
   

GREAT TRINITY FOREST 

Hardwood Silviculture 
 
 

Volume 28 

 

 

 



 

Table of Contents 
Section Page # 
  
Cover Crops Help Tree Seedlings Beat Weed Competition 1

A Comparison of Large-Scale Reforestation Techniques Commonly Used on 
Abandoned Fields in the Lower Mississippi Alluvial Valley 

8

Restoring Bottomland Hardwood Forests: A Comparison of Four Techniques 15

An Afforestation System for Restoring Bottomland Hardwood Forests: Biomass 
Accumulation of Nuttall Oak Seedlings Interplanted Beneath Eastern 
Cottonwood 

21

Early Response of Interplanted Nuttall Oak to Release from an Eastern 
Cottonwood Overstory 

30

The Role of Large Container Seedlings in Afforesting Oaks in Bottomlands 35

A Comparison of Oak Regeneration Conditions Following Midstory Injection and 
Partial Overstory Removal in a Tombigbee River Terrace 

42

Herbicide Release of 4 Year old, Naturally Regenerated Bottomland Oaks-10 
Years Results 

46

Oak Regeneration: Serious Problems Practical Recommendations 51

Seedling Care and Reforestation Standards 384

Literature Cited 401

  



 

 

 

 

 

 

 

 

Great Trinity Forest Management Plan 

HARDWOOD SILVICULTURE 

Cover Crops Help Tree Seedlings 
Beat Weed Competition 

(Produced by the LandOwner Resource Centre and the 
Ontario Ministry of Natural Resources) 

Page 1 of 404



REDUCED HERBICIDE USE
Hardwood seedlings grow best when they have an ample
supply of sunlight, nutrients and moisture. When other
plants compete for the same resources, these seedlings
rarely survive long enough to outgrow the competition.

Cover crops keep competing plants at bay, with reduced
need for herbicides or other weed control. Because they
grow low to the ground, cover crops give seedlings access
to sunlight, while discouraging competing weeds from
taking root. While it’s true cover crops also compete with
seedlings, they are not as damaging as weeds. 

Field trials conducted by the Ministry of Natural
Resources have shown that cover crops can cut herbicide
use by as much as 50 per cent and the cost of chemical
weed control by up to $25 a hectare. As well, rodent
damage to young seedlings was reduced to less than five
percent of the trees, while tree survival rates were as high
as 99 per cent.

THE BENEFITS OF 
COVER CROPS

Planting cover crops, such as rye grass or clover, can be
an important step in turning fragile or marginal lands
into productive forests. By slowing the spread of weeds,
cover crops help seedlings compete for sunlight,
nutrients and water, with reduced need for herbicides or
other weed control.

Some cover crops also enrich and stabilize the soil. They are
particularly useful in preventing slopes from eroding which,
in turn, reduces the amount of silt carried into waterways. A

tractor, seeder and mower are needed to grow cover
crops in large areas.

This Extension Note explains how to choose, plant and
grow cover crops in order to improve the growth of
hardwood seedlings.

COVER CROPS HELP TREE SEEDLINGS
BEAT WEED COMPETITION

Although it often takes a year to become
established, white clover is a popular
cover crop choice. It increases soil
fertility and suppresses weed growth.
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When choosing the best cover crop for your tree
plantation, it’s important to know whether or not the cover
crop produces its own seed or if new seed must be
purchased and sown each year. Also, you should be aware
that some cover crops can increase pest problems or attract
rodents that might feed on the seedlings. One agricultural
pest, for example, thrives on millet. The Ministry of Natural
Resources has tested two cover crops traditionally used in
agriculture — white clover and rye grass.

PREVENTING SOIL EROSION
The root systems of cover crops help prevent erosion by
securing the soil. They are particularly useful on slopes
where rain can carry soil into waterways and degrade
water quality and fish habitat. 

Cover crops can also improve the condition of the soil.
Depending on the species, they can help loosen compacted
soil and increase soil organic matter, moisture and fertility.

FOOD FOR WILDLIFE
Some cover crops, such as white clover and rye grass, are
excellent winter foods for birds, small mammals and deer.

SELECTING A SITE
Cover crops thrive on slopes and flat areas, but they
don’t do well on low sites that may be prone to flooding.

CHOOSING COVER CROP SPECIES

Perennial ryegrass is a
popular cover crop choice.
It establishes quickly and
suppresses the germination
of competing weeds in the
first year.

WHEN TO PLANT COVER CROPS
Cover crops can be planted either one year before tree
seedlings or during the same year.

When cover crops are planted the year before, soil
erosion and water runoff are reduced. To effectively slow
the growth of competing weeds, sow white clover early so
that it becomes established before the trees are planted.
If you are using machines to plant the trees, however,
there are some disadvantages to early sowing. Tire
traction can be reduced. Because cover crops hold soil
moisture, there may also be fewer days in the spring
when fine-textured soils are dry enough for planting.

If you plant cover crops during the same year as
seedlings, using a machine to plant trees is easier. With
this option, however, cover crops may not grow enough
in the first year to prevent weeds from germinating. The
use of a second, faster growing cover crop, such as winter
wheat, timothy grass or barley, along with your primary
cover crop can help solve this problem.

White clover does
not grow well by
itself. For best
long-term growth,
seed along with a
short grass such
as creeping red
fescue.
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A COMPARISON OF THE BENEFITS OF TWO COMMON COVER CROP SPECIES

TABLE 1 — COMPARISON OF WHITE CLOVER AND RYE GRASS

WHITE CLOVER RYE GRASS

Appearance • There are several types of white clover, including wild • Grows rapidly in dense clumps
white clover and Dutch white clover

• Ladino clover is not recommended for tree plantations
because it grows to a height of 34 centimetres

Weed • Although it can take up to a year to become established, • Becomes established quickly
Suppression white clover suppresses weed germination • Its dense cover, large root mass and ability to

absorb nitrogen, suppresses weeds, specially
late annual weeds and quack grass

Life Span • Most varieties live five years • Annual rye grass dies in winter
• Self-seeding • Perennial rye grass survives winter

• Self-seeding

Competition • Can spread into the vegetation-free areas around • Can spread into the vegetation-free areas around
and Control tree seedlings tree seedlings

• When necessary, growth can be controlled with • Not easily controlled by herbicides
herbicides

Soil Building • Increases soil fertility by producing nitrogen • Increases soil organic matter
• Can reduce frost heaving on fine-textured soil • Can reduce frost heaving on fine-textured soil

Wildlife • Excellent winter food for upland game birds, rabbits • Excellent winter food for deer
and deer

Varieties • Dutch white clover requires five kilograms of seed a hectare • The many varieties require eight kilograms of 
and • Wild white clover varieties, such as Grasslands Huia or seed a hectare
Amount New Zealand, require five kilograms of seed a hectare
Required combined with five kilograms of the creeping red fescue 

variety Jasper

Cost • About $23 a hectare • About $15 a hectare

Sowing • Sow in early spring just as frost comes out of ground • Sow in early spring for best results
• Areas that have adequate moisture can be seeded no • Areas that have adequate moisture can be 

later than mid-August seeded in summer
• Seedings in September or October rarely survive the winter • Can be seeded from mid-August to 
• When sowing, add the recommended nitrogen mid-September when there is less 

producing bacteria to the hopper competition from germinating weeds
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TABLE 1 — COMPARISON OF WHITE CLOVER AND RYE GRASS (CONTINUED)

WHITE CLOVER RYE GRASS

Disadvantages • Can increase species of worms that feed on seedling • Can provide habitat for mice and other rodents 
roots if area around trees is not kept free of vegetation that feed on seedlings 

• Can provide habitat for mice and other rodents that feed 
on seedlings 

Maintenance • To reduce rodent habitat, mow in early September • To reduce rodent habitat, mow in early September
• For best self-seeding, mow in summer when seeds are • For best self-seeding, mow in summer when 

ready for dispersal seeds are ready for dispersal
• Allow the plants to reach 10 centimetres in height before 

the first mowing

Site • Low tolerance to drought • Low tolerance to drought and heat
Conditions • Does not germinate well in wet areas • Ideal soil pH is 5.5 to 7.5

• Ideal soil pH is 5.1 to 7.5

Figure 1— Green ash seedlings are planted 2.4 metres apart. The cover crop, white clover, is grown in a 1.2 metre strip between the
rows of trees. The 1.3 metre strips immediately surrounding the trees should be kept free of weeds by cultivating or applying
herbicides. Use of cover crops in this manner reduces the amount of herbicide required in plantations by 50 per cent. 

COVER CROPS
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HOW TO PLANT COVER CROPS
Cover crops are planted with the same equipment
used to plant other agricultural crops. To establish
cover crops between rows of trees, follow these steps:

PREPARING THE SITE
Fields with silt loam to clay loam soils should be
ploughed and disced in the fall, if you intend to plant
a cover crop the following spring. Sandy loam and
loam soils should be ploughed and disced in the
spring, just before a cover crop is planted. 

On fields where agricultural crops grew during the
previous season or where erosion is a problem, cover
crops can be sown directly over crop stubble.

SOWING
With a broadcast seeder, sow clover just as the frost
is coming out of the ground in the spring. If seed is
sown later in the season, ensure that there is enough
moisture in the soil for germination.

When seeding clover, add the recommended
bacterial inoculant (available from seed suppliers) to
the seed hopper before seeding. Follow the
instructions on the inoculant package. The bacteria
help to convert atmospheric nitrogen to forms that
plants can use. 

Calibrate your seeder. Broadcast the seeds according
to the rates specified in Table 1.

PLANTING
If you are planting trees the year after the cover crop
is sown, mow the cover crop in the fall. If a lot of
weeds appear in the first season, make sure you mow
the weeds before they go to seed. Raise the height of
the mower so that it cuts all the weeds that are taller
than the cover crop. 

Plant trees in rows that are far enough apart to allow
mowing equipment to cut the cover crop. 

Weed growth should be controlled in a one-metre
area around each seedling for the first three years
of a seedling’s life. This can be done by cultivating
or by using the herbicide simazine. 

If weeds are controlled manually, cultivate or hoe
each spring and fall, and as required in the summer.

To control weeds with simazine, apply the herbicide
immediately after planting. In addition to killing
weeds, it prevents white clover and rye grass from
germinating in the treated area. Apply simazine
again each spring or fall for three years or until tree
branches prevent access by an agricultural sprayer.

PROTECTING PLANTS FROM WEEDS

Because mowing reduces habitat for rodents that feed
on the tree seedlings over winter, be sure to mow at
least once a year in early September. However, more
frequent mowing may be necessary. Mowings that are
done when the cover crop is going to seed will help
broadcast the seeds. If ground nesting birds, such as
bobolinks or field sparrows, are present, do not mow
until the young birds have left the nest.

MAINTAINING COVER CROPS

Cover crops should be mowed at least once a year. This reduces
habitat for rodents that might feed on tree seedlings.
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COVER CROPS 

COVER CROP RESEARCH

The Ministry of Natural Resources is investigating  the use of cover crops,
including commercially available mixes of grains and clovers, as a means of
reducing weed competition with tree seedlings. The grains establish quickly
in the first year providing both weed control and food for wildlife. By the
second year, the clovers are densely established.

Produced by the LandOwner Resource Centre and the Ontario Ministry of Natural Resources, with financial assistance
from Tree Plan Canada.

Cette publication est également
disponible en français.

© 1994, Queen’s Printer for Ontario
Printed in Ontario, Canada

50515
ISSN 1198-3744

(10 k P.R., 95 01 30)

The effectiveness of cover crops as tools for
re-establishing hardwood forests in southern
Ontario is being evaluated by the Ministry of
Natural Resources. Field trials are being
conducted through the Vegetation
Management Alternatives Program, which is
developing safe and effective alternatives to
herbicide spraying. Field tests have already
shown that cover crops reduce the need for
herbicide spraying in young plantations. 

For more information on cover crop
evaluation in southern Ontario contact:
Silvia Strobl, Plantation Forester
Ontario Ministry of Natural Resources
P.O. Box 605
Brockville, Ontario 
K6V 5Y8
phone (613) 342-8524
fax (613) 342-7544

For information on cover crop varieties and
the cost of seeds, contact seed suppliers or
your local office of the Ontario Ministry of
Agriculture and Food, and Rural Affairs.
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A COMPARISON OF LARGE-SCALE REFORESTATION TECHNIQUES
COMMONLY USED ON ABANDONED FIELDS IN THE LOWER MISSISSIPPI

ALLUVIAL VALLEY’

Callie  Jo Schweitzer and John A. StanturfZ

Abstract-Reforesting abandoned land in the lower Mississippi alluvial valley has attracted heightened attention.
Currently, federal cost share programs, such as the Wetland Reserve Program and the Conservation Reserve Program,
are enticing landowners to consider reforesting lands that are marginally productive for agriculture. This study examined
four reforestation techniques commonly used in the area. These techniques were applied operationally, following methods
used under federal reforestation programs. Four techniques were implemented on 8.1-ha  blocks in a completely
randomized design with three replications. The entire study site was prepared by disking following soybean harvest in the
fall of 1994. The techniques tested were: (1) direct seeding Nuttall  oak (Quercus nuffallii  Palmer) acorns (2) plantfng  1-O
bareroot  Nuttall  oak seedlings (3) establishing a nurse crop of eastern cottonwood (Populus  delfoides  Marsh.) and then
underplanting 1-O bareroot  Nuttall  oak seedlings (4) control (natural succession). All techniques were implemented by April
1995, except the underplanted oaks, which were planted following two growing seasons for the cottonwood (oak
underplanted in March 1997). Results of this study are reported for 3 years of survival and growth of the seed germinants
and seedlings, for cottonwood survival and growth, and interplanted oak survival and growth following 1 year. Natural
invasion onto the site is also discussed. Comparisons are made among the four reforestation techniques, with ideas for
incorporating this information into the administration of federal cost share reforestation programs.

INTRODUCTION
Large-scale reforestation of former agricultural lands in the
lower Mississippi alluvial valley (LMAV) continues to attract
interest. Lands that were cleared in the 1960’s primarily for
soybean production are undergoing a use shift again, this
time back to trees. The decision by many landowners to
reforest these lands has been aided, in part, by the
increased availability of reforestation programs, such as the
Wetland Reserve Program (WRP). This program provides
the landowner with a one-time easement payment, technical
expertise, and cost-share to cover part or all of the
reforestation costs. Applying the information amassed for
large-scale reforestation of hardwoods on former agricultural
lands has been challenging. There are perhaps several
reasons for this. Technology transfer outlets, such as written
reports and other publications, may not be the most suitable
methods of disseminating this information. Additionally, the
target audience is diverse, and many of the practitioners are
unknown.

Research continues on expanding our current reforestation
knowledge base from a small to a larger scale. The basic
techniques for introducing desirable hardwood species on
former agricultural land have been worked out. However,
much of the preliminary work has been done on a much
smaller scale. Currently, large-scale reforestation is
occurring on thousands of ha in the LMAV. Much of this
work has been done under the Wetland Reserve Program,
and seedling and acorn survival rates have been low. One
objective of this study was to test four commonly used
reforestation techniques and to monitor both growth and
survival so that operational techniques can be adjusted
accordingly.

In many reforestation projects in the LMAV, emphasis has
been placed on hard-mast producing species such as the

oaks. Typical reforestation on recently abandoned fields
involves the establishment of one to three overstory species,
usually oaks. Sowing of acorns is a conventional method for
establishing,new  stands of oak even though failures often
occur. Researchers have indicated that planting 1-O bareroot
nursery stock or direct seeding acorns can work well for
most bottomland hardwood species planted on a variety of
sites in the LMAV (Allen 1990, Baker and Blackman  1973,
Johnson 1983, Johnson and Krinard 1985, Krinard and
Kennedy 1987).

