam soils, and the soil organic carbon (C) decreased in
one of them from 0.7 to 0.6% with no organic matter added.
The Scottish nursery apparently started with 17% organic Cand
still contained about 7% C after 20 years with no organic matter
added; even this latter level is high by comparison with North-
west nurseries. But interestingly, the low organic matter con-
tent in the English nurseries did not prevent production of
satisfactory crops. Apparently, high organic matter content of
nursery soilsis not essentia if adequate, and sufficiently frequent,
applications of inorganic fertilizers are made. It would be
unwise, however, to allow the level to fall too low because of
the other benefits of adequate soil organic matter.

Economics also must be considered. In the Northwest, it
should be possible to maintain an organic matter content of
about 4% in nursery soil [27]; costs outweigh advantages some-
where near 5%, but advantages make the expenditure worth-
while at 2 to 3%. The organic matter content of 21 Northwest
nurseries varied from 2 to 6% (average 3.7%), and the range for
different management areas within nurseries was greater (0.9to
12.0%) (OSU Nursery Survey). Thus, an organic matter level of
about 4% is a practical goal for most nurseriesin this region.

Various forms of organic amendments are added to nursery
soils, but the additional C may increase the C:N ratio sufficiently
to reduce the amount of N available to the crop. For example,
dry softwood sawdust can immobilize about 6 kg (12 Ib ) of N
per ton and dry hardwood sawdust about 12 kg (25 Ib) of N per
ton [2]. Thus, supplemental N fertilization may be necessary
when certain organic amendments are made.

Cover cropping, which seldom or never increases the level
of soil organic matter or soil N [27, 54]. may, however, benefit
the soil by conserving nutrients otherwise lost by leaching and
improving soil physical and biological properties (see chapter
10, thisvolume).

7.6.3 Fertilization

Fertilizers can be organic (such as compost or manure) or
inorganic (the various salts of nutrient elements now widely
used in forest nurseries). The concentrations of nutrient ele-
ments in organic fertilizers are usually low; for example, com-
posts may contain 2 to 4% N and 0.2 to 1.8% P [13] and
farmyard manure about 1.1 to 1.5% N [4]. Inorganic fertilizers,
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on the other hand, are manufactured to definite nutrient
specifications, referred to as "the analysis," and may contain
high nutrient concentrations. For example, urea fertilizer con-
tains 45% N. The properties and behaviors of fertilizers are
described in various publications[e.g., 9, 23, 44].

According to an ancient but awkward convention, concentra-
tion in the analysis appears as percentage of N but as
per centage of the oxideof P, K, Ca, and Mg; this means that a
fertilizer specified as 21-0-0 contains 21 % N, but one specified
as 0-20-0 contains 20% P20s. Although the fertilizer analysis
usually states only the percentages of N, P20s5, and K20, other
nutrient elements also may be present. For instance, calcium
superphosphate (0-20-0) contains Caand S as well asP (Table
8). Because nearly all work isdone in terms of nutrients and not
nutrient oxides, it is convenient to convert nutrient oxide
values to nutrient values. To convert (1) P20sto P, multiply by
0.437; (2) KO to K, multiply by 0.830; (3) CaO to Ca,
multiply by 0.714; and (4) MgO to Mg, multiply by 0.60.

Increased absorption of P occurs in the presence of N. In
fact, the greatest stimulation of absorption takes place when N
is intimately mixed with P [45]. Thus, ammonium phosphate
fertilizers are very effective sources of P, particularly when
banded below the seed before sowing. Because chloride dam-
age to conifers can result from applying potassium chloride [14],
potassium sulfate may be a safer K source, particularly for
spruce.

Soil pH can be changed by adding minerd fertilizers. Ammo-
nium and urea salts, and even ammonia solutions, make the soil
more acid. Ammonium sulfate is particularly effective in reduc-
ing soil pH. Nitrate fertilizers containing a base [KNO3 or
Ca(NOg)2] increase soil pH. Phogphate fertilizers either have no
effect on soil pH or increase it, unless they contain ammonium,
in which case they reduce it. Potassium sulfate and chloride
have negligible effects on soil pH.

7.6.3.1 Nutrient elements

Fertilization of nursery soils is recessary to replace lost
nutrients. Conifer seedlings, removed complete with root sys
tems and, often, soil, contain substantial quantities of mineral
nutrients when they leave the nursery. Weeding nursery beds
by hand represents a further loss of nutrients. By contrast, in
agriculture, frequently only the seed or part of the root is
removed; the remainder of the plant is left to decompose and
return its nutrients to the soil. About 1/3 of the nursery field is
uncropped paths and headlands, however, and the crop is
usually removed once every 2 years, not annually.

Amounts of nutrients removed vary from 50 to 200 kg N, 4
to 35 kg P, and 25 to 105 kg K in 2+0 conifer crops [73].
However, simply replacing these amounts of nutrients in the
form of inorganic fertilizers is inadequate because fertilizer
recovery is relatively low. Measurements made on 1+0 Sitka
spruce crops show that only 13 to 16% N, 2 to 4% P, 10 to 22%
K, and 2 to 4% Mg were recovered from added fertilizers [16].
Although recoveries by larger 2+0 seedlings may be greater,
they are unlikely to exceed 50%. Thus, amounts of nutrients
applied in fertilizers during a rotation tend to be much in excess
of the quantities removed in the crop, as is evident from a
summary of fertilizer recommendations from North America,
Britain, and Germany [73]. The average quantities of nutrients
applied per hectare and per rotation in 19 nurseries in the
Northwest were 224 kg N, 126 kg P, 103 kg K, 9 kg Mg, 136 kg S,
and 557 kg of ground limestone (OSU Nursery Survey), but the
quantities applied at individual nurseries varied immensely
(Table 9). In most cases, the total amounts shown as top
dressings were applied as severa smaller doses during the
growing season.

Nitrogen—Mogt conifers respond rapidly to N fertilizer. In
general, the earlier N is applied, the better. Early May-sown



seedlings usually benefit from a top dressing of N fertilizer in
late June, and rising 2 + 0 stock can be fertilized from March
onwards. Seedlings sown in sandy soils of low N status may
benefit from ammonium phosphate (11-55-0) banded into the
soil before sowing. On the other hand, on heavier soils and
where damping-off occurs, N fertilization may not be advisable
during the first year of growth; excessive use of N fertilizer on
| + 0 Doudasfir seedlings amost invariably accentuates
damping-off [56]. Mortality in 1 +0 Douglas-fir seedbeds was
found to be lower with ammonium nitrate than with ammonium
sulfate [68].

Several applications of 22 to 44 kg/ha (20 to 40 Ib/acre) of N
should be mede during the second growing season as a top
dressing (Table 10). Crops should be watered immediately after
dry, soluble, N fertilizers have been applied to wash fertilizer

off to prevent foliage damage (fertilizer "bum™). The key to
efficient N fertilization of conifers seemsto be little and often.
In general, N should not be applied to seedlings after July;
otherwise dormancy may be delayed, During the second or
subsequent years of growth, N fertilizer can be applied after
buds are set and there is no chance of inducing flushing; this
would normally be in late September or October.

Phosphor us—Growth responses to P fertilizers are seldom
detected if maintenance dressings of 67 to 13 5 kg/ha (60 to 120
Ib/acre) of P are applied each rotation. However, such re-
sponses may be evident [56], particularly when a new nursery is
being developed on previously unfertilized land.

Phosphorus fertilizers must be incorporated into the soil
close to seedling roots. Thus, they are applied and cultivated

Table 8. Some common fertilizers, their analysis, and factorsfor determining nutrient amounts for application.

Fertilizer Analysis Nutrient % Factorl Nutrient % Factor ~ Nutrient % Factor
Ammonium sulfate 21-00 N 21 4.76 S 24 417
(NH4)2804
Ammonium nitrate 33-00 N 33 3.03
NH4NO3
Urea 4500 N 45 222
CO(NH2)2
Sulfur-coated urea 32-00 N 32 313 S 22 455
Calciumnitrate 16-00 N 16 6.25 Ca 24 4.17
Ca(NO3)2
Ammonium phosphate 11-55-0 N 11 9.09 P 24 4.17
NH4H2PO4
Diammonium phosphate 21-55-0 N 21 476 P 24 4.17
(NH4)2PO4
Calcium superphosphate 0-20-0 P 8.7 115 Ca 20 5 S 11 9.09
CaH4(PQ4) + 2CaSP 4+ 2H20
Triple superphosphate 0-45-0 P 19.6 51 Ca 14 7.15
Ca(H2PO4)2
Phosphoric acid 0-52-0 P 22.7 4.4
H3PO4
Potassium sulfate 0-050 K 41 244 S 17 5.89
K2S04
Potassium chloride 0-062 K 51 196 Cl 46 2.17
KCl
Sul-Po-Mag® 0-022 K 18 5.6 Mg 11 9.09 S 11 9.09

IThe factor may be used to determine the actual weight of anutrient in afertilizer. For example, to supply 50 kg of N as ammonium
sulfate (21-0-0), multiply 50 by the N factor: 50 x 4.76 = 238 kg ammonium sulfate.

Table 9. Nutrient elements applied during one crop rotation for 19 nurseriesIn the Northwest (data from OSU Nursery Survey).

N P K Lime Mg S
Presowing treatment
Nurseries applying nutrient, % 21 84 58 37 16 53
Application rates, kg/hal
Average 42 46 73 1,500 38 61
Range 22-56 5-87 18-148 750-2,240 22-50 14-185
Median 45 45 55 1,000 40 55
Year 1top dressing
Nurseries applying nutrient, % 84 68 37 0 0 42
Application rates, kg/ha
Average 103 69 443 79
Range 36-152 10-139 2362 L. 9-130
Median 110 75 445 L. 85
Year 2 top dressing
Nurseries applying nutrient, % 84 68 42 0 11 53
Application rates, kg/ha
Average 152 78 o7 L 30 134
Range 53-306 20-140 23208 ... 28-33 33-248
Median 160 75 170 30 150

1To convert to Ib/acre, multiply by 0.89.
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into the soil before bed formation (Table 10). Where seed is
drill sown, P fertilizer can be banded into the soil 3 to 5 cm
below the drill. Banding ammonium phosphate fertilizer (e.g.,
11-55-0) below drill- sown white spruce and Engelmann spruce
[ Picea engmannii Parry ex Engelm|] substantialy improves growth
and is standard practice in many nurseries.

Top dressings of P fertilizers are relatively ineffective except
on very sandy soils. Only relatively soluble P fertilizers such
as ammonium phosphate (11-55-0 or 21-55-0) should be used
for top dressings if they are to be applied at all, and this should
be done early in the year, for example, March or April of the
second year for 2+0 seedlings.

Calcium superphosphate (0-20-0) is a good P fertilizer for
acid, sandy soils because it supplies Caand Saswell as P (Table
8) and tends to reduce soil acidity. Triple superphosphate
(0-45-0) can be used if soil pH istoo high or if soil Calevel is
already high. Ammonium phosphate (11-5 5-0) should be used
if the superphosphates do not provide adequate P nutrition.

In agricultural practice, heavy applications of P fertilizer
have sometimes caused micronutrient deficiencies [50]. Zn and

Cu are the elements most frequently affected by high P levels,
and calcium superphosphate can accentuate Cu deficiency in
conifers|[ 13].

Potassium —Positive growth responses of conifer seed-
lings to K fertilizers are seldom detected in Northwest nurs-
eries, probably because maintenance dressings of K fertilizer
prevent decline in soil K levels. However, a small increase in
Douglasfir root dry weight due to K fertilization was detected
in a sandy loam nursery soil containing 0.25 meq K/ 100 g[71].
Both quantity and frequency of application seemed to affect
growth. Evidence of K deficiency (yellowing and necrosis of
apical needles and 0.3% foliar K) also has been noted in white
spruce 2+0 seedlings and transplants from this nursery. More
frequent top dressing of K fertilizer throughout the second
growing season seems to have remedied the problem. There
also is evidence that excessive K fertilization can result in
undesirably high soil K levels, which reduce seedling growth
[67]. Douglas-fir crops growing on soils containing more than
0.45 meq K/100 g should not be fertilized with K.

Table 10. Recommended yearly total applicationsof N, P, and K and typical fertilizer schedulesfor three crop age classes.

Age
class Application method kg/hal Fertilizer kg fertilizer/ha
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Nitrogen ~~~~~~~~~~~~~~~~~~~~~~~ -~~~ -~~~ ~
0to120kg/ha
1+0 Band at sowing 30 11-55-0 280
Top dress as at least 4 separate
doses 22 21-000r 106 (x4)
3300 67 (x4)
112to 165 kg/ha
240 Top dressin early March 30 11550 280
Top dress as at |east 6 separate
doses 22 21-000r 106 (x6)
3300 67 (x6)
90to 180 kg/ha
Transplants Top dress as at |east 4 separate
doses 45 21-000r 210(x4)

33-00 134 (x4)
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Phosphorus~~~~~~~~~~~~~~~~~~~~~~ o~~~ oo~~~
67to 134 kg/ha

140 Work in before sowing 67 0-20-00r 770
0-450 340
Band at sowing 67 11-55-0 280
0to 67 kg/ha
240 Top dressin early March 67 11550 280
67to 134 kg/ha
Transplants Work in before planting 67 0-200or 770
0-45-0 340
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Potassum ~~~~~~~~~~~~~~~~ e~~~ e~~~ e~
50to 75 kg/ha
1+0 Work in before sowing 50 0-0-53 112
Top dressin duly 25 0-0-53 56
25to 75kg/ha
2+0 Top dressin April 25 0-0-53 56
Top dressin June 25 0-0-53 56
Top dressin August 25 0-0-53 56
50to 100 kg/ha
Transplants Work in before planting 50 0-0-53 112
Top dressin June 25 0-0-53 56
Top dressin August 25 0-0-53 56

1To convert to Ib/acre, multiply by 0.89.
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Potassium fertilizers can be worked into the soil before
sowing, but some top dressings are strongly advised from July
onwards during the first growing season and throughout the
second (Table 10).

Calcium.—A high level of Ca is undedrable in conifer
nurseries because it raises soil pH and tends to promote growth
of pathogenic fungi. Adding ground limestone may be justified
if soil pH is much below 5: the quantity required can be
determined from Table 7. Low soil Calevel (less than 3.0 meq
Cal 100 g soil) or low seedling Ca content (lessthan 0.1 % Cain
1+0 shoots) also may necessitate addition of ground limestone.
A single dressing of not more than 2,240 kg/ha (2,000 Ib/acre)
should be applied and well worked into the soil. Dolomitic
limestone is commonly preferred in forest nurseries because it
provides Mg as well as Ca. Because excessive liming canimpair
the nursery's ability to produce good-quality stock, consider-
able caution and expert advice are recommended.

Magnesium.—Nursery conifer crops seldom seem to re-
quire Mg fertilizers: nevertheless, Mg is applied in dolomitic
limestone and occasionally in other fertilizers. Magnesium sul-
fate is a common fertilizer which occurs in two forms. One
(Epsom salts) is very hydrated, requiring 10 kg (22 Ib) of salt to
provide 1 kg (2.2 Ib) Mg: the other, a less hydrated form
(Kieserite), requires 5 kg (11 Ib) of salt to obtain 1 kg Mg. At
least one manufactured fertilizer (Sul-Po-Mag®) containing K,
Mg, and S aso is available (Table 8).

Sulfur and micronutrients.—Because many fertilizers con-
tain S (Table 8), nurseries are unlikely to show S deficiencies.
Should the fertilizer schedule contain inadequate S, the sim-
plest remedy is to switch to fertilizers containing S, such as
calcium superphosphate, potassium sulfate, and ammonium
sulfate. Flowers of sulfur and calcium sulfate (gypsum) can be
used when only S is required. S should be applied at about 30
to 60 kg/ha (26 to 52 Ib/acre).

So far asis known, no micronutrient deficiencies have been
detected in bareroot nurseries of the Northwest. Iron chlorosis
is apparently fairly common in conifer nurseries where soil pH
is high and Ca is abundant [9], but it can be corrected by
spraying with ferrous sulfate [36]. Should micronutrients be
found deficient, various soluble fertilizers supplying the nutri-
ents are available. Chelated micronutrients, athough more
expensive, may be more effective in correcting deficiencies.