This project was designed to test one alternative
reforestation technique which combines a faster growing
species, cottonwood (Populus  deltoids Marsh.) and a slower
growing species, Nuttall  oak (Quercus  nutiallii  Palmer), and
to contrast this technique with more traditional approaches
of planting bareroot  seedlings or direct seeding of acorns of
Nuttall  oak. The control treatment for this study is to do
nothing and allow natural field succession to occur.

Compared to other reforestation techniques, one advantage
of using the cottonwood nurse crop may be the creation of a
more favorable microclimate for oak growth and survival.
Obviously, we cannot test this until later in the study. The
early growth of cottonwood allows for the rapid
establishment of a forest canopy. The advantage of this
canopy is that it may lend itself to accelerating natural
succession by attracting birds and small mammals that are
vectors for dispersal of heavy seed.

The major disadvantage of pure cottonwood plantations to ’
wildlife may be the paucity of hard mast. Although some
may also feel that cultivation works against restoration
goals, it has been found that wildlife importance values for
all wildlife food plants in several cottonwood plantations
studied peaked in the fourth, fifth and sixth growing seasons

’ Paper presented at the Tenth Biennial Southern Silvfcultural  Research Conference, Shreveport, LA, February 16118,  1999.

* Research Forester, USDA Forest Service, Southern Research Station, Forest Inventory and Analysis Research Work  Unit, Asheville, NC 28802;
and Research Soil Scientist, USDA Forest Service, Southern Research Station, Center for Bottomland Hardwoods Research, Stonaville,  MS
38776, respectively.
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(Wesley and others 1981). The planting scheme under study
here will provide for hard mast, and culti’vation  cessation
after establishment will hopefully serve to promote plant
establishment that would benefit wildlife and restoration in
the later growing seasons.

In addition to providing wildlife habitat, the high survival
rates and rapid growth of cottonwood will enable harvest in
10 years, generating income in a relatively short time period.
Stanturf and others (1998) conducted a financial analysis for
a private landowner of a cottonwood plantation and found
that the cottonwood provided a cash flow over the rotation,
with a positive internal rate of return. Data collected from the
current study will allow for future costs analysis with the
additional returns of the oak together with the cottonwood.

OVERVIEW AND METHODS
Four reforestation techniques have been installed on former
agricultural land located in Sharkey County, Mississippi. The
site is 2.5 km east of the community of Anguilla,
approximately 1 km south of State Highway 14, and
immediately north of the Delta National Forest. This land
was transferred to the USDI Fish & Wildlife Service from the
Farmers Home Administration in 1993, and is administered
by personnel at the Yazoo National Wildlife Complex.

A recent soil survey of the tract conducted by the Natural
Resources Conservation Service(NRCS)  indicated that the
soil is of the Sharkey series, a heavy clay with shrink-swell
properties, described as a very fine, montmorillonitic,
nonacid, thermic Vettic  Haplaquepts (Personal
communication. Floyd Wood. 1995. Soil biologist, NRCS,
100 Capitol St., Jackson, MS 39289). The Sharkey series
consists of poorly drained, clayey soils formed in fine
textured sediment in slack water areas along the Mississippi
River. The shrink-swell nature typical of clays with
montmorillinitic mineralogies results in 2-10 cm wide cracks
up to 1.5 m deep that form under dry conditions, and close
upon wetting. The hydrologic and edaphic conditions of our
study site typify most of the abandoned agricultural land
available for and undergoing reforestation in this region.

The experimental design follows a randomized complete
block design with three replicates located in different
portions of the tract. Treatment plots are approximately
rectangular in shape and 8.1 ha in size. Treatment plots
were established in October 1994 (Blocks II and Ill) and
February 1995 (Block I). The assignment of treatments to
plots was done using a random numbers table, and is
summarized in table ‘I.

Agricultural production on the study site ended in fall 1994.
The entire study site was double disked (including the
natural succession treatment) following soybean removal.
Acorns were collected in the Delta National Forest, placed in
water and non-viable acorns that floated were discarded.
Acorns were then stored in ventilated polyethylene bag at
1.7 “C. The Fish & Wildlife Service conducted the
planting/sowing using their standard equipment and
techniques. In May 1995, acorns were machine sown at 1 .l
m X 3.7 m spacing, with one acorn placed at each planting
spot. Oak seedlings (l-0 stock) were obtained from Fratesi
Nursery, Leland, MS (seed source Delta National Forest).
Seedlings were machine planted in March 1995 at 3.7 m X
3.7 m spacing.

Table l-Treatment plot assignment in each block

Block

Treatment
plot Ia II Ill

1 PLN s o w NUR
2 NAT N A T s o w
3 NUR PLN NAT
4 s o w NUR PLN

’  PLN = Plant bare-root Nuttall  oak seedlings (1-O stock),
NAT = natural old field succession, NUR =  cottonwood/Nuttall  oak
intercrop, SOW = direct seeded Nuttall  oak acorns.

Four cottonwood clones (ST-88, ST-72, ST-76, and S7G1)
were established using plantation establishment procedures
practiced by Crown Vantage, Inc. in spring 1995 (table 2).
Cottonwood cuttings were hand-planted in pure blocks at 3.7
m X 3.7 m spacing in March 1995. Each cottonwood clone
area (2 ha per clone per block) was split, with one-half of the
area (1 ha) receiving weed control by disking in 1995 only,
and the other half receiving the same weed control in 1995
and 1996.

In March 1997, the underplanted Nuttall  oak seedlings were
planted underneath the cottonwood, in every other row (3.7
m X 7.4 m spacing). Additional seedlings were also planted
in 0.4-ha  blocks in the open fields adjacent to each
cottonwood plot. Survival, height, and diameter data were
collected in 1997, following one growing season.

Four permanent measurement plots were installed in each
treatment plot in fall 1995. For the direct seeded and planted
treatments, measurement plots were rectangular,
approximately 0.2 ha in size. Sample measurement plots for
cottonwood clones were also 0.2 ha and placed, by clone, in
the 1995 and the 1995-96 disked areas. All cottonwood,
planted and direct seeded spots were flagged in each
treatment measurement plot. The control areas were
sampled by installing 64 circular plots (6.45-m radius). This
sample area equals 0.85 of the total ha sampled for each
control treatment plot, which is comparable to the total area
sampled in the direct seeded and planted measurement
plots (0.2 ha X 4 quadrants). Height and diameter data have
been collected for all woody stems in all treatments following
the third growing season (I 997). 0

Statistical analysis followed a Model I ANOVA. The SAS
statistical package (SAS Institute, Inc. 1990) was used for
data analysis, incorporating Duncan’s New Multiple Range
test for mean comparisons. All significant differences are
reported at a ?; 0.05.

RESULTS
Seedling and Acorn Germinant Plots
The seedling height and diameter growth increased
significantly over 3 years (table 3)Seedling  survival was 64
percent after 3 years, averaging 489 trees per ha.

137
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Table P-Schedule of operations for cottonwood/Nuttall

‘ treatment

Dates Activity

October 1994

March 1995
March 1995

May 1995

June &July 1995

August 1995

Summer 1995

June 1996

June & July 1996
March 1997

Winter 2004

Two-pass site preparation disking
Row establishment and liquid

nitrogen applied in trenches
@112kgNha”

Plant cottonwood
Spray herbicide in band over dor-

mant cuttings (oxyfuorfen
@ 0.26 kg ha-’ + glyphosate
@ 1.4 kg ha-‘)

One-pass disking, followed 2
weeks later by second pass
at right angle to first

Basal application of oxyfluorofen
Q 0.7 kg ha“

One-pass disking, followed 2
weeks later by second pass at
right angle to first

Insect control for cottonwood leaf
beetles (carbanyl Q 0.92 kg ha-‘)

Insect control for cottonwood leaf
beetles (carbanyl @ 0.92 kg ha”)

One-pass disking
Plant Nuttall oak seedlings at

offset position from cottonwood
Cottonwood pulpwood harvest

Table 3--Seedling  and acorn germinant height,
diameter, and survival comparisons among growing
seasons

Year

Variable 1997* 1996 1995

Seedling
height (cm) 73.6a 52.9b 1.3c

Seedling
diameter (mm) 10.7a 6.2b .lc

Seedling . .
survival (percent) 64.2a

Germinant
height (cm) 27.4a

Germinant
diameter (mm) 3.4a

Germinant
survival (percent) 16.0ab

59.6a

18.4b

2.5b

10.6b

62.8a

.5c

.Ic

17.6a

* Different letters within rows indicate significant differences among
means: average n = 1135 for seedlings: average n = 530 for
germinants.

Acorn germinant survival was 16 percent, which was not
significantly different from the 1995 or 1996 survival
percentages (table 3). The 1995 acorn germinant survival
was greater than that of 1996, and 1996 survival was less
than 1997 survival. The most likely explanation for these
discrepancies was sampling error. Acorn germinants
averaged 225 stems per ha after 3 years. Height and
diameter of germinants increased consistently over the three
growing seasons.

Control Plots
In 1996, in a total of 0.85 ha sampled in each control plot,

seven trees were found in Block 1 (five green ash Fraxinus
pennsylvanica  Marsh., two cedar elms Ulmus crassifolia
N&t.),  five in Block 2 (four green ash, one cedar elm) and
five in Block 3 (one green ash, four cedar elms). More
volunteer trees were found in 1997 (table 4). In 1997, the
average number of trees per ha was 195,25 and 20 per
block. The high number of swamp dogwoods (Comus
foemina Mill.) found in Block 1 heavily weighted this
average.
Cottonwood.Plots
After three growing seasons, the clones displayed
differences in growth, with ST-66 > S7C-1 >ST-75 > ST-72
for both height and diameter (table 5). Height and diameters
were greater for those cottonwood clones that received 1
year of weed control compared to those that were disked in
1995 and 1996 (table 6). The results for survival among
clones by weed control regime are given in table 7.

Cottonwood-Red Oak: Underplanted and Open-Grown
Oaks
Following one field growing season, the underplanted oaks
were significantly taller (48.2 cm for underplanted, 43.9 cm
for open grown) and had greater average diameters (6.1 mm
for underplanted, 7.7 mm for open grown) compared to
those grown in the adjacent open fields. Survival for
underplanted oaks averaged 57 percent after one growing
season, while open-grown oaks had a 43 percent survival
rate.

Table 4-Number and species of volunteer trees found
on control plots, total of 0.85 ha sampled for each block;
Sharkey Research Site, 1997

Block

Taxa I II Ill

Fraxinus  Pennsylvania 11 14 2 .
Green ash

Ulmus  crassifolia 16 5 5
Cedar elm

Comus stricta 125 0 6
Swamp dogwood

Diospyros Virginia 7 0 0
Persimmon

Celtis laevigata 8 2 52
Sugarberry’

G/edit& iriacanihos 0 0 1
Honeylocust
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Table 5-Height,  diameter, and total number of sprout comparisons
among cottonwood clones for 1997 data

Clone type Diamete? Height Sprouts

cm m Number

ST-66
S7G1
ST-75
ST-72

lO.la
9.0b
8.7c
8.ld

9.49a
8 . 7 1  b
7.85c
7.49d

1.2c
1.3b
1.5a
i.4a

a Different letters within columns indicate significant differences among means;
average n = 815.

Table 6-Height,  diameter, total number of sprouts, and survival comparisons of
means between 1 year (1995) and 2 years (199586) of weed control, by clone,
following three growing seasons (1997 data)

Variable
Weed

control s7c-I’

Year(s)

Height(m) 1995
199596

Diameter (cm) 1995
1995-96

Sprouts (no.) 1995
1995-96

Survival (percent) 1995
1995-96

6.9a
5.8b
7.la
5.8b
1.7a
1.7a

97.6a
94.4a

ST-66 ST-72 ST-75

7.6a
6.0b
a.la
6.2b
1.6a
1.5b

96.4b
95.la

5.9a
5.5b
6.la
5.6b
1.5a
1.5a

aa.6e
82.2a

6.6a
5.6b
7.la
5.8b
1.7a
1.6b

93.2a
92.8a

’ Different letters within columns, by clone, indicate significant differences between means.

.;

;
.,

;‘.

s.:,

: ,“r
Table 7-1997 cottonwood clone survival among clones by weed
control regime-l year (1995) or 2 years (199596) of weed control

Clone

s7c1
ST-66
ST-72
ST-75

1995 199596
w e e d w e e d

control ’ control

------------_ Percent  -----__---__--_

97.6a 94.4ab
96.4ab 95.la
aa.6c 82.2b
93.2b 92.aab

.

a Different letters within columns indicate significant differences among means,
\
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DISCUSSION
After three growing seasons, results from these four
reforestation techniques are beginning to shed some light on
expected reforestation on this site. It is understandable that
the cottonwood growth and survival are superior to that of
the oaks. Not only is cottonwood the fastest growing tree
species in North America, but also the care and attention
given to its establishment are displayed in the results.
Seedling survival was approximately as expected for a large-
scale operation. At an average of 489  trees per ha, seedling
establishment would be deemed above adequate under
guidelines set by NRCS for federal tree establishment
programs, especially WRP. Under WRP, 308 hard mast
stems per ha after three growing seasons meets the
success criteria. Therefore, the 225 trees per ha for the
acorn germinants would fall short of this goal.

Seedling survival, compared to other similarly reforested
sites, was average to below average. Allen (1990) evaluated
oak plantations established by the USDI Fish & Wildlife
Service personnel on refuges in west-central Mississippi.
Seven out of ten stands Allen assessed had over 489 trees
per ha. Krinard and Kennedy (1987) observed survival &es
of hardwood seedlings planted on Sharkey clay soil from 69
to 97 percent after 2 years, and 57 to 98 percent after 4
years. They found that Nuttall  oak seedling survival was 85
percent (2 years) and 80 percent (4 years). Wittwer (1991)
observed 78 percent survival of planted bottomland oaks
after 3 years. Savage and others (1989) reported 370 trees
per ha and a 64 percent survival rate for both seedlings and
germinants on reforested bottoms in Louisiana.

To date, obtaining adequate stocking of oaks on good to
poor sites has been difficult with either natural or artificial
regeneration. It has been suggested that the inherent
sluggish growth habitat of oak is the principal cause of
regeneration failures. This slow growth rate combined with
intensive vegetative competition and frequent animal
browsing has plagued forest managers in their attempts to
regenerate oaks. Based on research trials and our
knowledge of direct seeding on public and private lands in
recent years, the overall likelihood of regeneration success
with oaks in a given year is somewhat less with direct
seeding than with planting (Bullard and others 1992).

Before acorns germinate, predation from mammals and
birds constitutes the major cause of loss (Harmer 1994a,  b;
Korstian 1927). A pilot small mammal trapping study (600
trap nights) conducted on a single plot of the direct seeded
and the cottonwood treatments in October 1995 indicated
that very dense small mammal populations were present on
the direct seeded treatment (202 animals captured 216
times) compared to the cottonwood (2 animals captured 2
times). Sigrnodon hispidus  was the most abundant of five
species captured (Willis and others 1996). Therefore, rodent
predation of acorns may have contributed to the lower
survival rates and stocking in the direct seeded treatments,
which had extensive weed cover compared to the bare soil
conditions in the cottonwood treatments.