7.6.3.2 Application methods

Fertilizers can be applied to conifer nurseries in several
ways, depending on time of treatment during the rotation and
nutrient being applied. For example, N is usually required in
greater quantities during the second year of a 2-year rotation
and so must be top dressed: but P must be placed as clos to
the roots as possible and so is mainly incorporated into the soil
before sowing.

Fertilizers can be broadcast with many types of agricultural
spreaders. When P or Ca fertilizers are applied before bed
shaping, broadcast spreaders with rotary flingers, which cover
an 8 to 10-m swath, can conveniently be used; these presow-
ing fertilizers are normally disked into the soil. These same
spreaders can be used to broadcast top dressings of N, K, or
other fertilizers, treating four or five 1.2-m-wide beds in a single
swath: but they also apply fertilizer to the path, where it is
largely wasted. Broadcast spreaders that use a worm-gear-
driven bar to meter the fertilizer, which then falls by gravity, can
apply fertilizer to individual beds with little waste. Thorough
watering is essential after top dressing to wash fertilizer off the
crop to prevent fertilizer burn.

In some nurseries, P fertilizers are banded below the drill at
a depth of about 3 cm immediately before sowing with a
modified wheat drill. The relat ive insolubility and immobility of
P make banding a very efficient method of applying thisfertilizer.

Fertilizer can be applied to foliage through overhead irriga-
tion systems towards the end of an irrigation period, but
distribution may be uneven. Pesticide spray equipment of the
high-pressure, lowvolume type is more satisfactory for foliar
feeding [23]. Pressure and correct nozzle selection are im-
portant because droplet size can affect crop response.

7.6.4. Foliar feeding

Many types of crops such as vegetables and fruit trees are
treated with foliar nutrient sprays [80]. Nutrients are also ap-
plied to conifer seedlings in container nurseries through over-
head sprays. But as far as is known, foliar nutrients are not
applied in bareroot nurseries in the Northwest.

Nitrogen, in the form of urea, is the most common foliar
applied nutrient, although all macronutrients and micronutri-
ents apparently have been used on various crops. Foliar
applications tend to give rapid responses, and deficiencies of
immobile elements, such as Ca, can often be more easily

Table 11. Fertilizer solutions used asfoliar sprays on Monterey pine seedlingsin New Zealand nurseries (adapted from[35]).

Nutrient
Percentage of Solution,t applied,?
% wt./vol. kg/ha
Element Chemical source Formula Element Sulfur (compound) (element)
N Ures NH2CONH2 46 0 5 115
Mg Epsom saltst MgS047H20 10 13 5 25
Fe Ferrous (iron)
sulfate? FeSO47H20 20 11.5 5 5.0
B Borax NazB40710H20 11.3 0205 0.11-0.28
Solubor NapBg0134H20 20.5 - 0.2-05 0.20-0.51
Cu Copper sulfateh> CuS047H20 25 12 05 0.62
Mn Manganous sulfateé*  MnSO44H20 24 14 1 2.4
Zn Zinc sulfatet ZnSO47H20 23 11 1 23

1Safe concentration (% wt./vol.) of single-salt solution. Wheret wo or more compounds are combined in the same spray solution, concentration
of each should be substantially reduced; e.g., to supply N, Mg, and Fe together, compound concentrations of 2% wt./vol. each would be

more appropriate.

2Rate as kg/ha for element concerned when solution applied at standard rate of 500 liters/ha.

3Solution strength that can be safely tolerated depends on stage of growth and climate. If frosts are likely, concentration should not
normally exceed 2 % wt./vol. (equivalent to 1.15 kg/ha N), even for frost-free conditions.

4Mg, Fe, Cu, Mn, and Zn can aternatively be supplied in chelated form. Generally, a concentration of 0.05% wt./vol. (compound) appliedin
500 liters will be suitable. EDTA chelates contain 9.8% Cu, 9.8% Mn. 6% Mg, 14% Zn, and 14% Fe (element) while EDDHAFe supplies 6% Fe.
SBurning can be avoided by adding 1.25 kg of sodium carbonate for each kilogram of copper sulfate in the spray solution.
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corrected with this method. However, quantity of gray and
droplet size, as well as nutrient concentration, must all be
controlled to prevent foliage burn. Urea is often applied in
solutions containing 400 to 800 g/100 liters (4 to 6 1b/100 gal.).

Fertilizers have been applied to foliage in New Zealand
forest nurseries [35]. Stage of crop development and weather
conditions have been found to affect results. Applications
should not be made in cold weather. If more than one nutrient
isto be applied in the same solution, the concentrations of each
must be reduced so that the overall concentration of salts in
solution remains about the same. Adding wetting agents to the
solution may actually increase likelihood of damage by urea
sprays. The 5% concentration (weight/volume, i.e., 5 kg/100
liters) recommended for Monterey pine (Pinus radiata D. Don)
(Table 11) might be more concentrated than desirable for
smaller, slower growing seedlings such as spruce.

7.7 Seedling Responsesto Nutrients
in the Nursery

7.7.1 Growth

Newly germinated conifer seedlings contain adequate nutri-
ents and show little response to different levels of external
nutrient supply for up to 6 weeks after germination [29]. However,
nutrient uptake by a nursery crop increases continuously, if
somewhat irregularly, throughout the remainder of the season
[e.g., 5]. This is supported by the observation that greatest
growth is achieved when frequent top dressings of soluble
fertilizers are made once seedlings are past the cotyledon stage.
P uptake by a2 + 0 Douglasfir crop may reach amaximum in
September, and K may actually be lost from the soil through
leaching in fall [55]. Although nutrients are required continu-
ously throughout the season, rate of P uptake, measured as
milligrams of P per gram of seedling per unit time, varies
considerably in white spruce [5] and to a smaller extent in
Douglasfir [6]. In white spruce, P uptake rate is high in early
summer, dropsin August, and increases again in fall. By contrast,
N and K uptake rates are highest at the beginning of the
growing season and then decrease steadily.

Seedling growth can be reduced and sometimes modified
by withholding particular nutrients. Withholding N or P tendsto
restrict shoot growth more than root growth [22]. This was
found to be true in Monterey pine seedlings, where reducing the
N supply also reduced stem diameter in relation to height and
decreased the number and length of branches [79].

Because undercutting and wrenching procedures tend to
remove or damage part of the root system, intensively wrenched
seedlings may require additional fertilization to compensate
for their reduced root systems. Additional fertilization also is
sometimes necessary to offset effects of wet or cold weather
when fertilizers are leached or uptake is reduced by low
temperature. However, dressings of ammonium nitrate applied
to 2 + 0 pine seedlings growing on wet, cool soil resulted in
reduced growth and disease symptoms attributed to nitrate
accumulation [38].

7.7.2 Drought stress

Under drought conditions, high N levels have generaly
been found detrimental to growth and survival, intermediate N
levels have either been beneficial or have had no effect, and
low N levels have had the least effect on tree growth [ 51 ].
High levels of N tend to promote shoot growth, and seedlings with
large shootstranspire more water than those with small shoots.
Even when this was taken into consideration, high N supply
reduced lodgepole pine (Pinus contorta Doug]. ex Loud.) re-
covery from drought stress [28].
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High levels of foliar K are associated with reduced transpira-
tion rates in trees. In an experiment with Sitka spruce, where
water-use efficiency was calculated as grams of water used per
gram of new shoot dry weight, seedlings with 1.0% foliar K used
188 g water/g new shoot, whereas seedlings with 1.9% foliar K
used only 156 g water/g new shoot [19]. Increased K concentra-
tion was also shown to increase drought survival of Scots pine
but not Norway spruce (Piceaabies L.) seedlings [25]. Adequate K
nutrition has been shown to increase drought avoidance of
young dormant Douglas-fir seedlings in frozen soil [39].

7.7.3 Cold hardiness

Nutrition can influence seasonal growth pattern, which in
turn can ater seedling susceptibility to low temperature. For
example, fertilization may either prolong growth in the fall or
cause earlier bud flushing in spring. Heavy N fertilization is
often found to delay dormancy and result in fall frost damage to
nursery seedlings, but the same effect can also be achieved
with heavy P fertilization [42]. The time of fertilizer application
clearly influences the outcome. For example, applying N and K
to nursery beds so late in the season that growth was unaf-
fected substantially reduced frost damage to Sitka spruce and
western hemlock seedlings [14].