The expected survival of operationally direct seeded acorns
has been reported at 35 percent (Johnson and Krinard 1985,
Kennedy 1993). Theoretically, a large number of acorns
should increase the possibility for some acorns to escape
predation and germinate. Others have experienced this
same problem and have addressed it by simply increasing
the number of seeds sown. For example, Willoughby and
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others (1996) described results and recommendations from
several studies designed to establish new woodlots  by direct
sowing. Their recommendation for acorns was to sown
10,000 per ha, with the aim of establishing 1,000 reasonably
even-spaced vigorous trees by year 10. This figure allowed
for losses from germination failure, predation, drought,
herbicide damage, and weed competition. This planting
density was also observed by the authors on State-run
forests in Denmark, where the sowing and subsequent
germination and growth of oak was so thick that it appeared
almost like a shrub row.

The survival and stocking on these reforested ,sites  must be
viewed in the context of the landowners’ objectives. If having
a few widely spaced trees in fields dominated by
herbaceous vegetation is the goal, it appears as if the
current direct seeding or natural succession methods will
work. However, if the objective is to restore these sites back
to some level of a functional forested wetland, regardless of
the function, more time and effort are needed to implement
the techniques. The general knowledge of reforestation on
old field sites exists; it now becomes a matter of using that
information property to get the desired results. Perhaps the
biggest challenge is not working out the individual aspects of
large-scale reforestation but putting all those pieces together
in one scheme. We can only continue to match species to
sites, use proper seed and seedling handling, strive for good
quality planting stock, perform site preparation, and perhaps
most importantly, have on-site supervision to help make the
pieces fit.

Plantations of fast growing tree species in short rotation
cycles are going to play a vital role in meeting the rising
demand for woody biomass produition.  Popu/us  has shown
promising growth and productivity, can be harvested In short
periods, and has combined well, thus far, with the red oak
intercropping system. Twedt  and Portwood  (1997) noted that
in addition to production-related benefits, planting early-
successional species can (1) promote rapid colonization by
migrant birds (2) enhance plant species diversity (3) provide
a more rapid financial return to landowners, and .(4) enhance
the public’s perception of reforestation efforts. The ongoing
research into physiological response of oaks established
beneath cottonwood, as well as the possible changes in the
edaphic and microclimate environment under the
cottonwoods, will aid in our prognosis of implementing such
a system.

. -
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Introduction
Large-scale afforestationof former agriculturallands in the Lower MississippiAlluvial Valley

(LMAV) is one of the largestforest restorationefforts in the world and continues toattract interest
from landowners, policymakers,scientists,and managers.The decision by many landowners to
afforest these lands has been aidedin part by the increased availabilityof public andprivateincentive
programssuch as the WetlandsReserveProgram (WRP).The WRPprovides a landowner with aone-
time easementpayment, technical expertise, andreimbursementfor part or all of the afforestation
costs.Large-scaleafforestationis occurringon thousandsof hectaresin the LMAV (King and Keeland
1999; Stanturfetal.2000; Schoenholtzet al. 2001).

Early resultsfrom the WRPwere discouraging (Stanturfet al. 200la); seedling and acorn survival
rates werelow, despitemuchavailable informationon planting and direct seedingtechniques(Stanturf
et al. 1998).Although the basictechniquesfor afforestingnativehardwoodspecies have beenworked
out, few studies comparedseveral techniques on the samesite. In response to questionsfrom
managers, we undertook a study to compare operational techniques for afforesting bottomland
hardwoods. In addition to standardapproachesof planting bare-root seedlingsand direct seeding
acorns, weincludedan interplantingtechnique using afast-growing,nativespecies(Populus deltoides
Bartr. ex Marsh.) with an oak species(Quercusnuttallji Palmer)and anothertreatmentof doing
nothing anddependingupon naturalinvasion.The specificobjectivesof the study were todemonstrate
and comparefour restoration techniquesin terms of survival, accretionof vertical structure, and
speciesdiversity.

Methodology
The studywas located inSharkeyCounty, MS(N32058’ W90 O44~) in the YazooRiver Basin. The

land was activelycroppeduntil the studywas established.The hydrologic andedaphicconditionsof
the study site were typicalof land available for restoration in LMAV. Soils were mappedas the
Sharkey seriesof very-fine, smectitic,thermic chromicEpiaquerts.Sharkey soils consistof poorly
drained clays formed infine texturedsedimentin slack waterareasin the Mississippi Riverfloodplain.
The shrink-swcll natureof Vertisols resultsin 2 to 10 cm wide cracks up to 1.5 m deep that form
under dry conditions, and close when saturated.

The cxperimentwas a randomizedcompleteblock designwith threereplicates located indifferent
portions of the tract. Treatment plots were8.1 ha and approximatelyrectangular. Treatments were
chosento representa gradient in restoration intensity, fromnatural invasion, direct seeding Nuttall
oak,planling Nullall oak, to interplanting easterncottonwoodwith Nuttall oak. The natural invasion
treatmentwas 11w baseline to compare passive versus activerestoration.Direct seeding and planting
bareroot seedlingsarc routinely used restoration techniques in the LMAV under federalincentive
programs(Slanluri Cl a!. 2000). The interplantingtechniquecombines afastgrowingspecies, eastern
cottonwood, is a nursecrop lbr the slower growingoak. Thecottonwoodcan be harvested inas little
as 10 years.piovidiin’ a liiiancial return to thelandowner(StanturfandPortwood1999).
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Direct seeding andplanting treatmentswere installedin February1995 and thecottonwoodwas
planted in the interplanting treatment in March1995. Acorns for the direct seedingtreatmentwere
collected from nearbynatural stands, placed in water andnon-viable acorns that floatedwere
discarded. Acorns were stored in ventilated polyethylenebagsat 1.7 0C until sowing. Acorns were
machinesownby Fish and Wildlife Servicestaffin May 1995. Spacingwas 1.1 m by 3.7 m, with one
acorn placed ateach planting spot. Bareroot 1-0 Nuttall oak seedlings wereobtained from a
commercialnursery. Oak seedlings were machine plantedby Fish and Wildlife Servicestaffin March
1995 at 3.7 mby 3.7 mspacing.

Easterncottonwoodcuttings were hand planted according to procedures used operationally by
forest industry (Stanturfet al. 200 Ib). Fourcommerciallyavailable cloneswereplantedat 3.7 m by
3.7 m spacing.Threeclones had been selectedfrom nativepopulations along the Mississippi River
(5T66, 5T72, 5T75) and onewas from an east Texas population(57C1); all four clonesare used
operationally. Clonalmaterial was providedby Crown Vantage (now Tembek) and grownin their
nursery at Fitler, MS. Two growing seasonslater~ (March 1997), Nuttall oak seedlingswere
interplanted under the cottonwood. Oakswere plantedbetweenevery othercottonwoodrow so the
cottonwoodcan be harvested without damage to the oaks. Spacing for these oakseedlingswas 3.7 m
by 7.4m.

Fourpermanent measurement plots wereinstalledin each treatment plotin autumn1995. Survival,
height anddiametergrowth were measured inthe active restorationtreatmentsannuallythrough the
fifth growing season.Height anddiameterdata werecollectedfor all woody stems in the natural
invasion treatment annually beginning withthe second growingseason. The interplanted oak
seedlings, planted after thesecondgrowingseasonofthe overstory, were measuredannually.

ResultsandDiscussion
There wereno significant differencesin soil chemical propertiesat any depthbetweenthe four

restoration treatments. Soil bulkdensitywas not significantly different for the treatments,although
therewere significantdifferencesbetweenblocks. Afterfive growingseasons, the cottonwoods were
the tallest trees and had the greatest density. Heightof planted oaks averaged almost1.4 m and was
significantly taller than the directseededand interplanted oaks,whichdid not differ. Even though the
direct-seededoakshad beengrowingon the site two years longer thanthe interplanted oaks, they were
not significantly taller. Thedirect-seededoaks had greaterdiameterthan the interplantedand they
accumulated more biomass

The abandoned soybean field wasinvadedover timeby woody speciesdisseminatedby wind and
by birds. Swampdogwood(Cornus stricta), commonpersimmon(Diospyrosvirginiana), green ash
(Fraxinus pennsylvanica),sugarberry (Celtis laevigata), American elm (Ulmus Americana),
hawthorns (Craetaegusspecies),cedarelm (Ulmus crass~folia),honeylocust(Gleditsia triacanthos),
anddeciduousholly (hexdecidua)were the woody species found in themeasurementplots.

This project was designed to testonealternativeafforestationtechnique that combines a faster
growing species with a slowergrowing species and tocontrastthis techniquewith moretraditional
approachesof planting barerootseedlingsor direct seedingof acorns. Thecontrol treatmentfor this
study is to do nothing andallow naturalinvasion to occur. Theearlygrowth of cottonwoodallowed
for the rapidestablishmentof a forest canopy. The advantageof this canopy is that it may lenditself to
acceleratingnatural successionby attractingbirds andsmallmammalsthat are vectorsfor dispersalof
heavyseed.The majordisadvantageof purecottonwoodplantations to wildlifemaybe the paucityof
hardmast.Although some mayalsofeel that the intensive cultivation needed toestablishcottonwood
works against restoration goals,other studies have found that wildlife importance values forall
wildlife food plants in cottonwood plantationsstudied peakedin thc fourth, fifth andsixth growing
season.The interplantingscheme understudyherewill provide for hard mast; once cultivation ceases
after establishment,otherherbaceousplantswill establish.
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An Afforestation System for Restoring Bottomland
Hardwood Forests: Biomass Accumulation of
Nuttall Oak Seedlings Interplanted Beneath Eastern
Cottonwood
Emile S. Gardiner,132 John A. Stanturf,” and Callie  J. Schweitzer4

Abstract

Bottomland hardwood forests of the southeastern United
States have declined in extent since European settlement.
Forest restoration activities over the past decade, however,
have driven recent changes in land use through an
intensified afforestation effort on former agricultural land.
This intense afforestation effort, particularly in the Lower
Mississippi Alluvial Valley, has generated a demand for
alternative afforestation systems that accommodate
various landowner objectives through restoration of sustain-
able forests. We are currently studying an afforestation
system that involves initial establishment of the rapidly
growing native species eastern cottonwood (Populus
deltoides Bar&. ex Marsh.), followed by enrichment of
the plantation understory with Nuttall  oak (Quercus
nuttallii Palm.). In this article, we examine the growth
and biomass accumulation by Nuttall  oak seedlings to
determine whether this species can be established and
whether it will develop beneath the cottonwood overstory.
After 3 years of growth beneath cottonwood canopies,
Nuttall  oak seedlings were similar in height (126cm),  but
were 20% smaller in root-collar diameter than seedlings
established in open fields. Seedlings established in the

Introduction

Forest restoration activities have become prevalent around
the globe as marked by an afforestation rate of about 1.6
million hectares per year between 1990 and 2000 (FAO
2001). Of critical importance to forest conservation and
sustainability in the temperate zone of North America
is the restoration of bottomland hardwood forest eco-
systems. Bottomland hardwood forests are deciduous and
associated with alluvial soils on the floodplains of rivers
and streams that dissect the southern and eastern United

open accumulated more than twice the biomass of
seedlings growing beneath a cottonwood canopy.
However, the relative distribution of accumulated biomass
in seedlings did not differ in the two environments. Ten
percent of total seedling biomass was maintained in leaf
tissue, 42% was maintained in stem tissue,  and 48% was
maintained in root tissue on open-grown seedlings and
seedlings established in the understory of cottonwood
plantations. Though establishment in the more shaded
understory environment reduced Nuttall  oak growth,
seedling function was not limited enough to induce
changes in plant morphology. Our results suggest that an
afforestation system involving rapid establishment of
forest cover with a quick-growing plantation species,
followed by understory enrichment with species of later
succession, may provide an alternative method of forest
restoration on bottomland hardwood sites and perhaps
other sites degraded by agriculture throughout temperate
regions.

Key words: forest restoration, Populus deltoides, Quercus
nuttallii, regeneration, wetland forest.

States. The largest contiguous area of bottomland hard-
wood forest originally occurred in the Lower Mississippi
Alluvial Valley (LMAV), but forest cover in this region
has been reduced to an estimated 26% of the former 10.1
million-ha forest (Stanturf et al. 2000; Gardiner &
Oliver, in press). In the last decade, a concentrated forest
restoration effort has developed in the LMAV where
afforestation activities have reestablished native tree spe-
cies on more than 193,000 ha of degraded agricultural land
marginally suited for crop production (Stanturf et al. 1998;
Schoenholtz et al. 2001; Gardiner & Oliver, in press). The
ultimate success of this massive forest restoration effort
will be determined by the basic implementation of sound
afforestation practices.

Interests in carbon sequestration, game habitat enhance-
ment, timber production, water quality protection, and
conservation of biological diversity are among the driving
forces behind afforestation activities in the LMAV (King
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& Keeland 1999). Basic silvicultural practices for afforesta-
tion  of bottomland hardwood forests were developed and
have been applied since the 1960s (Allen 1990; Newling
1990). Conventional practices, which generally evolved from
earl ier  techniques for  establishing single-species plantat ions,
have proven successful for some afforestation needs, but
there is a need for alternative afforestation practices that
provide additional options for achieving various resource
management objectives (Gardiner et al. 2002).  Development
of afforestation systems that  quickly produce complex vert ical
forest structure will provide alternative pathways to attain
various restorat ion object ives.

Recently, plantations have been used effectively to
restore and conserve tropical forests (Parrot&  et al.
1997). Some of these systems have demonstrated value
for restoring particular ecological processes or ecosystem
functions. Several authors, including Parrotta (1995), Lugo
(1997). and Powers et al. (1997)  provide examples of
plantations catalyzing natural forest regeneration and
tree species richness on degraded sites. Plantations are
often used to facilitate restoration of native forest cover
on degraded tropical sites because they provide rapid
development of forest structure attractive to wildlife
species, and an associated understory microenvironment
favorable to germination and establishment of native tree
species (Parrotta 1992; Keenan et al. 1997; Lugo 1997).
Other workers have extended the application of plantations
for forest  restoration by establishing rapidly growing species
that develop an understory microenvironment favorable to
establishment  of planted seedlings of late-successional
species (Ashton  et al. 1997, 199X). Application of similar
plantation establishment approaches involving fast-growing
canopy species and understory enrichment plantings has
not been widely studied or used for forest restoration in
temperate regions (Ashton  et al. 1997).

We are currently investigating the development and
application of an interplanting system for restoration of
bottomland hardwood forests on former agricultural fields
in the LMAV. This restoration sequence is initiated by
establishing the native species  eastern cottonwood
(Populus  deltoides Bartr. ex Marsh.) to rapidly develop
forest structure on the site. Following the establishment
of the cottonwood plantation, the understory is enriched
by planting Nuttall  oak (Qrmcus  nuttallii  Palm.), a hard-
mast-producing, disturbance-dependent species of later
successional seres.  Initial results indicate that this inter-
planting system has potential as an alternative afforesta-
tion practice that can address multiple forest restoration
objectives, for example, rapid forest biomass production
and quick assembly of bird species richness (Hamel  2003).
However, the ability of Nuttall  oak to establish and grow
in the understory of eastern cottonwood remains an uncer-
tainty. In the current study, we examine biomass accumu-
lation of Nuttall  oak seedlings established under two
contrasting afforestation techniques (interplanted beneath
eastern cottonwood vs. planted in the open). The purpose
of this investigation was to gain knowledge on the early

morphological development and biomass distribution of
Nuttall  oak seedlings that may be incorporated into future
afforestation and forest restoration practices.

Methods

Study Site

The study was established in the LMAV on a former
agricultural site located in Sharkey County, Mississippi,
U.S.A. (32”Z-Y  N, 90”44’  W). The site is situated in the
humid, subtropical region of the temperate zone where the
mean annual precipitation is 1,31Smm,  and air tem-
perature averages from 27.8 “C in July to 7.5”C  in February
(Scott & Carter 1962). Sharkey Clay, a very fine, smectitic,
thermic, chromic Epiaquerts, is the predominant soil on the
site. Core samples collected across the study site indicated
that texture of this alluvial soil ranges from 7 to 12%
sand, 22 to 42% silt, and 46 to 71% clay in the surface
horizon (O-7.5 cm).

Establishment of Experimental Stands

More than 25 years of agricultural production ended on
the study site with the harvest of a soybean (Clycine nzax
[L.]  Merrill) crop in the fall of 1994. We initiated this
experiment in March 1995 by establishing a replicated
eastern cottonwood plantation. Three &l-ha  cottonwood
stands were established according to methods used by
Crown Vantage paper company as previously described
by Gardiner et al. (2001). Cottonwood cuttings were
hand-planted on a 3.7 X  3.7-m spacing, and each stand
replication received mechanical cultivation for competi-
tion control during the first two growing seasons. After
the second growing season (February 1997), l-0, bare-root
Nuttall  oak seedlings were interplanted between every
other cottonwood row (3.7 X 7.3-m spacing). Additionally,
a Nuttall  oak stand was established immediately adjacent
to each of the three interplanted cottonwood stands for the
purpose of providing open-grown seedlings that would
serve as experimental controls for morphology and growth
measurements. Thus, the experiment included three repli-
cated stands of Nuttall  oak seedlings interplanted beneath
eastern cottonwood and three replicated stands of open-
grown Nuttall oak seedlings. The three Nuttall  oak stands
were hand-planted on a 3.7 X 3.7-m spacing with the same
stock material used for interplanting the cottonwood
stands. Fifty experimental seedlings were selected in each
stand and protected from small mammal herbivory with
0.6-m tall and 0.6-m diameter wire mesh shelters.

Experimental Stand Conditions

Sampling for this investigation began after oak seedlings
completed three growing seasons. Table 1 provides a
summary of the early stand characteristics that developed
under each afforestation treatment. The eastern cotton-
wood nurse crop developed rapidly on this former
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Tablel. Stand characteristics of open-grown Nuttall  oak and eastern cottonwood interplanted with Nuttall  oak established on former agricultural
land in Sharkey County, MS, U.S.A.

Stand Type

Open-Grown Nuttall  Oak Cottonwood Interplanted with Oak

Eastern cottonwood densi ty (s tems/ha)
Eastern cottonwood basal area (m*/ha)
Nuttall  oak densi ty (s tems/ha)
Herbaceous competition (k /ha)
Light availability (pm01  m-8s-1)*

- 716
8.3

405 272
4,230 1,480
1,047 32.5

The open-grown Nuttall  oak stands were 3 years old, eastern cottonwood stands were 5 years old, and interplanted Nuttall  oaks were 3 years old.
*Light availability data arc the mean photosynthetic photon flux density from a cloud-free day (10 July 1998)  in the middle of the second growing season for Nuttall  oak

agricultural site providing a forest structure that appeared
to reach maximum leaf area index 3 years after establish-
ment. The cottonwood canopy reduced light availability to
interplanted oak seedlings (approximately 30% of light
available in the open), but the amount of herbaceous
competition in the understory of cottonwood plantations
was less than 35% of that in the open (Table 1). It should
be noted that growth and productivity of eastern cotton-
wood is very site specific. Bottomland soils that are
excessively flooded, for example, are not appropriate for
establishment of eastern cottonwood.

Measurements and Statistical Procedures

After the third growing season for Nuttall  oak, six ran-
domly chosen oak seedlings were destructively sampled
from each treatment combination (36 total). Height (cm)
and root-collar diameter (mm) were measured, then each
sample seedling was excavated from the soil and separated
into leaf, stem, and root tissues. The number of leaves on
each seedling was counted, then total leaf area was
measured with an area meter (LI-COR, Lincoln, NE,
U.S.A.). Average blade area was determined by dividing
the total leaf area of the seedling by the number of leaves.
Roots were washed to remove adhering soil particles then
seedling biomass components were oven-dried at 50°C
until completely desiccated. Oven-dried tissues were
weighed, and proportional biomass accumulation by tissue
type was computed according to the following formulae:
leaf weight ratio (LWR) = leaf weight/total seedling
weight; stem weight ratio (SWR) = stem weight/total
seedling weight; and root weight ratio (RWR) =root
weight/total seedling weight. Analyses of variance
(ANOVA)  according to a randomized block design (three
levels of block, two levels of treatment) were conducted to
test for a treatment effect on 12 response variables.
Response variables tested included seedling height, root-
collar diameter, leaf weight, stem weight, root weight, total
seedling weight, number of leaves, blade area, total leaf area,
LWR, SWR, and RWR. Individual tests were conducted on
each response variable at an alpha level of 0.05.

Results

Stem Growth

Three years after establishment, Nuttall  oak height was
not influenced by the presence of the eastern cottonwood
canopy, as seedlings averaged approximately 126cm tall
regardless of afforestation treatment (Table 2). Mean
heights observed on sampled seedlings represent positive
growth of more than two times the height of seedlings at
planting. Seedling root-collar diameter also showed
positive growth during the 3-year establishment period
(Table2),  but  the magnitude of  this  response was
influenced by the afforestation treatment. Nuttall  oak
seedlings interplanted in the understory of cottonwood
stands were 20% smaller in root-collar diameter compared
to those established in the open (Table2).

Biomass Accumulation

After 3 years of establishment on former agricultural land,
accumulation of Nuttall  oak seedling biomass was greatest
in stems and roots (Fig. 1). However, the amount of
biomass accumulated by seedlings differed according to
the afforestation treatments. Seedlings established in the
understory of eastern cottonwood accumulated less
biomass than open-grown seedlings (Fig. 1). This reduction
was observed for all plant components such that inter-
planted seedlings accumulated 54% less leaf mass
(p =0.0096),  59% less stem mass 0, =0.0242),  and 50%

Table2.  Initial and third-year height and root-collar diameter oi
Nuttall  oak seedlings planted on a former agricultural field in Sharkey
County, MS, U.S.A.

Vrrrirrhlr Open-Grown Interplunted  p-Value
-

Initial
Height (cm) 50.4 + 2.8 53.6 ct  2.6 0.4117
Root-collar diameter (mm) 8.1 t  0.5 7.4 rt  0.5 0.3707

Year 3
Height (cm) 128.4 t 11.9 123.9 +Z  14.1 0.7285
Root-collar diameter (mm) 26.7 i 2.2 21.4 + 1.3 0.0135
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Figure 1 . Biomass accumulation of Nuttall  oak seedlings established
in the open and in the understory of an eastern cottonwood stand in
Sharkey County, MS, U.S.A. The seedlings  were established 3 years
prior to excavation. Light bars represent open-grown seedlings, dark
bars represent underplanted seedlings, and error bars are i standard
error of the mean.

(JJ  = 0.0113) less root mass relative to seedlings established
in the open. Accordingly, Nuttall  oak seedlings established
in the open developed a total mass more than two times
the mass of seedlings established beneath eastern cotton-
wood (JJ  = 0.0148) (Fig. 1).

Biomass Distribution in Leaf Tissue

The comparatively greater amount of leaf biomass
observed on open-grown Nuttall oak seedlings is partially
attributed to a larger number of  leaves (250% more)
relative to interplanted seedlings (Table 3). Leaf blades
of open-grown seedlings, however, were generally smaller
in area (52%) than those of the  interplanted treatment
(Table3). Despite the greater number of leaves observed
on open-grown seedlings, we were unable to detect a treat-
ment effect on total leaf area (Table3). Thus, the photo-
synthetic surface area of interplanted seedlings did not
differ from that maintained by open-grown seedlings.

Biomass Distribution in Seedlings

Three years after establishment, Nuttall  oak seedlings
accumulated the smallest proportion of fixed carbon in
leaf tissue (10%) (Fig. 2). Stem tissue comprised 42%

Table3.  The number  of lcavcs.  mean blade area, and mean  total lcnl
arca  observed  on 3-year-old  Nuttall  oak seedlings  planted on a former
agricultural ii&l  in Sharkey County, MS. CJ.S.A.

Number of leaves 345 -t x3 9xc  16 0.0023
Blade area (cm’) 10.4 + 0.88 21.s* 1.98 <o.ooo  1
Leaf arca  (cm’) 3,259 +- 734 2,157 k402 0.0953

l-
LWR SWR RWR

Figure 2. Proportional biomass accumulation of Nuttall  oak seedlings
established in the open and in the understory of an eastern
cottonwood stand in Sharkey County, MS, U.S.A. The seedlings were
established 3 years prior to excavation. LWR = leaf weight ratio.
SWR = stem weight ratio, RWR =  root weight  ratio. Light bars
reprcscnt  open-grown seedlings, dark bars represent underplanted
seedlings, and error bars are i:  standard error of the mean.

whereas root tissue comprised about 48% of total seedling
biomass (Fig.2). Irrespective of the large differences
observed for biomass accumulation, the proportional
distribution of biomass within seedlings was not altered
by stand environment (Fig.2). Interplanted Nuttall  oak
seedlings accumulated leaf 0, = 0.9736), stem (JI  = 0.0847),
and root 07 -0.1042) biomass in equal proportions to
open-grown seedlings.

Discussion
Seedlings planted on former agricultural fields in the
LMAV are prone to encounter numerous stress agents
including vigorous herbaceous weed competition, mammal
and insect herbivory, and drought and flooding (Allen et al.
2001). Small seedlings of poor vigor are generally more
vulnerable to some of these environmental stresses than
are vigorous large seedlings and saplings (Allen et al.
2001). For example, large seedlings and saplings have an
advantage over smaller seedlings in the event of shallow
flooding because the crown of the taller seedling is at a
lower inundation risk. Thus, it is critical for establishment
success that seedlings planted on former agricultural fields
in the LMAV exhibit vigorous early growth. Irrespective
of establishment treatment, Nuttall  oak seedlings
examined in this study averaged nearly 2Scm of annual
height growth during the 3-year establishment period. This
growth rate was within the expected  range for bare-root,
bottomland oak seedlings established on former agricul-
tural fields without the use of competition control
(Kennedy 1981, 1993). The presence of the eastern cotton-
wood canopy did not reduce average seedling height 3
years after establishment. In contrast, root-collar diameter
was larger on seedlings established and grown in the open.
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Though root-collar growth was not maximized when seed-
lings were established in the understory of eastern cotton-
wood, the root-collar growth we observed on interplanted
seedlings appeared as good or better than other published
observations for open-grown Nuttall  oak planted on
similar soils (Kennedy 1981; Patterson & Adams 2003).
However, it is not known whether these interplanted
seedlings with relatively smaller stem diameters will be
prone to wind damage when released.

Our research may be the first to examine oak seedling
growth and development in the understory of another
broadleaf species established on former agricultural land.
Studies examining oak seedling height and diameter
growth in relation to establishment beneath partial over-
stories of natural broadleaf species stands have demon-
strated mixed results. Teclaw and Isebrands (1993),  who
worked in natural stands in Wisconsin, demonstrated that
northern red oak (Quercus ruhru L.) seedlings may exhibit
better height growth under a partial canopy than in the
open, particularly where open sites are subject to vigorous
competition and late spring frosts. Truax et al. (ZOOO),
who compared development of northern red oak and bur
oak Michx.) growing in open fields
and beneath natural aspen (Populus  tremuloides  Michx.)
stands in Canada, observed contrasting results for these
two species. They observed a better height and diameter
growth increment for northern red oak established
beneath aspen, whereas bur oak exhibited a better height
and diameter growth increment when established in the
open (Truax et al. 2000). Results from our study were most
closely in line with those presented by Gcmmcl et  al.
(1996), who studied the development of pedunculate oak
(Quercus rohur  L.) under different canopy densities of
natural stands in southern Sweden. In their study, seed-
lings established beneath the partial canopies grew to the
same height as those established in the open, but root-
collar diameter was less than that of open-grown seedlings.
It is obvious that the range of responses documented in the
literature precludes generalizations on how oak seed-
ling height and diameter will respond to an understory
environment as responses appear specific to species, forest
environment, and silvicultural system.

Biomass accumulation by Nuttall  oak, particularly
whole plant biomass for seedlings growing on former agri-
cultural land in the LMAV, has not been  well documented
(Schlaegel & Willson  1983). In the current study, Nuttall
oak seedlings established under two different afforestation
treatments showed positive biomass accumulation over the
3-year study period, but biomass accumulation rate was
determined by the environment in which seedlings were
established. Our findings indicate that Nuttall  oak seed-
lings established in the understory of eastern cottonwood
plantations will maintain a positive accumulation of leaf,
stem, and root biomass, but the accumulation rate will be
less than for seedlings established  in the open. This obser-
vation is in line with the decrease in root-collar diameter
we observed on interplanted seedlings. This finding

conflicts with observations on oak seedling biomass
accumulation beneath artificial shade cloth. Biomass
accumulation by cherrybark oak (Quercus pagoda Raf.)
and pedunculate oak seedlings established under moderate
levels of light availability can be as high or greater than for
seedlings established under full sunlight (Ziegenhagen &
Kausch 1995; Gardiner & Hodges 1998), because the
artificial shade is thought to reduce seedling water stress.
However, our finding is consistent with that of Gemmel
et al. (1996)  who reported greater biomass accumulation
by pedunculate oak seedlings established in the open
versus beneath partial canopies in southern Sweden.
Moderating light availability with the use of partial
overstories in natural stands or sparse canopies of
plantation species does not appear to benefit oak seedling
biomass accumulation to the same extent observed when
seedlings are cultured under artificial shade.

Nuttall  oak seedlings established in the understory of
eastern cottonwood stands produced fewer leaves than
those seedlings grown in the open, but they produced
leaves with a blade area twice the size of those on open-
grown seedlings.  Because of these characterist ics,  seedlings
from both afforestation treatments showed similar leaf
areas. Oak seedlings studied by other workers exhibited a
wide range in leaf number, blade size, and total leaf area
responses along light gradients. Pedunculate oak, black
oak (Quercus velutina Lam.), and banj oak (Quercus
leucotrichophora  A. Camus) showed a higher number of
leaves in high light environments than in low light
environments (Gottschalk 1994; Thadani & Ashton  1995;
Welander & Ottosson 1998). Some oak species increase
blade size under low irradiance, whereas others do not
exhibit this characteristic (Callaway 1992). Valley oak
(Quercus lohata Nee) and blue oak (Quercus douglasii H.
& A.) did not alter total leaf area when grown under a
range of light availability, but coast live oak (Quercus
agrifolia  Nee) seedlings did respond to increased light
availability by decreasing blade area, which led to a
decrease in total leaf area (Callaway 1992). Most species
of oak will probably decrease leaf area under low light
availability, but this response is typically not observed
until extremely low levels of light are experienced
(Gottschalk 1994; Ziegenhagen & Kausch 1995). The
light levels observed in this study (approximately  30% of
light available in the open) along with the ability of seed-
lings to maintain appreciable leaf area in the understory of
eastern cottonwood are consistent with our premise that
the understory environment in eastern cottonwood planta-
tions appears suitable for Nuttall  oak seedling establish-
ment and growth.