Low B levels have been implicated in frost damage to tree
species [21, 26], but whether this is a symptom of nutrient
imbalance or due to the failure of a function performed by B
alone is unknown. Internal nutrient balance may be important;
Timmis [64] found that, after a hardening period, young Douglas-
fir seedlings with an internal K:N ratio of about 0.6 were hardier
than those with aratio of 1.3. Thisresult also makesit unlikely
that K level alone is important in promoting cold hardiness.
Other evidence now shows that high levels of K do not directly
increase cold hardiness in trees [10, 25].

7.8 Nutrient Effects on Stock
Perfor mance after Outplanting

How seedling nutrient status affects performance after
outplanting is not clearcut. General biological principles indi-
cate that small chlorotic seedlings will not survive as well or
grow as fast as large green seedlings after planting out [15]. In
several experiments, however, the benefit of nursery fertiliza-
tion to survival after planting could not be demonstrated [12,
34, 48, 63]. In an experiment with red pine and Scots pine, the
10% higher survival shown by stock fertilized in the nursery wes
not significant [78]. Yet nursery fertilization of jack pine (Pinus
banksiana Lamb.), red pine, and white pine (Pinus strobusL.) in the
Lake Sates gave adight but consistent gain in field survival [58].

Fertilization generally increases seedling size, which could
be advantageous on planting sites where competition with
other species occurs (see chapter 24, this volume). Survival and
height growth of outplanted Douglasfir were increased by
nursery fertilization, which also increased seedling size [57].
Similar results were obtained in another study with Douglasfir
[74], athough competition on the planting site was minimal.
This latter study suggested that an optimal foliar N concentra-
tion (close to 2%) for survival exists and that 2 +0 seedlings
with needle nutrient concentrations above or below that value
did not survive as well.

In maritime climates, fertilizing nursery stock in the fall after
budset can increase nutrient reserves, with subsequently in-
creased growth after planting. Two-year-old Douglas-fir seed-
lings were fertilized with 56 kg/ha (50 Ib/acre) of N in September
and outplanted the following spring [3]. Fertilized trees were
still 13% taller than unfertilized trees 5 years after planting.
Similar results have also been reported for Sitka spruce ferti-
lized in the nursery after budset [15].



It seems likely that seedlings with high internal nutrient
concentrations will often survive better and usually grow more
than seedlings with low nutrient concentrations (see chapter
15, this volume). However, the relationship between nutrient
status and performance after outplanting may be subtle,
influenced by factors such as cold-storage conditions and
moisture relationships at the planting site.

7.9 Conclusions

Developing and maintaining a high level of fertility in
bareroot nurseries are essential for producing good-quality
nursery stock. However, soil fertility is only one of a number
of factors influencing stock quality: fertile nursery soil does
not compensate for poor practices such as overdense sowing,
unseasonal lifting, or inadequate undercutting and wrenching.

Achieving an optima supply of nutrients to conifer
seedlings growing in nursery soil over a 2-year rotation
requires skill and attention to detail. Soil features such as
drainage and texture, which usually vary throughout the
nursery, and changes in weather must continually be taken into
account. These demands undoubtedly contribute to the steady
increase in popularity of container-grown seedlings, for which
fertility and climate can be reasonably well controlled. Though
container nurseries can provide very favorable growing
conditions, they are equally less forgiving, and mistakes in
technique are more disastrous than in bareroot nurseries. Y et
there is little reason why the nutrition furnished to bareroot
seedlings should not be comparable to that attained in
container systems. Many factors contributing to nursery soil
fertility can be measured and at least partly controlled, and
ensuring areasonable level of health and vigor in nursery stock
should be possible by soil and seedling analysis.

Correct timing and sufficient frequency of fertilization may
still be lacking in many bareroot nurseries. These points should
be further investigated, as should the possible benefit of
slowrelease fertilizers for maintaining a steady nutrient supply
in seedbeds.
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Abstract

Systematic monitoring through soil and plant analysis
is essential for understanding and managing soil systems
in forest nurseries. Analysis services are offered by Ore-
gon State University, University of |daho, and seven com-
mercial laboratories )n the U.S. Northwest, as well as the
British Columbia Ministry of Forests. Suggested target
fertility levels for raising Douglas-fir in Northwest nurser-
iesare: pH of 5.0t0 6.0, total nitrogen (N) of 0.18t0 0.23%,
available phosphorus (P) of 25 to 50 ppm, available potas-
sium (K) of 80 to 120 ppm, exchangeable calcium (Ca) of 2
to 4 meg1100 g, and exchangeable magnesium (Mg) of 1to
2 meg1100 g. Suggested ranges in macronutrient concen-
trations in Douglasfir needle tissue are: 1.2t02% N, 0.1
t00.2% P, 0.3t00.8% K, 0.2t0 0.5% Ca, 0.10to 0.15% Mg,
and 0.1 to 0.2% sulfur (S). The lower levels indicate defi -
ciencies and the higher levels adequacy. Success of the
fertility monitoring program depends on careful sampling
and handling, consistency in laboratory services used,
and meticulous recordkeeping.

8.1 Introduction

In view of the trends in reforestation research and resulting
reforestation programs, the goals and objectives of a forest
nursery are closely related to, if not dictated by, the goals and
objectives of a given reforestation program. The nursery man-
ager is expected to produce seedlings "tailor made" for spe-
cific planting sites. This may result in very complex management
systems of which soil-fertility management is only one.

Although certain basic principles of soil management may
apply to all forest nurseries, a sound soil-management pro-

gram must be based upon a thorough understanding of the
soil system of each individual nursery so that a monitoring
program can be established to fit existing soil @©nditions.
Knowledge of both physical and chemical conditions of the
soil is important because these influence interpretation of
analysis data (see chapters 6 and 7, this volume). For example,
poor physical conditions such as compaction may result in
poor drainage and aeration, which in turn will impact nutrient
uptake.

A systematic sampling program must be the base upon
which a sound soil-management program is developed. Bene-
fitswill accrue only if the data generated are accurate, interpre-
ted correctly, and put to use and if the results are then eval uated.
However, data are only as good as the samples analyzed.
Consistent quality control in the sampling program, analytical
procedures, and recordkeeping is essential so that valid trends
may be distinguished from anomalies.

In this chapter, soil analysis and tissue analysis are dis-
cussed as valuable tools for monitoring soil fertility. Suggested
target nutrient levelsfor Douglasfir [ Pseudotsuga menziesi (Mirb.)
Franco] and for species grown in intermountain nurseries are
recommended; however, interpretation of those levels will be
influenced by soil conditions at a given nursery. Examples are
drawn from the Oregon State University Soil Testing Labora-
tory in the Department of Soil Science (OSU Lab) becaise it is
the one with which | am most familiar, but other Northwest
facilities are named which provide similar valuable services.

8.2 Available L aboratories

In addition to the services offered at the OSU Lab, one
other stateowned laboratory, one Canadian laboratory, and
seven private laboratories in the Northwest offer soil and plant
analysis services:

Agri-Check, Inc., Umatilla, Oregon

British Columbia Ministry of Forests, Victoria

Century Testing Laboratories, Inc., Bend. Oregon

Chinook Research Laboratories, Inc., Corvallis, Oregon

HR Consulting Services, Umatilla, Oregon

Marr Wadoups and Associates, Kennewick, Washington

Soil and Plant Lab (office in Bellevue, Washington; lab in
Santa Clara, California)

United States Testing Co., Inc., Richland, Washington

University of |daho, Moscow

The OSU Nursery Survey (see chapter 1, this volume) indi-
cates that three nurseries (under single management) use Agri-
Check, two use Soil and Plant Lab, five use the B.C. Ministry
of Forests Lab, and nine use the OSU Lab. In addition, 15 nurser-
ies not included in the Survey use the OSU Lab.