Though establishment beneath the cottonwood canopy
reduced total biomass accumulation by Nuttall  oak seed-
lings, it is interesting that the relative distribution of accu-
mulated biomass in seedlings was similar for both
treatments. For the open and the understory environment,
leaf tissue comprised lO%, stem tissue comprised 42%,
and root tissue comprised 48% of total seedling biomass.
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These resul ts  i l lustrate  that  Nuttall oak seedlings accumulated
near equal proportions of biomass above- and belowground
3 years after  establishment on a former agricultural  f ield.

Several  s tudies conducted on various oak species indicate
that oak seedlings  acclimate morphologically to environ-
mental stresses through proportional biomass accumula-
tion rates (Kolb et al. 1990; Thadani & Ashton  1995;
Ashton  & Larson 1996; Gardiner  & Hodges 1998). For
example, Kolb and Steiner (1990) demonstrated that north-
ern red oak seedlings acclimated to belowground competi-
tion by increasing the proportion of biomass accumulated
in roots. Welander and Ottosson (1998) reported a
decrease in the root-to-shoot ratio of pedunculate oak
seedlings with decreasing light availability. This response
favors biomass accumulation in aboveground components
to improve light gathering in low light environments
(Welander & Ottosson 1998). The fact that seedlings estab-
lished beneath eastern cottonwood accumulated less
biomass than those established in the open indicates that
light, soil moisture, or another factor were not sufficiently
available in the understory to maximize Nuttall  oak seed-
ling growth. Though growth was not maximized, propor-
tional accumulation of biomass indicates that resource
availability in the eastern cottonwood understory did not
limit seedling function substantially enough to alter Nuttall
oak seedling morphology.

Stanturf  et al. (2001) argued that afforestation is a neces-
sary first step toward ecological restoration of bottomland
hardwood ecosystems on former agricultural land.
Conventional afforestation practices have generally tar-
geted the establishment of mast-producing overstory spc-
ties such as bottomland oaks (Allen 1997;  Schoenholtz
et al. 2001). Bottomland oaks have been favored because
of their high value as a component of wildlife habitat and
their limited dispersal; it is also thought that light-seeded
species will establish naturally (Allen 1997; King &
Keeland 1999). A primary criticism of conventional
afforestation practices employed on bottomland sites
centers on their effectiveness at initiating restoration of
ecological functions of bottomland hardwood ecosystems.
For example, Allen (1997), who studied woody plant
invasion on 10 afforestation sites in the LMAV, expressed
concern that conventional afforestation practices were
leading to stands with low woody species diversity relative
to natural bottomland hardwood stands. He observed a
limited amount of natural invasion and inferior growth
by light-seeded species in oak plantations, especially ii
stands were not immediately adjacent to a seed source
(Allen 1997). Likewise, Ouchley et al. (2000) examined
the composition of a historic bottomland hardwood for-
est, concluding that current silvicultural and afforestation
practices foster a higher component of oak species than
what was characteristic of historic bottomland hardwood
forests. Allen (1997) and Ouchley et al. (2000) provide
arguments that support establishment of more complex
plantations with a higher component of light-seeded
species to facilitate restoration of tree species diversity

on bottomland hardwood afforestation sites. Their
arguments and observations by others illustrate a clear
need to identify and implement afforestation practices
that will provide pathways toward catalyzing development
of biodiversity components in bottomland ecosystems.

The eastern cottonwood-Nuttall  oak interplanting
system examined in this manuscript is a unique alternative
for establishing bottomland hardwood forests because it
quickly develops a forest cover, which may facilitate
restoration of some ecological functions more rapidly
than conventional afforestation. For example, results
from this study indicate the understory microenvironment
of eastern cottonwood stands is sufficient for establish-
ment of the shade-intolerant Nuttall  oak; hence it is likely
that other bottomland hardwood species can invade the
understory. Indeed, Hodges (1997) reported that shade-
intolerant species such as American sycamore (Platarurs
occidentalis L.), sweet pecan (Curyu illinoensis  [Wang.] K.
Koch), green ash (Fruxinus  pennsylvanica  Marshall), and
sweetgum  (Liquidmnhar  styracifh  L.) are often present
in the understory of natural eastern cottonwood stands.
Our own observations indicate that given a seed source,
numerous bottomland  hardwood species readily become
established in the understory of eastern cottonwood
plantations. Thus, use of a plantation system such as this
may serve to catalyze invasion by other bottomland hard-
wood species, thereby increasing species richness on the
site as is the case for similar plantation systems studied in
the tropics (Parrotta 1992; Lug0 1997; Powers et al. 1997).

Hamel (2003), who studied winter bird use on afforesta-
tion sites, described another example of how the  eastern
cottonwood-Nuttall oak interplanting system can provide
a swift trajectory toward developing attributes of a natural
ecosystem. He observed a more rapid assemblage of forest
canopy-dwelling birds on sites receiving the eastern cot-
tonwood-Nuttall  oak interpianting system relative to sites
receiving afforestation with oak alone (Hamel  2003).
Hamel (2003) attributed this rapid assemblage of forest
canopy birds to the quick development of forest cover by
eastern cottonwood. Similarly, Twedt and Portwood
(1997) found a it-fold increase in the number of bird
species that established breeding territories in S- to
7-year-old eastern cottonwood stands versus 4- to b-year-
old oak plantings. As our research efforts continue to focus
on this eastern cottonwood-Nuttall oak afforestation
system, we are encouraged that additional benefits  to
restoration of bottomland  hardwood ecosystem functions
will be revealed. Future work with this afforestation
system will concentrate on the developmental trajectory
of various biodiversity components in bottomland
hardwood ecosystems, including understory flora, soil
arthropods, small mammals, and insect assemblages.

Management implications
Several management implications of practical significance
to forest restoration practitioners working in the LMAV
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and other temperate regions may be drawn from this work.
First, we documented substantial height growth and
positive biomass accumulation for the 3-year period
Nuttall  oak seedlings were established in the understory
of eastern cottonwood stands. We are encouraged that
these interplanted seedlings are rapidly developing into
large saplings that should respond quickly to release and
are at a lower risk of sustaining damage from herbivory or
flooding. We also noted similar morphologies between
seedlings established in the open and beneath eastern
cottonwood, indicating that resources, that is, light,
water, and nutrients, required for growth by interplanted
seedlings were sufficiently available to maintain seedling
function. These findings complement earlier work on leaf-
level photosynthetic characteristics of Nuttall  oak seed-
lings established beneath eastern cottonwood (Gardiner
et al. 2001) and support the application of this interplant-
ing system as an alternative method of establishing Nuttall
oak as a component in restored bottomland hardwood
stands on former agricultural land in the LMAV.

this experiment. Primary contributors to this research
included Jim Shepard with the National Council of the
Paper Industry for Air and Stream Improvement, Inc.,
Tim Wilkins, Lamar Dorris, and Ronnie Haynes with the
U.S. Fish and Wildlife Service, and Jeff Portwood
(formerly with Crown Vantage). Mathew  Stroupe, Ralf
Zellin, and Ron Fisher assisted with seedling excava-
tions. Several others, including Pat Weber and Jackie
Henne-Kerr, have been a source of encouragement and
constructive dialogue regarding forest restoration in the
LMAV. We also thank our colleagues who provided helpful
reviews of earlier drafts of this manuscript.

LITERATURE CITED
Allen, J. A. 1990.  Establishment of bottomland oak planlations  on the

Yazoo  National Wildlife  Refuge Complex. Southern Journal of
Applied Forestry  14:206-210.

Second, we present favorable results from an experi-
mental afforestation system that begins with rapid devel-
opment of forest cover on former agricultural land through
the establishment of a fast-growing, native plantation
species (eastern cottonwood). After the establishment of
forest cover, the plantation understory is enriched with a
slower-growing, disturbance-dependent species (Nuttall
oak) that is generally considered mid-successional. The
promising application of this interplanting system in the
LMAV provides a forest restoration model that can be
tried with other species in other temperate regions.
Advantages of this afforestation model include, but arc
not limited to, a speedy transition from cleared land to
forest structure and associated forest functions (Hamel
2003)  the potential to realize an early financial return on
the restoration investment (Stanturf & Portwood 1999)
and the opportunity to establish complex forest struc-
ture through enrichment of the understory with slower-
growing, desirable species.

Allen, J. A. 1997. Rcforcstation of bottomland hardwoods and the issue of
woody species diversity. Restoration Ecology 5~125-134.

Allen, J. A., B. D. Keeland,  J. A. Stanturf, A. F. Clewell,  and
H. E. Kennedy,  Jr. 2001. A guide to bottomland hardwood restora-
tion. USGS, Biological Resources Division Information and Tech-
nology Report USGSiBRDiITR-2000-0011;  USDA, Forest Service,
Southern  Research  Station, General Technical Report  SRS-40. IJS.
Geological Survey, Rcston,  Virginia.

Ashton, P. M. S.S. Gamagc, I. A. U.N. Gunatilleke, andC.  V. S. Gunatilleke.
1997. Restoration of a Sri Lankan  rainforest: using Caribbean pine
Pinrrs  mrihaem  as a nurse for establishing late-successional tree species.
Journal of Applied  Ecology 34:915-925.

Ashton.  P.  M. S.,  S.  Gamagc, 1. A. II. N. Gunatillekc,  and C.  V. S.
Gunatillcke.  IYYX.  Using C’arihbcan  pine to establish a mixed planla-
lion: testing cffccts  of pint  canopy removal on plantings of rain
forest  tree species. Forest Ecology and Management 106~21 l-222.

Ashton.  M. S.,  and B. C. Larson. 1996.  Germination and seedling growth
of Qttercrrs (section Erythrobulanus)  across openings in a mixed-
deciduous forest  of southern New England. USA. Forest Ecology
and Management  80~81-94.

Callaway, R. M. 1992. Morphological and physiological responses  of three
California oak species to shade. International Journal of Plant
Science 153r434-441.

Finally, the magnitude of the afforestation effort currently
concentrated in the LMAV presents a considerable opportu-
nity for forest restoration, particularly for bottomland hard-
wood ecosystems. Because of biological and social factors
inherent to the LMAV, for example, site heterogeneity, tree
species diversity,  ownership characteristics,  landowner objec-
tives, and restoration project scale, there is a strong need to
provide alternative mechanisms for achieving restoration of
sustainable forest  ecosystems. We demonstrate that research
aimed at understanding basic plant processes can aid m the
development of biologically feasible afforestation systems
that will provide the foundation for advancing sustainable
forest  restoration practices.

FAG (Food and Agricultural Organization of the United Nations). 2001.
Global forest resources  assessment  2000--main  report. Food and
Agriculture Organization of the United  Nations, FAO Forestry
Paper  140. FAG, Rome, Italy.

Acknowledgments

Gardiner, E. S.,  and J. D. Hodges. lY98.  Growth and biomass distribution
of cherrybark oak (QI!C~CIIS  pagoda Raf.) seedlings as influcnccd  by
light availability. Forest Ecology and Management  108:127-134.

Gardiner, E.  S., and J. M. Oliver. Restoration of bottomland hard-
wood forests in the Lower  Mississippi Alluvial Valley, IJSA.  In
J. A. Stanturf, and P. Madsen, editors.  Restoration  of boreal and
tcmpcrate  forests. CRC Press, Boca Raton,  Florida. (in press).

Gardincr, E. S.,  D. R. Russell. M. Oliver, and L. C.  Dorris, Jr. 2002.
Bottomland hardwood alforestation:  state of the art. Pages  75-86
in M. M. Holland, M. L. Warren. and J. A. Stanturf. editors. Pro-
ceedings of a confcrcnce  on sustainability of wetlands and water
resources:  how well  can riverine  wetlands continue to  support society
into the 21st century‘? IJSDA  Forest Service,  Southern  Research
Station, General Technical Report SRS-SO. IJSDA Forest  Scrvicc.
Ashcvillc,  North Carolina.

We thank several people and organizations that collabo- Gardincr, E. S.,  C.  J. Schweitzer, and J. A. Stanturf.  2001. Photosynthesis
rated on the successful establishment and maintenance of of Nuttall  oak (C)I~CY~IIS  rzrrltcdlii  Palm.) seedlings intcrplanted

DECEMBER  2004  Restoration i%dogy 531
Page 28 of 404



beneath an eastern cottonwood (Poprrh~s  deltoidcs Rartr.  cx Marsh.)
nurse crop. Forest Ecology and Management  149:2X3--294.

Gemmcl,  P., lJ.  Nilsson,  and T.  Welander.  1996.  Development  of oak and
beech seedlings planted under varying shelterwood densitics  and
with different site preparation  methods in southcm  Sweden. New
Forests 12:141--161.

Gottschalk,  K. W. 1994. Shade,  leaf growth and crown development of
Quercct.s ruhrcr, c)wrcu.s  velutino,  1’nmu.s srroriiu~ ad Acer  ruhrunz

seedlings. l‘rce Physiology 14~735-749.
Hamel.  P. B. 2003. Winter bird community differences among methods of

bottomland hardwood forest  testoration:  results aficr  seven growing
seasons. Forestry 76zlXY--1Y7.

Hodges, J. D. 1997. Development  and ecology of bottomland  hardwood
sites.  Forest Ecology and Management 90:117-125.

Kcenan,  R.. D. Lamb, 0. Woldring, T. Irvine,  and R. Jensen. 1907.
Restoration of plant hiodiversity  benca~h tropical tree planta-
tions in Northern  Australia. Forest  Ecology and Management 99:
117-131.

Kennedy, H. E.. Jr. 1081.  Foliar nutrient concentrations and hardwood
growth influenced  by cultural treatments.  Plant and Soil 63~307-316.

Kcnncdy, H. E., Jr. 1993.  Artificial regeneration of bottomland  oaks.
Pages 241-249 in D. L. Loftis, and C. E. McGee, editors. Oak
regeneration: serious problems, practical recommendations.  IJSDA
Forest Service,  Southeastern  Forest Experiment Station, General
Technical  Report SE-X4. USDA Forest Service, Ashcvillc,  North
Carolina.

King, S.  L., and B. D. Keeland.  1099.  Evaluation of reforestation in the
Lower Mississippi River Alluvial Valley. Restoration Ecology 7:
34X-359.

Kolh, ‘I‘. E., and K. C.  Steiner. 1990. Growth and Biomass partitioning of
northern red oak and yellow-poplar seedlings: effects of shading and
grass root competition. Forest Science 36~34-44.

Kolb, T. E., K. C. Steiner, L. H McCormick, and T. W. Bowersox. 1990.
Growth rcsponsc  of northern red-oak and yellow-poplar seedlings to
light. soil moisture  and nutrients in relation to ecological strategy.
Forest Ecology and Management 3X:65-  7X.

Lxgo, A. E. lYY7.  The apparent  paradox of rccstahlishing  species  richness
on degraded lands with tree  monocultures. Forest Ecology and
Management 99~9-19.

Newling, C.  .I.  1990. Restoration of the bottomland hardwood forest in the
Lower  Mississippi Valley. Restoration  and Management Notes  8:
23-2X.

Ouchlcy,  K.. R. B. Hamilton, W. C. Barrow, Jr., and K. Ouchley.  2000.
Historic and present-day forest  conditions: implications for
bottomland hardwood forest  restoration. Ecological Restoration
18:21--2s.

Parrotta, J.  A. 1992. The role of plantation forests in rehabilitating
degraded tropical ecosystems. Agriculture, Ecosystems and Environ-
mcnt  41:115-133.

Parrotta, J. A. IYYS.  Influcncc  of overstory composition on understory
colonization by native species in plantations on a degraded  tropical
site.  Journal of Vegetation  Science 6~627-636.

Parrotta, J. A., J. W. Turnbull, and N. Jones. 1997. Catalyzing native forest
regeneration on dcgradcd  tropical lands. Forest Ecology and
Management  99:1-7.

Patterson. W. B., and J. C. Adams. 2003. Soil, hydropcriod and bedding
effects  on restoring bottomland hardwoods on flood-prone agricul-
tural lands in North Louisiana, USA. Forestry 76:1X1-1X8.

Powers, J. S., J. P. Haggar,  and R. F. Fisher. 1997. The effect  of overstory
composition on understory woody regeneration and species richness
in 7-year-old  plantations in Costa Rica. Forest Ecology and Managc-
mcnt  99~43-54.

Schlacgel,  B. E., and R. B. Willson.  1983.  Nuttall  oak volume and weight
tables. CJSDA.  Forest Service,  Research Paper  SO-1X6. USDA
Forest Service, New Orleans,  Louisiana.

Schocnholtz,  S. H., J. P. James, R. M. Kaminski, B. D. Leopold. and
A. W. Ezcll.  2081.  Afforestation of bottomland hardwoods in the Lower
Mississippi Alluvial Valley: status and trends. Wetlands 21:602-613.

Scott, F. T., and R. C. Carter. 1962. Soil survey of Sharkey  County.
Mississippi. United  States Department  of Agriculture. Soil Con-
servation Service,  Washington, D.C.

Stanturf,  J. A., E. S. Gardiner, P. B. Hamcl,  M. S. Dcvall, T. D. Lciningcr.  and
M. E. Warren, Jr. 2000.  Restoring bottomland hardwood ecosystems in
the Lower Mississippi Alluvial Valley. Journal of Forestry 98:10&16.

Stanturf,  J. A., and C. J. Portwood. 1999. Economics of afforestation  with
eastern cottonwood (Pop~~Irls  deltoidrs)  on agricultural land in the
Lower  Mississippi Alluvial Valley. Pages 66-72 in J. D. Haywood,
editor. Proceedings of the Tenth Biennial Southern Silvicultural
Research Conference. USDA, Forest Service, General Technical
Report SRS-30. USDA Forest Service, Asheville,  North Carolina.

Stanturf, J. A., S.  H. Schoenholtz,  C. J. Schweitzer, and J. P. Shepard.
2001. Achieving restoration success: myths in bottomland hardwood
forests. Restoration Ecology 9:1X9-200.

Stanturf, J.  A., C. J. Schweitzer,  and E. S. Gardiner. 19%.  Afforestation of
marginal agricultural land in the Lower Mississippi River  Alluvial
Valley, U.S.A. Silva  Fennica 32~281-297.

Tcclaw, R. M.. and J. G. Isehrands.  lY93.  An artificial regeneration  system
for establishing  northcm  red oak on dry-mcsic  sites in the Lake
States, USA. Annals des Sciences  Forestieres  50:543~552.

Thadani, R., and P. M. S. Ashton.  1995. Regeneration  of banj oak (Quer-

cu.s leucotrichphoru  A. Camus)  in the central Himalaya. Forest
Ecology and Management 78~217-224.

Truax, B., F. Lambert,  and D. Gagnon.  2000. Herbicide-free plantations of
oaks and ashes along a gradient  of open to forested mesic environ-
ments. Forest Ecology and Management 137~1%160.

Twedt. D. J., and J. Portwood. 1997. Bottomland hardwood reforestation
for neotropical  migratory birds: are we missing the forest  for the
trees? Wildlife Society Bulletin 25:647-652.

Wclandcr.  N. T., and B. Ottosson.  1998.  The influence of shading on
growth and morphology in seedlings of Qwrcus  rohrrr  L. and
I-irgrl.s  vyhtka L. Forest  Ecology and Management  107:117-126.

Ziegenhagen,  B., and W. Kausch. IYYS.  Productivity of young shaded oaks
(Qwrms rhrr L . )  ’z,  corresponding to shoot morphology and leaf
anatomy. Forest Ecology and Management 72:97-10X.

532 ~~StO~lltiOi’l  I%Y?&‘Y DECEMBER 2004Page 29 of 404



Site Quality and 
Disturbance 

Ecology and Physiology . . . Wodges & Gardiner 61 

Other papers in this symposium emphasize the impoflance of site quality in 
determining the ease of obtaining oak regeneration and the role of disturbances in 
the origin of current oak stands. The relative ease with which certain species of 
oaks can be regenerated on xeric and lower quality sites appears to be a function 
of differences in morphology and physiology between oaks and their competition 
@ozlowski 1949, Wuenscher and Kozlowski 197 1, Turner and Jones 1988, Parker 
and Pallardy 1988, Abrams 1990). Kolb and others (1990) examined the influence 
of limiting light, moisture, and nutrients on growth of northern red oak and yellow- 
poplar. They concluded that red oak was better adapted to moderately low 
resource levels and, following Grime's (1979) terminology, concluded that red oak 
has a "stress-tolerant" strategy of growth. Conversely, yellow-poplar has a 
"competitor strategy" in that it was better adapted to more productive 
environments, where rapid resource capture is critical for survival. 

Morphological adaptations that account for the success of some oaks on xeric sites 
include deep roots, xeromorphic leaves, and an effective xylem transport system 
(Abrams 1990). The conservative seedling growth habit of most oaks that 
emphasizes root growth in the first few years probably imparts a survival benefit 
to oaks on xeric sites pickson and others 1990, Dickson 1991) as does the deep 
root system of older trees (Bourdeau 1954, Kozlowski 1971, Hinckley and others 
1981). Oak leaves possess several traits, such as high stomatal density, thicker 
mesophyll, and smaller guard cells that may improve water use efficiency (Bidwell 
1974, Abrams and Kubiske 1990). The ring-porous vascular system of oaks is 
composed of large diameter, early-wood vessels and narrower late-wood vessels 
(Zimmerman and Brown 1977). This anatomy permits rapid water movement 
when water is plentiful, and reduced but sustained movement during drought 
(Abrams 1990). 

Numerous physiological characteristics of oaks may impart a survival benefit on 
dry-mesic or xeric sites. There may be large differences even between different 
oak species (Hinckley and others 1978, 1979; Reich and Hinckley 1980; Bahari and 
others 1985; Chambers and Henkel 1989; Abrams and others 1990), but oaks 
generally appear to be better adapted to droughty sites than co-occurring species. 
Abrams (1990) presented an excellent review of these physiological adaptations in 
oaks. As compared to co-occurring species, they include: (1) higher rates of 
photosynthesis and less decrease in photosynthesis with increasing soil and 
atmospheric drought, (2) higher water use efficiency, (3) slower stomatal closure 
as drought progresses and higher leaf conductance, (4) lower water potential for 
stomatal closure, and (5) greater osmotic and elastic adjustments in the leaves. 

Oaks do occur, sometimes in almost pure stands, on mesic upland sites as well as 
on better bottomland sites. In light of the above discussions, it can be concluded 
that oaks are there because of a fortuitous set of circumstances created by nature 
or incidentally by acts of man (Aust and others 1987, Crow 1988), not by 
intentional management practices designed to obtain oak regeneration. For 
example, in essentially pure bottomland oak stands, we could document some form 
of disturbance, either fire, grazing or mowing, as instnrmental in their 
establishment (Aust and others 1987). The lesson to be learned is that if we want 
to grow oaks on those sites we must create an environment that meets and favors 
the biological requirements of the oaks as opposed to the competing species. 
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ARTIFICIAL Problems associated with artificially regenerating good sites are essentially the same 
REGENERATION as those encountered for natural regeneration at the time of final harvest and 

release, i.e., slow growth response of the small seedlings. In both cases there must 
be a balance between root and shoot growth, but with planted seedlings, rapid root 
growth is critical to maintain a balance between absorbing surface and transpiring 
surface (Parker 1949). 

Early attempts at mificial regeneration of oaks, especially on upland sites, were 
not successful (Olson and Hooper 1968, NcGee and Loftis 1986). Lack of success 
was probably related to quality of the planting stock (less than desirable size), and 
kind and amount of competition. More recent plantings of northern red oak have 
demonstrated that attificial regeneration can be successful on good sites in the 
Ozarks (Johnson 1984). Planting recommendations based on these results call for 
large planting stock (1-1 transplants) clipped about 15 cm above the root collar, 
establishment beneath a thinned stand (60 percent stocking), release by clearcutting 

i 3 years later, and competition control at time of planting and at time of overstory 
removal. This technique should result in large, well established seedlings, with a 
large root system, that will respond well to release (Johnson 1984). The treatments 
seem to provide an environment that is compatible with the morphological 
adaptations and physiology of the species. Interestingly, these treatment 
recommendations are very similar to what recent research has shown may work 
well for natural regeneration (Janzen and Hodges 1987, Kruger and Reich 1989, 
Locbart 1992). 

SUMMARY AND Acorn production, acorn losses, and poor initial seedling establishment can, in 
SlLVlCULTURAL some cases, account for oak regeneration failures, but overall the major cause of 

~MPLICAT~ONS failure on good sites seems to be a slow juvenile growth rate of oak seedlings and 
the inability to respond to release. The problem is one of competition-the 
inability of oaks to compete efficiently with more tolerant species, especially those 
in the lower canopies at low light levels, and with well established and/or faster- 
growing species under open conditions. The differences between species are the 
result of differences in morphology and physiology and the ability to acclimate to 
prevailing environmental conditions. 

Figure 3 is an attempt to depict what is known about success of oak regeneration 
as influenced by site and competition with co-occurring species. Oaks are 
generally not very "flexible", i.e., they do not acclimate morphologically and 
physiologically well to changing environments, especially 1 ight. On good sites 
under a dense canopy oaks may undergo slight morphological and physiological 
acclimations, but these are insufficient to enable them to compete effectively with 
more tolerant species. Compared to such species, oaks have a higher light 
compensation point, are less efficient at use of "light flecks," have similar or lower 
rates of net photosynthesis, have higher rates of respiration, have slower stomatal 
opening andlor greater stomatal resistance, and have lower quantum yield. At the 
other extreme, these same oak seedlings may not compete well after release even 
in full sunlight. The poor competitive ability reflects physiological and 
morphological characteristics of the oaks. Photosynthesis may be saturated near 
one-third of full sunlight and rates of net photosynthesis are far less than for 
intolerant co-occurring species. Furthermore, carbohydrate allocation patterns in 
oak seedlings emphasize root growth rather than shoot growth. Intolerant 
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eompletitors allocate more reserves to shoot growth, giving them a height 
advantage. 

On drier mesic or xeric sites, oaks are in a better competitive position than on 
more mesic sites. This competitive position again refleets differences in 
morphology and physiology between the oaks and competing species. 
Morphologicd antl anatomic& cha~acteristics of leaves and xylem, as well as 
carbon allocation patterns that favor root growth, result in better water-use 
efficiency and less, or delayed, moisture stress in the oaks. Less stress in turn 

less reduction in physiological processes, such as photosynthesis, and 
therefore better growth. 

This brief review of oak ecology and physiology helps explain why it is often 
difficult to obtain satisfactory regeneration of oaks. The major problems are 
competition with more tolerant andlor faster growing species and the "inflexible" 
nature of the growth habit of oaks. Oak regeneration efforts can be successful as 
long as ecological and physiological requirements are understood and an 
envboment is created which favors those requirements. 

OAKS 

L - 
M es ic Xeric 

Moisture 

l ? i i  3-Conceptual representation of oak regeneration success over a range of moisture 
and light levels. Wid& of unshaded section indicates relative competitiveness of oaks with 
wdccurring tolerant and inbierant 
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The Role of Fire in Oak Regeneration 

David H. Vm CIenzsss SC 29634 
Nwbeny, SC 29108 

ABSTRACT Fire has played a dominant role in sustaining oak forests. Oak species have 
biological adaptations, such as thick bark, a tenacious ability to resprout repeatedly 
following top-kill, and resistance to rot, which enable them, better than their 
competitors, to withstand a regime of frequent fire. Fire functions to encourage 
establishment of oak regeneration by: (1) creating favorable conditions for acorn 
caching by squirrels and bluejays, (2) reducing populations of insects which prey 
on acorns and young oak seedlings, (3) xerifying mesic sites through consumption 
of surface organic materials and exposure of the soil to greater solar radiation, and 
(4) reducing understory and midstory competition from fire-intolerant species. The 
ability of oaks to continually resprout when numbers of other sprouting hardwoods 
have been reduced by fire may allow oak to accumulate in the advance regeneration 
pool. Improved rootlshoot ratios resulting from frequent top-kill should enhance 
response of oak seedling/sprouts to release and enable them to dominate when 
stand-level disturbances create conditions favorable for rapid growth. Based on 
biological adaptations of oak to fire, ecological functions of fire, and fire history, 
tentative guidelines are presented for using fire to promote oak regeneration on 
better sites. Effects of wildfires and intense fires in logging debris on 
establishment and development of oakdominated stands are discussed. 

INTRODUCTION Oaks are often replaced by other species when mature stands are harvested, 
especially on better quality sites (Sander and others 1983, Loftis 1990, Abrarns 
1992). Even though researchers generally agree that fire played a role in the 
establishment of many oak-dominated stands at the turn of the century (Sander and 
others 1983, Crow 1988, Maslen 1989), there is relatively little research 
concerning the use of fire in oak ecosystems. Most of the forestry research about 
fire-oak relationships has dealt with the use of fire to control oaks in pine stands. 
However, many foresters and ecologists are now recognizing the importance of 
simulating the natural disturbance regime, which often included frequent fire, to 
maintain the species composition of certain ecosystems. The purpose of this paper 
is to (1) describe the role of fire in ecology of oak regeneration, and (2) present 
tentative guidelines for the silvicultural use of fire to regenerate oak. 

THE ROLE OF FIRE IN Fire has traditionally been used in forest management to control plant succession. 
THE ECOLOGY OF It is well documented by literally dozens of studies that both dormant- and 

OAK REG EN ERATION growing-season fires in pine stands will top-kill small hardwood stems, including 
Adaptations of Oak to oaks. Frequent burns wilt arrest the development of the hardwood understory, 

Fire although most species continue to resprout for years. However, it is interesting 
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that oaks have lower mortality rates than competing species in regimes of frequent 
fire. Waldrop and Lloyd (1991) reported that oak mortality rates after 26 years of 

er burning in mature pine stands in the Coastal Plain were still below 
50 percent, whereas mortality rates of other woody species ranged from about 60 
to 80 percent. 

This tenacious ability of small oak rootstocks to resprout repeatedly following 
frequent top-kill is an i m p  adaptation of oak to frequent fire regimes. This 
characteristic should enable oak to dominate the advance regeneration pool in areas 
where fire occurs at frequent intervals. In addition, continued top-killing should 
result in a more favorable roottshoot ratio and faster growth after release. Other 
biological adaptations, such as thick bark, resistance to rotting after scarring, and 
the suitability of fire-created seedbeds for acorn germination (Lorimer 1985) 
enhance the ability of oaks to survive on sites exposed to frequent fire. Martin 
(1989) suggests that bark thickness may be the single attribute that best 
characterizes a species' adaptation to fire. While bark thickness is undoubtedly of 
great importance to the survival of mature trees in regimes of frequent fire, it 
would seem that the ability of oak advance regeneration to outlast its competition 
would be the critical factor insuring that oak is a major component of the next 
stand (Van Lear 1990). 