The analytical methods used by the above-listed labora
tories are generally the same as those of the OSU Lab. At
present, however, the results of nursery soil analysis from

In Duryea. Mary L., and Thomas D. Landis (eds.). 1984. Forest Nursery Manual: Production of Bareroot Seedlings. Martinus Nijhoff/Dr W. Junk Publishers. The Hague/Boston/Lancaster, for Forest

Research Laboratory, Oregon State University. Corvallis. 386 p.
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these labs cannot be compared with those of the OSU Lab
because nurseries are not submitting the duplicate samples
necessary for comparison.

The methods used by the OSU Lab for pH, exchangeable
potassium (K), calcium (Ca), and magnesium (Mg), cation ex-
change capacity (CEC), organic matter, and total nitrogen (N)
are essentially the same as those used by the State University
of New York at Syracuse (SUNY Lab) and the labs servicing
nurseries in the southern and southeastern U.S. At an ad hoc
meeting in Detroit in 1980, persons involved in forest -nursery
soil testing agreed to aim at standardizing analytical methods
for all tests frequently used, except for phosphorus (P) extrac-
tion techniques, so that comparisons of nurseries from differ-
ent regions could be more meaningful. Such comparisons have
limitations, however. For example, data for soil samples from
the same sample areas in the Wind River Nursery (Carson,
Washington)—analyzed by Wilde and Associates (Madison,
Wisconsin), the SUNY Lab, and the OSU L ab—were compared.
Absolute values for individual samples varied, but trends among
samples were similar.

8.3 Sail Analysis

8.3.1 Sampling and handling

Soils should be routinely sampled at the end of the seedling
crop rotation so that changes in nutrient levels can be moni-
tored and fertilizer and lime added before establishment of a
cover crop or new seedling crop. This is especially important
in the case of the macronutrients P, K, Ca, and Mg, which do
not readily move into the soil when surface applied.

The first step in the sampling procedure is to stratify the
area on the basis of obvious soil differences, e.g., wet areas,
areas having striking textural differences, or areas where topsoil
has been removed as a result of land leveling. Most nurseries
aready have sampling patterns (e.g., predetermined lines or
zigzag patterns) established within compartments or seedling
blocks. The usual technique is to obtain a composite soil
sample of each area according to the sampling pattern by
coring soil to adepth of 15 cm (6 in.). The most efficient tool is
a sampling tube having a 2-cm (3/4-in.) diameter. A minimum of
30 cores per sample unit are placed in a clean (free of fertilizer
or other chemicals) plastic pail and thoroughly mixed. A 225-g
(V2-1b) subsample sufficient for routine analysisis placed in a
container and labeled. If particle-size analyses are desired, the
sample should be split and placed in two containers. Samples
are shipped to the soil-testing laboratory with information
regarding tests desired. Samples may be air dried to reduce
shipping weight.

An alternative, but more costly, method is random sampling.
Randomly distributed samples are collected within each sam-
ple area so that an estimated mean value for each parameter
measured @n be calculated. If 20 samples are required to
estimate the mean value of each parameter, the cost becomes
prohibitive. This particular sampling method is used primarily
for research purposes.

8.3.2 Testing

The basic tests available at the OSU Lab! for assessing soil
nutrient levels are given in Table 1. Tests for mineralizable N
and calcium carbonate (CaCOg3) equivalent also are available.
Mineralizable N is determined with an anaerobic incubation
technique [11] to provide an estimate of N availability. The
CaCOg3-equivalent test determines the amount of acid or sulfur

1The methods used by the OSU Lab are summarized in Berg and
Gardner [1]; this report is available on request from the Depart-
ment of Soil Science. Oregon State University, Corvalis.
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(S) required to lower the pH of akaline soils and is used
primarily in intermountain nurseries. Soil test #15 is designed
for sodic soils [pH 8.5 to 10, > 15% exchangeable sodium
(Na)] but will generally not be needed because such soils are
avoided in selecting nursery sites.

In P analysis, the dilute acid-fluoride method of Bray and
Kurtz [2] is used for acid soils and the sodium bicarbonate
method of Olsen et al. [5] for alkaline soils.

Ammonium N (NH4-N) and nitrate N (NO3-N) tests are not
common in nursery soil analysis, but they might be used to
determine the amount of available soil N at the beginning of
the growing season or the time and rate of early-season N
fertilization.

Soil tests are useful within limits. Perhaps the most serious
limitation is the arbitrariness of extraction procedures. Chemi-
cal extracting solutions do not necessarily remove the same
amount of a nutrient element that a plant can. CEC measure-
ments, which indicate the buffer capacity of the soil and its
resistance to rapid change in pH as cations are added or
leached, are adjusted to a standard pH for convenience, whereas
exchange capacities are strongly pH-dependent in many soils.

A related and serious limitation is the lack of data correlat-
ing seedling growth response, quality, and performance after
outplanting with soil-test values and fertilizer additions. Com-
parisons must be made for each species produced at a given
nursery. Thus, soil-test values are, at best, only a starting
point and must be related to overall soil-management prac-
tices and seedling performance. Furthermore, it cannot be
overemphasized that the benefits derived from a soil-testing
program depend on meticulous recordkeeping for soil-test data,
soil-management practices, and seedling performance.

Tablel. Soil testsavailableat the OSU L ab.

Test# Item tested

1 pH,P.K,Ca Mg
2 pH, P K, Ca Mg, and boron (B)
3 Cation exchange capacity (CEC)
4 Organic matter (OM)
5  Total nitrogen (TN)
6 Ammonium nitrogen (NH4-N)
7 Nitrate nitrogen (NO3-N)
8  Ammonium and nitrate nitrogen
9  Sulfate sulfur (SO4-9

10 pH

11 B

12 Zinc(Zn)

13 Manganese (Mn)
14  ZnandMn
15 pH, P, K, Ca Mg, and soluble salts (SS)—Naif pH > 7.4
16  CaCO3 equivalent
SS

8.3.3 Interpretation

Before his death in 1981, S. A. Wilde had undoubtedly used
soil-test data more often for making fertilizer recommenda-
tions for forest nurseries than any other person in North
America. The basis for his recommendations was soil-fertility
standards developed for northern conifers [12] and northern
hardwoods [14], as well as many years of accumulated experi-
ence. Using a similar approach, Youngberg and Austin [17]
developed fertility standards for Douglas-fir. With some modi-
fication, these are presented in Table 2. It should be empha-
sized that these standards are only targets and are subject to
revision as experience is gained.

Similar values are presented by van den Driessche in chap-
ter 7, this volume. The levels of soil-test P recommended in
that chapter are higher than those presented in Table 2; the
range in total N is slightly higher. Because the method of P
analysis referred to in chapter 7 is the same as that used by the



OSU Lab, the differences in recommended levels are probably
due to soil differences. The British Columbia nurseries gener-
ally have acid, sandy soils [pers. commun., 9], whereas soil pH
in nurseries in the U.S. Northwest and northern California
ranges from 5.0 to over 6.0. In soils with a pH range below 5.0,
added P is strongly fixed by aluminum (Al) and iron (Fe).
Landis [pers. commun., 4] has developed soil-fertility targets
for intermountain nurseries (Table 3.).

Table2. Soil-fertility levelsrecommended for Douglas-fir.1

Total Available Exchangeable
pH N P K Ca Mg
% ~~~ppm-~~~ ~~meg/100g ~ ~

50-6.0 0.18023 2550 80120 2.0-4.0 0.8-1.5
1Based on OSU Lab vaues.

Table 3. Soil fertility targets recommended for intermountain
nurseries[pers.commun., 4].

Range

pH

Most conifers 55-6.5

Hardwoods and junipers 6.5-7.5
Electrical conductivity, mmhos/cm

Conifers <20

Hardwoods <40
Organic matter, %% 20-50
CEC, meg/100 g 7.0-12
CaCQg3 equivaent, % 0
Totad N, % 0.10-0.20
P, ppm2 30-60

Ib P20s/acre 175350
K, ppm 100-200

Ib K20/acre 300-600
Ca, ppm 500-1,000

meq/ 100 g 2.550
Mg, ppm 120-240

meq/100 g 1-2

1Determined by Walkley-Black [10] method.
2Determined by Olsen et al. [5] sodium bicarbonate method.

Fertilizer added to make up the difference between the
soil-test level and the desired level may not necessarily be
adequate to supply seedling needs. As mentioned, these val-
ues are only targets. The actual amounts needed to meet crop
requirements may vary considerably among nurseries due to
differences in soil properties such as texture, structure, drainage,
aeration, acidity, and clay mineralogy. Amounts of fertilizer
required to supply needed levels of nutrients will vary even
among soils having similar soil-test values. For example, nur-
sery A (sandy-textured soil) and nursery B (sandy loam soil
strongly influenced by volcanic ash) may both have test val-
ues of 10 ppm P. To raise the level to 50 ppm, adding the
phosphate fertilizer equivalent of 40 ppm might be sufficient
for soil in nursery A, but the allophanic or amorphous colloids
weathered from the volcanic ash impart phosphatefixing proper-
ties to the soil in nursery B; therefore, more phosphate fertil-
izer would be required for nursery B than A to attain the
desired level. In some soils, clay minerals impart K-fixing prop-
erties to the soil, influencing the availability of added potash
fertilizers. Even within a given nursery, the amount of fertilizer
needed to supply the desired level may vary over time due to
changes in physical conditions caused by cultural practices. For
example, poor aeration resulting from these practices can
depress the uptake of K; increase the availability of Fe, causing
P fixation; and increase the availability of manganese (Mn),
causing Mn toxicity. Recommendations for, or decisions made
concerning, fertilizer additions generally assume good soil
physical condition (see chapter 6, this volume). If these condi-
tions do not exist, soil-test values may not accurately indicate
nutrient availability.

For most fertilizer recommendations, it is probably better
to aim too high rather than t oo low. In the case of N, however,
overfertilization will result in poor shoot:root ratio and will
delay hardening off (see chapter 15). In the case of liming, only
sufficient lime to raise the pH to the desired level should be
added; overliming can increase the incidence of damping-off
and root rot [13].

For alkaline soils, CEC can be used to determine the amount
of Sor acid needed to acidify the soil: for acidic soils, it can be
used to determine the amount of lime needed to raise pH to
the desired level. The data from Table 4 illustrate the use of
CEC and other soil-test values for making a decision on liming
as well as increasing Mg levels. Dolomitic limestone is often
used for liming because it supplies Mg as well as Ca. In the
example in Table 4, the Mg level should be increased in both
nurseries. Nursery A (pH 6.0) has 7 milliequivalents (meq) of
exchangeable acid [CEC - (K + Ca + Mg)]. One ton of dolo-
mite/acre would add approximately 1 meq of Ca and 1 meq of
Mag. In this case, the desired increase in Mg could be effected
without causing an excess of bases. On the other hand, Nur-
sery B (pH 6.7) has only 1.4 meq of exchangeable acid. Adding
1 ton of dolomite/acre would result in an excess of bases,
making soil alkaline (pH > 7.0). Some other meansof increas-
ing Mg-such as the more costly addition of MgSO4 (Epsom
salts)—would be called for.

Table 4. Soil -test data used for liming and Mg fertilization
recommendations.