Functions of Fire in Fire has numerous functions which benefit oak regeneration (table 1). Fire 
Oak Rageneration removes excessive litter buildup from the forest floor, thereby preparing a 

favorable seedbed. Areas of thin litter are preferred by squirrels and bluejays for 
acorn burial (Galford and others 1988). An important ecological finding is that 
jays collect and disperse only sound nuts parley-Hill and Johnson 198 1, Deen and 
Hodges 1990), which implies that if these acorns escape predation they will result 
in well-established first-year seedlings. Seedlings from freshly germinated acorns 
are unable to emerge through a heavy litter cover. Germination and first-year 
survival are best when acorns are buried about 3 cm deep in the mineral soil 
(Sander and others 1983). 

Although removal of thick litter may expedite the germination process by 
encouraging the caching of acorns by squirrels and jays, it is important that not all 
the humus layer be consumed. The humus layer keeps the surface of the soil 
porous, so that uncached acorns can more easily penetrate the soil, retains 
moisture, and provides support for the new seedling (Carve11 and Tryon 1961). 
The intensity and severity of a prescribed burn will determine the amount of 
organic matter lost on a site (Wells 1979). 

Fire helps to control insect predators of acorns and new seedlings. Martin and 
Mitchell (1981) illustrated how insect populations can be reduced or eliminated 
directly or indirectly by fire (table 2). Insect pests act as primary invaders, 
secondary invaders, parasites, or scavengers on or in acorns (Gibson 1972). Many 
of these insects spend all or part of their lives on the forest floor. Infestations, 
which can vary from year to year and even from tree to tree in some areas, are a 
major contributor to the oak regeneration problem (Marquis and others 1976). 

Annually about 50 percent of the acorn crop in Ohio is destroyed by the larvae of 
Curculio weevils, acorn moths, and gall wasps. Other insects attack germinating 
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acorns and oak However, recent studies indicate that prescribed burning may 
reduce populati insect pests when conducted under proper mnditiom and at the 
appropriate time in the insects' life cycle (Gal ford and others 1988). A reduction in insect 

on would allow m m  acorns to be scattered and buried by jays and squirrels, thus 
probbility of v f u l  germination, and also encourage subsequent 
. Burning may also reduce rodent habitat, elimFnating another source 

1987). 

Table 1-Functio~lal roles of fire in the ecology of oak regeneration 
-- - - 

Function Reference 

Prepare seedbed and encourage caching 

Discourage acorn and seedling predators 

Open understory and reduce fveintolerant 
competitors 

Xerify sites 

Allow oak to dominate advance regeneration 
pool 

Increase flammable fuels 

Galford and others 1988, 
Sander and others 1983 

Galford and others 1988, 
Martin and Mitchell 1981, 
Hannah 1987 

Crow 1988, Maslen 1989, 
Harmon 1984, Martin 1989, 
Van Lear and Waldrop 1989, 
Loftis 1990 

Crow 1988, Van Lmr 1990 

Little 1974, Van Lear and 
Waldrop 1983 

Komarek 1965, 
Martin and others 1975 

Table %Effects of fire on insects1 

Direct Eflects 
r 7 

HEAT I In litter, duff I 
HRI2 > INSECTS 1 On understory vegetation I 

SMOKE ( Exposed on trees 
L 

I 
J 

ORGANIC MATIER 
mRE! -> VEGETATION -> INSECTS 

NUTRIENTS 
r 1 

INSECT ( Grass & forbs I 
-> VEGETATION -> HABITAT J Shrubs 

1 Trees 
I 

L 
I 

-1 

* Martin and Mitchell (1981). 
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A regime of frequent burning over long periods of time creates an open stand in 
pine or hardwood stands. In hardwood stands, long-tern burning tends to 
eliminate small understory steins outright and gradually reduces the midstory and 
overstory canopy through mortality resulting from fire wounds. Increased light 
reaching the forest floor in these open stands will maintain the vigor of oak 
advance regeneration. Loftis (1990) demonstrated that elimination of the 
subcihlfopy with herbicides encouraged development of advance regeneration of red 
oak in mature mixed hardwood stands in the Southern Appalachians. Long-term 
burning should create a stand structure similar to those created by injecting 
understory hardwoods with herbicides. 

Severe or frequent fires xerifj the surface of forest sites by consuming much of the 
forest floor and perhaps even organic matter in the mineral soil, as well as by 
exposing the site to greater solar radiation through canopy reduction (Van Lear 
1990). Adequate advanced oak regeneration in the Southeast is generally found 
more often on xeric sites than on mesic sites (Sander 1988). Crow (1988) cited the 
lower frequency of fire in recent years as a major factor in the failure of oak to 
regenerate on better sites. Conversion of mesic sites to more xeric conditions by 
intense fires or by a long regime of low intensity fires could explain in large part 
the ability of oaks to dominate sites where more mesic species normally occur. 
Mesic sites may only have burned during cyclic periods of dry weather which have 
apparently occurred in the Southeast for millennia. 

The absence of fire since the turn of the century has allowed species that are 
intolerant of fire to become established and grow to a size where they, because of 
thicker bark associated with age, can now resist fire. At greater than 5 cm (2 in.) 
d.b. h., yellow-poplar becomes almost as fire resistant as oaks (Maslen 1989). 
Mockernut and pignut hickories, scarlet oak, red maple, and blackgum are 
examples of such species that are often found on sites where fire has been long 
absent (Harmon 1984, Martin 1989). 

Suppression of fire has allowed shrubby understory species to occupy drier sites 
where fire was once frequent and oak more dominant. In particular, rhododendron 
has dramatically increased its areal extent (Van Lear and Waldrop 1989, Martin 
1989). Impenetrable thickets of ericaceous species, such as rhododendron, 
mountain laurel, and huckleberry, now often dominate midstories and understories 
of hardwood stands in the Southern Appalachians and prevent desirable hardwood 
regeneration from becoming established (Beck 1989). Fire would top-kill these 
species and, although they do sprout, new growth is slow and they would likely be 
relatively unsuccessful competitors of regenerating oaks. 

Yellow-poplar produces an abundance of seed almost annually, and although the 
seed has low viability, many remain viable in the litter and duff layer for several 
years (Carve11 and others 1955, Maslen 1989). Yellow-poplar seed germinate 
readily following burning (Shearin and others 1972). However, in a regime of 
frequent fire, small yellow-poplar seedlings would be killed and the reservoir of 
stored seed in the duff would be gradually depleted. Thus, frequent fires would 
control to a large degree this major competitor of oaks on high-quality sites. 
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Frequent fire functions to allow accumulation of oak in the advance regeneration 
pool. Nearly all hardwood spaies sprout in a regime of ual winter fire @or 
and Nichols 1974, Langdon 198 1, Waldrop and others 1987). Hardwood sprouting 
is more vigorous following periodic winter burns because of greater carbohydrate 
reserves Wodgkins 1958). Thor and Nichols (1974) noted that even with periodic 

winter burning, oak stems tend to increase at expense of competing 
. After two periodic winter b u m  and eight ;il wir;lrer b u m ,  oak 

stems comprised 61 and 67 percent of the total stem, compared to 51 percent oak 
stems on the unburned plots. 

Annual summer fires eventually eliminate all hardwood sprouts (Langdon 1981, 
Waldrop and others 1987). Biennial summer fires also gradually eliminate 
hardwood sprouts, but, as mentioned earlier, oak succumbs more slowly than many 
other species (figure 1). Oaks, in the absence of prolific root sprouters, such as 
sweetgum, would gradually dominate the advance regeneration pool in mature 
mixed hardwood stands because of the tenacity of their sprouting (Carve11 and 
Tryon 1961, Waldrop and others 1987). Increases in the number of oak sprouts 
and, more importantly, the number of top-killed oak stems (up to 15-cm ground 
diameter) with basal sprouts following summer broadcast burns suggest that 
periodic summer burning would be expected to favor oak even more (Augspurger 
and others 1987). 

Years 
F i w e  1-Cumulative mortality of hardwood roots over 26 years of biennial prescribed 
burning (Langdon 198 1). 

When repeated burning occurs in stands with mixed advanced regeneration, oaks 
have an advantage over less fire-resistant vegetation, which is killed by fewer fires 
of lower intensity (Waldrop and others 1987). This loss usually exceeds species 
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gain through invasion, since the frequency of the fires is as impo 
of fire-susceptible species as the intensity of the fire @e Selm and others 1990). 
Sander (1988) stated that effeaive hardwood competition control may require as 
many as three or more b u m  at 2- to 3-year intervals. 

of single fires on composition of mixed stands have produced 
v a i d  results. McGee (1979) found that single spring and fall b u m  in small 
saplhg-sized mixed hardwood stands in northern Alabama had little effect on 
species composition other than to increase relative dominance of red maple and the 
number of multiple stem oak clumps. However, a single intense wildfire in a 
young mixed hardwood stand in West Virginia shifted species composition to a 
predominately oak stand (Carve11 and Maxey 1969). 

Frequent fire in oak stands may also increase the production of legumes and 
grasses, which benefit numerous wildlife species, but which also create a more 
f l m a b l e  understory. At the turn of the century, summer fires were quite 
common in the Southeastern United States as farmers burned the land to facilitate 
grazing. They had learned from early settlers, who in turn had learned from their 
Indian predecessors, that growing-season fires best maintained an open forest with 
a rich herbaceous layer (Komarek 1965). Thor and Nichols (1974) notd an 
increase in herbaceous vegetation following frequent burning in mixed hardwood 
stands in Te~essee.  Similar findings have been reported in pine forests of the 
Southeast by numerous researchers. Therefore, a burning regime of frequent fire 
funaions to create and maintain a ground cover that encourages the return of fire, 
which for the reasons stated above would favor the establishment of oak advance 
regeneration. 

While some new oak stands result from stump sprouts, there is little dispute among 
silviculturists that oak advance regeneration is often critical to the re-establishment 
of many oakdominated stands (Clark and Watt 1971, Sander and others 1983, 
Loftis 1988, Lorimer 1989). However, while many acknowledge that fire may 
have played a role in creating the present mature oak stands, no guidelines have 
been developed for using fire to regenerate oak stands. 

Based on the history of fire in the southeastern United States, and on biological 
adaptations of oak and ecological functions of fire discussed earlier, the following 
tentative guidelines are suggested for using fire in oak management. Our 
hypothesis is that silviculture which mimics the disturbance regime that created 
present-day stands dominated by mature oak will create future stands dominated by 
oak. Further research will be necessary to test and fine-tune these suggestions 
before they can be recommended as silvicultural practices. 

It has been suggested (Little 1974, Sander 1988, Van Lear and Waldrop 1989) that 
an extended period of repeated burns prior to harvest may improve the status of 
oak in the advance regeneration pool, especially on better sites. Although figure 
2 depicts the sequence of suggested actions and likely responses to fire, there is no 
research that currently documents a series of burning treatments that will 
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successfully accomplish this goal. Therefore, a burning regime might include a 
mix of winter and su er fires adjusted to enhance the relative position of oak in 
the advance regeneration pool. 

The famous Santee Fire Plot study showed that uaf summer t3ufI-S for 5 Years 
in a pine stand in the Coastal Plain killed about 40 percent of oak root stocks 
compared to 55 to 90 percent of other woody competitors (Waldrop and others 

Frequent burns 
in mature oakdomtnated stand 

I I 1" 

Suppress fire through pole 
and small sawttrnber Stage 

Remove overstory and allow oak advance 
regeneration to dom~nare new stand 

Stop aurnlng to allow oak advance 
regeneration to aeveroo 

I 

' 8 1  

;/A,. 

Mid- and understory 
competrt8on reduced 

Squtrrels and lays prefer lo bury 
acorns on areas 0 8  thrn I:tler 

Frequent burn~ng favors accumuiatron 
of Oak IR advance regeneration pool 

Burntng favors successful germrnatlon 
and early eslabitshrnent of oak. 

as well as other soecres 

Figure &Tentative scenario of using prescribed fire to encourage advance reproduction 
of oak. 
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1987, Wddrop and Lloyd 1991). Biennial summer burning killed hardwood root 
stocks more slowly, but the rate of mortality for other woody species was still 
significantly greater than that of oak species. Annual winter burning, while not as 

er burning in altering species composition, still tends to xerify 
the site by consuming litter and reducing shading of top-killed understory species. 

Initial height growth of oak advance regeneration is slow, since most of the early 
growth goes into the root system (Kelty 1988). Burning can increase the average 
annual shoot growth of oak seedlings, providing a potential advantage over 
competing stems (Johnson 1974). Oak advanced regeneration occurs as true 
seedlings or sprouts; the latter have root systems older than the stems and are often 
referred to as seedling-sprouts (Sander and others 1976). A large root system is 
necessary for initiation of shoot growth when environmental conditions become 
favorable (Crow 1988). Thus, a regime of frequent understory bum,  perhaps 
including both growing-season and winter burns during a period of 5 to 20 years 
prior to harvest, should promote a favorable root/shoot ratio during oak seedling 
establishment. The timing of the burns would be dependent on the observed vigor 
of the oak advance regeneration and its competitors. 

Once an adequate number of oak seedling-sprouts are present and numbers of 
competing species have been sufficiently reduced, fire should be withheld to allow 
the oak advance regeneration to attain sufficient size to outgrow other species 
which germinate or sprout after the mature stand is cut. A relatively open stand 
with few midstory and understory trees would provide adequate light for the oak 
advance regeneration to develop into stems of sufficient size to outgrow other 
species after the overstory is removed. Sander and others (1983) recommend that 
1,075 advance regeneration oak stemslha over 1.5 m tall be present before the 
overstory is removed. 

Herbicides may be required to remove midstory trees that have grown too large to 
be killed by low-intensity fires. Loftis (1988, 1990) has convincingly shown that 
growth of advance regeneration of northern red oak can be enhanced by herbicidal 
removal of midstory and understory competitors. Herbicides provide initial 
selectivity of midstory stems to be eliminated prior to burning. A combination of 
herbicide treatment and frequent fire may be required to secure oak regeneration 
and allow it to maintain its vigor in mixed hardwood forests which have not been 
burned for decades. 

Although methods have been developed to predict fire-induced mortality of large 
trees based on stem size and extent of fire damage (Loomis 1973), research is 
needed to determine if and how prescribed fire can be used without excessive 
damage to stems of large valuable crop trees in mature hardwood stands. It should 
be understood that the prescribed fire regime being suggested here is for use of fire 
only during the regeneration period. In this case, if rot should develop in damaged 
trees, it will have a relatively short time to grow and damage butt-log quality. 

Foresters have long recognized that wildfire is a major cause of butt rot in 
hardwoods, but relatively little information is available concerning the relationship 
between prescribed fires and stem damage. Wendel and Smith (1986) found that 
a strip-head fire in the spring in an oak-hickory stand in West Virginia caused a 
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CONCLUSIONS Oaks in the Southeast are being replaced by other species on better sites where oaks 
were once dominant. The fire history of this region, biological adaptations of oak 
and other species to fire, and ecological functions of fire in oak ecosystems 
strongly suggest that oak replacement on these better sites is largely the result of 
a fire regime different from that which existed in the region in previous millennia. 
Until the past half century, frequent fires apparently allowed oak regeneration to 
accumulate and devdop in the open understory of mafilre stands at the expense of 
shade-tolerant, fire-intolerant species. When the overstory of these stands was 
either completely or partially removed by various agents (wind, insects, wildfire, 
Indian clearing, harvesting, etc,), conditions were created which allowed advance 
regeneration dominated by oak to develop into mature stands dominated by oak. 