Exchangeable
Nursery K Ca Mg CEC pH
~~~~~~~ meg/100g~~~~~~~
A 0.32 5.0 0.37 12.7 6.0
B 0.42 6.0 0.35 8.2 6.7

CEC, afunction of the contents of clay and organic matter,
is afairly stable parameter. Therefore, it should not be neces-
sary to redetermine CEC every time a soil from agiven areais
tested. If organic matter content decreases over time, so prob-
ably will CEC. This relationship could be used to determinethe
advisability of obtaining a CEC analysis.

Nitrogen tests are the most difficult to interpret. Total N
data provide information on the total anount of N in the
seedling root zone, but nothing about its availability. Ammo-
nium and nitrate N tests show how much of these forms of N
are present in the soil when sampled, although this is partly a
function of time of sampling and stage of seedling growth.
Levels are usually low during periods of rapid growth but tend
to build during the dormant season. Even if levels are high in
the fall and early winter, winter rainfall will leach nitrate N to
depths below the seedling root zone. Because ammonium N is
held on the exchange complex, it is less subject to leaching
losses; therefore, testing for this form some time before seed-
ing might be a good indicator of the need for N fertilization.
However, the demand for N by newly germinating seedlings is
so small that N fertilization before seeding is probably a waste
of money. Total N and organic matter data are used primarily
for monitoring levels from one rotation to the next and to
indicate the need for building up organic levels.

8.3.4 Monitoring soil fertility: an example
The changes in soil fertility over timein three nurseries are
shown in Table 5. Data are mean values for all blocks at the
Bend and Humboldt Nurseries but only for a single block at
the Lava Nursery. The 1961 data for the Humboldt Nursery
and the 1975 data for the Lava Nursery are from samples
analyzed before these nurseries were established. Baseline
data are being determined for each block at the Lava Nursery.
Over 28 years, management practices at the Bend Nursery
have resulted in awider range in pH values, increasesin P, K,
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and Ca, and an increase in organic matter. The soil is a coarse
pumice sand. The nursery isin alow rainfall area (high desert),
and native soil organic matter is naturally low. Irrigation and
organic amendments have increased organic matter levels.

Over 20 years, pH values and P levels have increased
slightly at the Humboldt Nursery. The increase in P has proba-
bly resulted from residual buildup from phosphate fertilizer
applications. Potassium levels decreased during the first 10
years but are now at or above initia levels. The increases in
exchangeable Ca and Mg, as well as pH, are the result of
adding dolomitic limestone. Organic matter and total N have
decreased over the 20-year period as a result of frequent
cultivation.

Over 6 years, pH has not changed significantly, P and Ca
have decreased slightly, and K and Mg have increased at the
Lava Nursery. Initially, the soils were low in Mg, so MgSO4 and
dolomitic limestone were added. Organic matter has also
decreased, probably due to cultivation.

Remember, however, that the data in Table 5 are mean
values. For careful monitoring, data for individual sample areas
should be used for comparison. But this will require more
detailed recordkeeping (see chapte 27, this volume). Com-

Table5. Mean soil -test values at different timesat three North-
west forest nurseries.

Available  Exchangeable Organic
Year pHrange P K Ca Mg Tota N matter
~~ppm~~ ~meg/100g~ ~~~%~~~
Bend Nursery
1954 6.4-6.7 21 337 43 ... 0.06 13
1968 6.3-64 12 449 59 28 .. 25
1982 58-74 41 466 55 27 0.09 22
Humboldt Nursery
1961 5.1-53 5 100 15 065 0.31 80
1971 5457 17 60 1.8 046 0.26 71
1982 54-62 13 120 32 14 o221 63
Lava Nursery?
1975 6.4-6.8 12 147 6.5 043 017 52
1981 6.3-6.6 7 221 55 14 016 37
11981 data.

2Means for one block only.

puter printouts such as those from the OSU Lab (Figs. 1 and 2)
give the kinds of specific breakdowns essential for thorough
analysis. To facilitate more detailed interpretations of cultural
practices, more frequent sampling and analysis would be
required.

8.4 Tissue Analysis

The nutrient concentration of seedling tissue is a measure
of the soil's ability to provide nutrients to a seedling crop.
Because tissue analysis does not rely so heavily on arbitrary
extraction procedures, it can be very useful for calibrating
soil-test values.

Most tissue sampling is donein the fall (October-November),
when seedlings are generally dormant and nutrient levels some-
what stabilized. However, if the objective is to evaluate the
efficiency of fertilizer uptake, periodic sampling during the
growing season should be scheduled. The use made of tissue
analysis will determine the time of sampling and kinds of
samples taken.

8.4.1 Sampling and handling

For analyzing 1 +0 seedlings, the whole seedling is sampled.
For analyzing 2+0 seedlings or transplants, only the needles
(usually the current year's needles) are sampled. If, however,
fertilizer-uptake efficiency or total nutrient uptake is to be
evaluated, the whole seedling should be sampled. Samples
submitted to the lab should represent soil conditions that are
not too diverse. For more details, see Solan [6].

Tissue samples should be washed to remove soil and dust,
especialy if Fe analysis is desired, and sent as quickly as
possible to the laboratory. if a drying oven is available, sam-
ples can be dried at 65 to 70°C for 24 hours; 10 g of dry plant
tissue is adequate for lab analyss. If fresh seedlings cannot be
sent to the lab soon after sampling, they should be stored in a
refrigerator until ready for shipping; upon receipt, they are
dried, if necessary, and ground in a Wiley mill to pass a
20-mesh screen in preparation for analy Ss.

8.4.2 Testing

The OSU Lab can analyze N, P, K, Ca, Mg, and S as individ-
ual elements or as a combined package. Additional analyses
are available for boron (B), copper (Cu), Fe, Mn, Na, and zinc
(Zn).
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Forest Nursery Soil Testing Service

OREGON STATE UNIVERSITY
SOIL TESTING LABORATORY
CORVALLIS, OREGON 97331

OSU Forest Nursery Technology Center

NAME: EVERGREEN FOREST NURSERY Date Sampled:
JOHN DOE Date Received:
Address: RT 2 BOX 257 Date Completed:

GILCHRIST OR 97737

Comments: ACID SOILS -USE BRAY P TEST. SEND RESULTS TO DR. YOUNGBERG.

Sample Lab " pH ' BrayP ' K Ca

No. No. ppm ' ppm ' m/100g ' m/100g m/100g ' % %
4-PP 66111 6.0 38 304 4.70 1.90 7.60 0.91 0.04
4-LP 66112 5.9 41 276 4.20 1.60 7.40 1.10 0.05
5-2 66113 6.8 52 319 7.50 2.30 10.2 1.80 0.05
55 66114 6.5 54 280 5.00 1.30 9.40 1.20 0.06
5-8 66115 6.4 63 401 7.30 2.00 10.1 1.90 0.07
5-11 66116 6.7 48 331 6.20 1.60 8.30 1.80 0.05
5-13 66117 6.8 45 319 6.00 1.60 8.90 1.60 0.05
6-2 66118 6.5 41 253 5.90 1.90 8.10 1.70 0.05
6-5 66119 9.0 39 245 5.70 1.90 9.30 1.40 0.05
6-8 66120 6.4 39 218 4.90 1.60 7.60 1.60 0.05
6-11 66121 6.3 43 222 5.20 1.70 8.50 1.30 0.06
6-14 66122 6.2 45 234 4.70 1.70 7.50 1.30 0.04
6-17 66123 6.4 45 273 5.70 1.80 10.1 1.30 0.05
7-2 66124 6.2 32 265 5.20 1.80 9.30 1.30 0.05
7-5 66125 5.9 40 280 .20 1.90 9.00 1.70 0.07
7-8 66126 6.2 33 335 5.90 2.40 10.2 1.90 0.05
7-11 66127 6.3 35 343 6.00 2.70 9.60 1.80 0.06

12 66128 5.9 27 187 4.09 2.09
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Figure 1. Computer printout reporting results of soil analysisfor atypical forest nursery In the Northwest.
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Forest Nursery Sail Testing Service

NAME: EVERGREEN FOREST NURSERY

JOHN DOE
Address: RT 2 BOX 257

GILCHREST OR 97737

Date " pH ’ Bray P K ' Ca ' Mg CEC
' ' ppm ppm ' m/100g ' m/100g m/100g

09/80 6.2 50 400 4.85 2.10 8.00
07/81 5.9 44 325 4.68 1.50 7.10
08/82 6.0 38 304 4.70 1.90 7.60
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Figure2. Computer printout reporting monitored nutrient levelsin atypical nursery sampleover time.

The sample size (0.5 to 1.0 g) used for digestion and analy -
sis depends on the number of elements to be determined and
the approximate elemental concentration in the tissue. A
Kjeldahl digest is used for N and P. All cations including K, Ca,
Mg, Fe, Mn, Cu, molybdenum (Mo), and Zn are digested with a
nitric-perchloric acid mix. S and B are dry ashed. Elemental
determinations are made using standard methods. 2

8.4.3 Interpretation

The range in concentration of macronutrients in 2+0 Douglas-
fir needle tissue collected in the dormant season (fall-early
winter) isgiven in Table 6 ([unpubl. data, 16]; see also chapter 7,
this volume). Concentrations below the low values indicate
probable deficiencies, and those above the high values sug-
gest possible luxury consumption.

Table 6. Range in nutrient concentrations in needle tissue of
2+0 Douglas-fir seedlings.

Level N P K Ca Mg S

Low 12 01 03 0.2 01 01
High 20 0.2 0.8 05 015 02

Micronutrient data for nursery-grown seedlings are scarce;
most of the data available are for larger trees [7]. Availability
of micronutrients is strongly influenced by pH. For example,
Fe deficiency (chlorosis) is often observed on seedlings in
nurseries with strongly alkaline soils. Toxicity problems may
be caused by strongly acid soils. In 1972, pronounced Mn
toxicity symptoms were observed on 2+0 Douglas-fir seed
lings in a poorly drained area with strongly acid soil (pH 4.5) at
the Wind River Nursery.

Micronutrient problems often occur on old, strongly weath-
ered soil material. Fortunately, however, most of the forest
nurseries in the Northwest are sited on young, relatively
nutrient-rich soils. The levels of available nutrients in North-
west nurseries, even those on sandy glacial soils, are considera-
bly higher than those in nurseries on strongly weathered soils
in the southeastern U.S. Because most Northwest soils are
only slightly to moderately acid, micronutrient problems will
likely be minimal. Sewage sludge and other "exotic" amend
ments, which may cause toxicity problems, should not be used
without first analyzing them for micronutrients.

2All procedures and methods used by the plant analysis labo-
ratory are on file with the Department of Soil Science, Oregon
State University, and are available on request.

The tissue analysis done by the OSU Lab for forest nurser-
ies thus far has shown that for all species analyzed, elemental
concentrations are generally within the ranges given in Table
6. In a few instances, concentrations of P and Mg have been
low, but not deficient; those for K and Ca have varied from
midrange to above the high levels in Table 6; and those for
total N have ranged from low to very high, with most in the
high range. Data on N concentration in seedling tissue from
four Northwest nurseries (Table 7) seem to indicate that more
N is being addedto soils than is needed; concentrations much
over 2% suggest overfertilization. Concentrations of the other
macronutrients in seedling tissue from these four nurseries
(Table 8) indicate that the nutritional status of the seedlings is
satisfactory.

Table 7. Foliar N concentration of 2+0 Douglas-fir seedlings
from four Northwest nurseries.

Percent N
Nursery Mean Range Remarks
1 1.59 1.24-203 7 of 15samples< 1.6
21 1.95 1.78-2.03 7 samples
3 1.78 1.26-2.67 32 of 37 samples< 2.0
4 2.29 1.92-257 1of 13samples< 2.0

ITotal soil N = 0.22%: similar data unavailable for the other three
nurseries.

Turner and Lambert [8] and Knight [3] have emphasizedthe
importance of S in conifer seedling nutrition; Knight recom-
mends adding 1 part of S for every 15 parts of N added as
fertilizer. Foliar analysis for total N and total S is a valuable
way of assessing this aspect of fertility management; aratio at
or below 15 N: | Sis suggested for adequate S nutrition and
protein synthesis.

Foliar S data were available from three of the four nurseries
discussed in Tables 7 and 8; their N:Sratios ranged from 7:1 to
23:1. Seedlings from nursery 2 had foliar S concentrations
ranging from 0.19 (adequate) to 0.24% (high) and N:S ratios of

Table 8. Mean soft and follar levelsof four macronutrientsfor
2+0 Douglas-fir seedlingsin four Northwest nurseries.

P K Ca Mg
Nursery  Soil Foliar Soil Foliar Soil Foliar Soil Foliar
ppm % ppm % ppm % ppm %
1 79 017 93 070 15 033 0.61 0.19
2 13 021 120 060 32 046 14 0.30
3 w023 ... 0.78 ... i
4 18 015 79 050 73 055 18 0.19

79




8:1 to 9:1: those from nursery 3 had foliar S concentrations
ranging from 0.12 (low) to 0. 19% (adequate) and N:S ratios of
7:1 to 15:1: and those from nursery 4 had foliar S concentra-
tions ranging from 0.14 (midrange) to 2.24% (high) and N:S
ratios of 9:1 to 23:1. Seedlings with N:S ratios greater than
15:1 had high foliar N concentrations and S levels in the
midrange. Sulfur deficiencies are known to exist in some North-
west soils [15], and color in Christmas trees has been observed
to improve after addition of S. The use of fertilizers containing
S should adequately supply that element to Northwest soils.

8.5 Combined Soil and
Tissue Analyss

Either soil analysis data or plant analysis data can form the
basis for fertilizer recommendations. From time to time,
however, it is advantageous to have both types of analysis to
verify the validity of management recommendations.

Soil analysis data also were available for three of the four
nurseries examined in Tables 7 and 8. As might be expected,
the correlations between foliar and total soil N were not
consistent. Furthermore, foliar N was more responsive to fertil-
izer N than were foliar P, K, Ca, and Mg to fertilizer additions
containing those elements.

In nursery 1, soil-test levels for P were well above the
minimum recommended value, and those for K were within the
recommended range (Table 2). Foliar P was midrange to high,
and K was adequate (Table 6). Exchangeable Ca and Mg were
both low (Table 2): however, foliar Ca was midrange and Mg
high.

Soil-test values for P in nursery 2 (Table 8) were below
those suggested in Table 2 and well below those recom-
mended in chapter 7, this volume. However, foliar P concentra-
tions were above the high levels suggested in Table 6 and in
chapter 7. Correlation was good between foliar and soil K, Ca,
and Mg. Total soil N was adequate (Table 2): in this case, the
correlation between foliar and soil N was good. Because infor-
mation was not available on N fertilization regimes, its influ-
ence could not be evaluated.

Soil-test levels for P in nursery 4 (Table 8) were less than the
low values recommended in Table 2 and in chapter 7. Foliar P
concentrations were in the midrange. Foliar and soil K, Ca, and
Mg correlated reasonably well.

It should be emphasized that this discussion concerning the
use of combined soil and plant analysis is based on general
comparisons of data from a limited number of nurseries. The
values cited for both soil and foliar levels are means. Sufficient
data were not available to detect any nutrient interactions or
dilution effects, although a comparison of foliar N and P data
for nurseries 2 and 4 (Tables 7 and 8) suggests that there may
be a dight dilution effect from high N on foliar P in nursery 4.
Some correlations were good and others poor. Only careful
sampling can assure that both soil and tissue samples come from
the same area. Moreover, information on fertilizers and their
rates of application are necessary for adeguate interpretation
of any analysis. Careful recordkeeping is therefore essential.
Obviously, the use of combined soil and tissue analysis is an
area requiring concentrated research.

8.6 Conclusonsand Recommendations

Soil fertility is only one important factor among the many
necessary for producing high-quality nursery stock. Soil and
plant analysis are readily available tools that enable forest-
nursery managers to monitor the fertility status of their soils.
The success of the monitoring program depends on careful
sampling-which requires sampling the same area each time,

careful handling of samples, and consistency in laboratory
Services.

Suggested target nutrient levels for Douglas-fir in Northwest
nurseries are: pH of 5.0 to 6.0, total N of 0.18 to 0.23%,
available P of 2 5 to 50 ppm, available K of 80 to 120 ppm,
exchangeable Ca. of 2 to 4 meg/100 g, and exchangeable Mg
of 0.8 to 1.5 meg/100 g. Suggested levels for conifers and
hardwoods in intermountain nurseries are: pH of 5.5to0 6.5 for
most conifers (6.5 to 7.5 for hardwoods and junipers), total N
of 0.1 to 0.2%, available P of 30 to 60 ppm, available K of 100
to 200 ppm, exchangeable Ca of 2.5 to 4 meq/100 g, and
exchangeable Mg of 1 to 2 meg/100 g. Because amounts of
fertilizer added to achieve desired levels will vary with soil
type, tissue analysis is a useful cross-check for assessing the
success of fertilizer-management regimes. Suggested ranges in
macronutrient concentrations in Douglasfir needle tissue ae:
1.2t02%N, 0. 1t00.2% P. 0.3t0 0.8% K, 0.2t0 0. 5% Ca, 0.10
t00.15% Mg, and 0.1t00.2% S.

Seedling nutrient status is assumed to influence perfor-
mance after planting. Researchers and nursery personnel should
seek to uncover the relationships between nutrient status and
outplanting, bearing in mind, however, that many factors in
nursery culture other than seedling nutrient status profoundly
affect survival and growth of outplanted trees.
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Abstract

Organic matter is important in nursery management
because of its favorable effects on the physical, chemical,
and biological properties of the soil. Organic matter may
be added by incorporating into the soil either cover or
green manure crops grown on the site or organic amend-
ments brought from elsewhere. Some constituents of or-
ganic matter decompose very quickly and others much
more slowly, but both types are important in maintaining
favorable soil conditionsand productivity.

9.1 Introduction

"Now here, you see, it takes all the running you can do to
keep in the same place. If you want to get somewhere else,
you must run at least twice asfast asthat."

—The Queen to Alice in Through the Looking Glass
[7], Chapter 2, by Lewis Carroll (18321898)

To paraphrase the Queen, we could easily state: "Now here,
in the nursery, you see, it takes all the running you can do to
maintain your soil organic matter level. If you want to increase
it, you must run at least twice as fast as that."

With very few exceptions, nursery managers are faced with
a constant struggle in keeping their soil organic matter content
at an appropriate level. In this regard, they differ from many
other tillers of the soil. Basically, forest-nursery management is
a mining operation with respect to organic matter. Most man-
agement activities accelerate the decomposition of organic

matter: further, during harvest (lifting), the entire plant, includ-
ing roots with adhering soil and organic matter, is removed. It is
no wonder, then, that the soil must be replenished frequently.

There are really only two fundamental ways in which organic
material can be added to the soil. The first way isto grow acrop
on the land and incorporate it into the soil. Such crops may be
referred to as catch crops if they are grown principally for
catching and holding nutrients on the site, cover crops if they
are grown principally for erosion control, or green manure
cropsif they are grown principally as organic amendments for
the soil [13] (see also chapter 10, this volume). In this chapter, |
discuss mainly green manure crops. The second way is to
transport organic matter from another place to the nursery and
incorporate that into the soil. Both of these approaches are
employed frequently in the Northwest, as shown clearly by the
OSU Nursery Survey.

Following a brief look at the current status of soil organic
matter levels and management in Northwest nurseries, we will
explore organic matter dynamics, types, and sources. The
importance of organic matter to the physical, chemical, and
biological properties of the soil will be stressed, and these
properties will be related to the growth and harvesting of
forest-tree seedlings and transplants.

9.2 Nursery Survey Results

The results of the OSU Nursery Survey (see chapter 1, this
volume) showed that most managers (86%) felt that their soil
organic matter level was not as high as it should be. They
reported current levels ranging from 1 to 7% (average 3.6%) but
estimated that levels should range from 2 to 10% (average
5.0%). When asked to list their five magjor nursery-management
problems in order of importance, 62% included soil organic
matter maintenance among their top five, and 14% regarded it
as their greatest problem.

Of the eight nurseries not including organic matter mainte-
nance among their top five problems, three reported adding
sawdust, manure, or both and growing green manure crops.
Two felt that their organic matter levels were near optimum and
used green manure crops to maintain those levels. One nursery
reported being so pushed for production that it had no opportu-
nity to include a green manure crop in the rotation, though
both manure and sawdust were applied, and one was so new
that it had not evolved to the point of needing to enhance its
organic matter. Finally, one had so many other major problems
that organic matter maintenance did not make the top five;
however, in attempts to deal with some of its other problems
(e.g., soil compaction, poor drainage, and crusting), that nur-
sery stressed the use of organic amendments and green ma-
nure crops.

Of the 17 nurseries (81 %) that reported adding organic
matter other than green manure crops, 12 added sawdust or

InDuryea Mary L., and Thomas D. Landis (eds.). 1984. Forest Nursery Manual: Production of Bareroot Seedlings. Martinus Nijhoff/Dr W. Junk Publishers. The Hague/Boston/L ancaster, for Forest

Research Laboratory, Oregon State University . Corvallis. 386 p.

81



bark, six added peat, two added manure, and one added
sludge. Obviously, several reported using more than one source.
Thereally disturbing fact is that 90% of the managers said that
they foresaw a shortage of such materials in the future. Those
fortunate managers that did not expect shortages reported
ample local supplies of eit