If oaks are to be maintained as a dominant overstory species on good quality sites 
in the Southeast, foresters will have to either restore fire to some semblance of its 
historical role as a major environmental factor or develop methods that simulate the 
effects of fire. It will be essential for foresters, as well as the public, to recognize 
that fire was a major factor shaping the composition and structure of many forest 
ecosystems. 
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Flowering and Oak Regeneration 

A. Cecichi, No& Centnrl Forest EScgehenf Statiorr, USDA Foresf Service, Columbia, MO 65211 

ABSTRACT Episodic acorn production appears to be the norm for the genus Qurcus. This 
year-to-year variation has been associated with the number of pistillate flowers, the 
supply of pollen, weather, insects, nutrition, and genetics. Acorns are the fruit of 
the oak tree, developing from the pistillate flower. Depending upon successful 
pollination and fertilization by pollen produced in the staminate flowers, one of six 
ovules will survive and grow; the other five will abort. We usually notice the tiny 
pistillate flower after fertilization when the cupule and pericarp start to enlarge and 
begin to look like an acorn. This is also about the time when acorn weevils begin 
to oviposit. It is a long, arduous journey from the emergence of the flowers in the 
spring to their maturation as acorns. The appearance of abundant pistillate flowers 
does not guarantee a successful acorn crop. Can we predict an acorn crop prior 
to a few weeks before seedfall? Not reliably. Can we predict the appearance of 
a flower crop? Not yet, and not before we understand clearly how biotic and 
abiotic factors affect flower initiation and development in individual species. 

When the subject of "flowering" in oaks arises, we tend to think about acorn 
production. Although these are two different topics, they are part of the continuum 
where flowering leads to acorn production. This paper dissects that continuum into 
component processes such as flower initiation, flower development, and 
embryology, in the context of addressing the following questions: 

1. What should a forester know about flowering? 
2. What factors affect flowering? 
3. What is the relationship between flowers and acorns? 
4. Can we predict flower crops? 

WHAT A FORESTER The oak pistillate flower begins its journey to becoming an acorn when the 
SHOULD KNOW meristematic tissues of the bud receive a sign$, the as yet unknown flowering 

ABOUT FLOWERING stimulus, that directs axillary primordia in some of the leaves to become an 
inflorescence stalk and not a vegetative bud (Minina 1954, Turkel and others 1955, 

Pistillate Flowers Romashov 1957, Merkle and others 1980). These researchers could not 
differentiate the stalk from the bud until late summer when bud scales began to 
arch over the vegetative bud primordium. In contrast, the inflorescence primordia 
remain relatively naked, having only one or two bracts (Merkle and others 1980), 
and may be somewhat larger than the vegetative bud ('T'urkel and others 1955). 
The conclusions of Turkel and others (1955) and Merkle and others (1980) are 
based on microscopic observation of prepared specimens of Quercus alba (table 1). 
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Table 1-Species of Querctrs discussed in this paper 

Lath names Common names 

Q. alba L. White oak 
emcinea Muenchh. Scarlet oak 
g d e l i i  Nutt. Cambel oak 
iticifolia Wangenh. Bear oak 
primus L. Chestnut oak 
rubra L. Northern red oak 
veldna Lam. Black oak 

European and Asian 
Q. aegilops L. 

ilex L. 
macrolepk Ky. (Probably a subspecies of Q. aegilops) 
myrsinaefolia Blume 
petraea (Mattushka) Lieblein (Includes Q. sessilznra) 
pubescens W .  
robur L. (Includes Q. pedunculata) 
trojana Webb 

1 

Minina (1954) and Romashov (1957), viewing fresh material of Q. mbur under a 
dissecting microscope, could not identify the inflorescence primordia until late 
winter or early spring. Bonnet-Masimbert (1978) could not identify the flowers of 
Q. pedunculata (robur) or Q, sessiliflora (petraea) during the winter. 

Pistillate inflorescence development in Q. alba resumes in late March (Merkle and 
others 1980). The axis begins to elongate and several additional bracts are 
produced in a spiral. In the axil of each bract a pistillate flower begins to 
differentiate, but, in general only the lower ones became functional. There are 
usually 2-3 functional flowers, with a range of from 1-5. In Q. rubra, pistillate 
flowers form in the mils of two lower, opposite bracts, and occasionally only one 
is formed (Sattler 1973). 

The ontogeny or sequence of development of the oak flower parts from the floral 
apex of Q. &a was described in detail by Langdon (1939) and Sattler (1973). 
Six perianth primordia are initiated, three outer and then three inner. These 
primordia are elevated by meristematic activity beneath them. Three gynoecial 
(carpel) primordia appear on the apex opposite the three outer perianth primordia 
and they grow together laterally to eventually become the stigmas. As growth 
continues upward, the area beneath becomes the ovary wall. Conrad (1900) 
observed that carpels are already evident in winter buds of Q. velutinc~. Thus, 
there may be much variation between species in the same subgenus. 

The young ovary closes as the gynoecial primordia are carried up with the ovary 
wall. Concurrently, the growth between and at the base of the gynoecial primordia 
initiates the septa. Three septa are formed and become appressed at their uppa, 
imer margins; they are not joined at their base. Two placentae form initially as 
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slight protrusions along the base and on each side of the septa. Thus, in each 
locule there are two placentae-one from each septum. When the ovary cavity of 
Q. myrsinaefolia is closed, the upper portion remains uniloculate, having three 
separate septal protrusions, but is triloculate at the basal region (Okmoto 1982). 

The ovule of Q. nrbra develops as a further enlargement of the placental bulge, but 
the timing in relation to anthesis is unknown (Sattler 1973). Okamoto (1982) found 
that the ovules of Q. myrsi ia are not initiated at anthesis, while Turkel and 
others (1955) found that ovule development begins at that time. However, the 
timing of ovule development in the erythrobalanus (red oak) subgenus may differ 
from the lepidobalanus (white oak) subgenus. 

What is an ovule? Botanically speaking, an ovule is a megasporangium; i.e., a 
structure that bears the megaspore mother cell (MMC) (Davis 1966). The MMC 
undergoes meiosis or reduction-division, producing four haploid cells, only one of 
which survives to become the functional megaspore. By a series of mitotic 
divisions the megaspore gives rise to the megagametophyte or embryo sac, an 
eight-nucleate structure at the tip of the nucellus. The nucellus is partly covered 
by the inner and outer integuments. When the integuments have elongated over the 
end of the nucellus, the "hole" that is formed is called the micropyle. This is the 
route through which the pollen tube approaches the embryo sac wenson 1894). 
Major food reserves of starch and lipids are located almost exclusively within the 
outer integument, while the inner integument is virtually void of food reserves 
(Mogensen 1973). Mogensen proposed that the pathway for food materials in the 
ovule is from the outer integument to the chalaza (basal portion of the ovule) and 
then through the postament (central core) of the embryo sac. 

The study of embryo sac formation in plants has received much attention from 
botanists. Conrad's (1900) study of Q. velutina is considered the initial study of 
this structure in the genus Quercus. That study briefly described the pattern of 
nuclear division that yields an eight-nucleate embryo sac at the tip of the nucellus. 
It was 50 years before the next papers on embryo sac development appeared. 
These included investigations of Q. macrolepis (Bagda 1948, 1952), Q. robur 
(Hjelmqvist 1953), Q. dbu (Turkel and others 1955), Q. ilex (Corti 1959), Q. 
aegilops (Scaramuzzi 1960), and Q. trojana (Bianco 196 1). 

Once the embryo sac is formed, fertilization of its egg and central cell via 
germinating pollen must occur for seed development to continue. Unfortunately, 
the details of pollen tube growth through the stigma and stylar tissues are not 
documented for any species of Quercus. Some observations suggest that pollen 
tube growth does not proceed for several weeks after the pollen grains land on the 
stigmatic surface and that pollen germination waits for the ovule to complete 
development (Jovanovic and Tukovic 1975). Notwithstanding, Mogensen (1972) 
provided the only detailed evidence of pollen tube invasion through the micropyle 
and into the egg apparatus of the embryo sac of Q. gambelii. Upon reaching the 
embryo sac, the branched pollen tube grows along one of the synergids and 
penetrates it by growing through the filiform apparatus. The pollen tube opens at 
its tip and releases its contents. Although fertilization occurred, Mogensen (1972) 
did not observe the isolated male gametes or their union with the egg nucleus or 
the central cell. 
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Following fertilization, a free-nuclear endosperm grows before the first division of 
the zygote occurs (Hjelmqvist 1953, 1957; Brown and Mogensen 1972). In 
general, as the endospem beeomes cellular, the embryo begins to differentiate 
(Singh and Mogensen 1976), moving quickly through the heart-shaped stage. 
Singh and Mogensen (1976) concluded that the endospem does not have a major 
function as a food storage tissue, but rather may serve as a translocating tissue to 
the embryo. During zygote and early embryo stages, lipids may be more impo~mt 
as a nutrient source, while starch is probably utilized at later stages of embryo 
development (Singh and Mogensen 1975). 

Information about embryo and cotyledon growth is very limited. Mogensen (1965) 
provided the most detailed picture in his comparative study of Q. alba and Q. 
velutina. One major difference he noted was that the epicotyl apex of Q. &a 
produced from three to five leaf primordia prior to acorn maturity, while Q. 
velun'na produced none. Stairs (1964) also found no leaf primordia in mature 
embryos of Q. coccinea. Cecich (unpubl. data) found large concentrations of druse 
crystals in cotyledons of Q. velutina and Q. rubra, but none in Q. alba. The 
relative unpalatability of erythrobalanus acorns, considered to be related to 
increased content of lipids and tannins (Goodmm and others 1971, Short 1976, 
Smallwood and Peters 1986, Smith and Follmer 1972), may also be related to 
irritations caused by these large crystals. 

It is difficult to provide a generalized calendar of events from ovary development 
through acorn maturation. Variation among and within species, geographic 
location, weather conditions, and sampling problems would make the results of that 
task questionable. Merkle and others (1980) provided an example of this variation 
when they compared their observations of Q. alba ontogeny with those of Turkel 
and others (1955). Nevertheless, the time of pollen shed is probably the best local 
index for the beginning of the seed production cycle but, does not include flower 
initiation and development within the bud. In the lepidobalanus group the pollen 
tube fertilizes the egg about 4-6 weeks after initiating growth. Variation in the 
time of embryo growth and maturation of the acorn occurs and, depending upon 
species, acorns drop over a several-month period O A  1974). 

Staminate Flowers The first sign of difCerentiation of the staminate inflorescence primordium ranged 
from late May (Merkle and others 1980) and early June (Turkel and others 1955) 
in Q. &a to June and July in Q. rubur and Q. petraea (Minina 1954, Romashov 
1957, Jovanovic and Tucovic 1975). Similar observations are not available for 
species in the erythrobalanus subgenus. 

The inflorescence, which is inserted in the axil of a bud scale and not a leaf 
(Minina 1954), is without appendages until late June or early July, when 
meristematic areas appear on the axis (Merkle and others 1980). These floral apex 
primordia appear before or coincident with the subtending bract primordia ('I'urkel 
and others 1955). However, Sattler (1973) found that the floral apex of Q. rubra 
is initiated in the axil of the bract, just the opposite of Q. alba. 

On the flank of each floral apex, the perianth primordia appear, fusing into a single 
perianth as they grow. The stamen primordia appear on the apex opposite the 

Page 145 of 404



Flowering and. . . Regemration . . . Cecich 83 

perianth members in mid to late July. By fall, these stamen primordia grow into 
immature anthers and filaments. The overwintering condition of the slightly-lobed 
anther is that of a homogeneous parenchymatous mass uurkel and others 1955). 

Resumption of anther development in the spring varies by species and location: 
early March (Bonnet-Masimbert 1984), late March (Merkle and others 1980), April 
frurkel and others 1955), and mid to late April (Conrad 1900). The 
parenchymatous mass differentiates into the sporogenous mass and the parietal 
layers. The number of sprogenous cells increases mitotically and eventually 
become the microspore mother cells which undergo meiosis to become microspores 
and, finally, pollen grains. Stairs (1964) has provided the only account of meiosis 
in m r c u s .  During the meiotic process, the parietal layers differentiate into the 
tapetum and the anther wall. Dehiscence of pollen grains occurs about 6 weeks 
after resumption begins (Turkel and others 1955). Before leafing out, the staminate 
inflorescence, bearing numerous staminate flowers, elongates and emerges from the 
bud scales as the familiar catkin (Vogt 1969). 

There are conflicting observations about the dynamics of pollen tube growth after 
the pollen lands on the stigmatic surface. For instance, pollen germination in Q. 
robur was completed within 24 hours, but fertilization occurred 6-7 weeks later 
(Jovanovic and Tukovic 1975). Benson (1984) didn't find pollen tubes in &. ?-@bur 
until just before fertilization. In contrast, Allard (1932) observed that: "When 
pollen reaches the stigma of members of the white oak group, the growth of the 
poPlen tube containing the male cells follows an uninterrupted advance into the 
tissues of the style until the ovules are fertilized." These two extremes of pollen 
tube behavior for members of the same subgenus suggest that we should investigate 
this anomaly to better understand the among-species variation. Allard also found 
that in the red oak group the pollen tubes cease growth at the base of the style until 
the following spring when fertilization of the ovules occurs. 

Pollen tube growth may also be affected by temperature. Pollen of Q. pubescens 
requires a higher temperature for germination (38 "C) than Q. robur (20 "(2). Low 
and erratic fertility of Q. pubescens in cold habitats may be attributed to the 
prevention of pollen gemination. This temperature limit may also explain the 
northern boundary for the species range (Jicinska and Koncalava 1978). 

Flower Distribution The distribution of various bud types on a branch has been in Q. robur and Q. 
petraea (Minina 1954; Romashov 1957; Bonnet-Masimbert 1978, 1984). Minina 
and Romashov described five types of buds: simple male, male and vegetative 
mixed, female and vegetative mixed, complex (male, female, and vegetative), and 
vegetative only (active or dormant). Bonnet-Masimbert recognized six types: 
vegetative, vegetative and male, male only (rare, but occur in years of heavy 
flowering), vegetative and female, vegetative and hermaphroditic (not the same as 
Minina's complex type). Bonnet-Masimbert's sixth type is the latent bud which 
Minina puts under the vegetative category. Buds containing uncommitted primordia 
were considered important in reconstituting a branch system after insect attack. 

Many researchers of oak reproductive biology have concluded that flowering is 
irregular from year to year without mentioning the variation in distribution of bud 
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types. Bonnet-Masimbert determined that a large acorn crop is related to a large 
number of male flower buds, manifested through an increase in hermaphroditic 
buds and, to a lesser extent, to the number of female flowers. When the acorn 
crop was poor, large numbers of buds in the potentially male zone on a branch did 
not evolve. 

Schlarbaum and Rhea (unpubl. data) evaluated flowering in a 17-year-old Q. rubra 
seedling seed orchard in Tennessee. They selected a light-, medium-, and heavy- 
flowering tree and counted all pistillate flowers. The majority of flowers were 
located in the upper one third of the crown of each tree, and there were no 
differences in flower numbers among the quadrants in a crown. Similarly, 
Jovanovic and Tukovic (1975) cited observations by Rempe (1937) and Piatnitsky 
(1954) that the greatest quantity of pollen was produced in the upper part of the 
crown. Sharp and Chisman (1961), however, found that pollen catkins were 
evenly distributed across the crown of Q. alba. I have also observed the latter in 
Q. &a, Q, nrbra, and Q. velutina. 

I 

FACTORS AFFECTING One of the difficulties in forest tree breeding and flowering research is the long ; 
' 

FLOWERING time between generations. Most oaks take 15 to 25 years to reach minimum seed- 
bearing age (USDA 1974). Reducing that time would reduce the length of a 

Phase Change and generation cycle and make it possible to increase genetic gain-per-unit-time by 

Flowering making earlier selections (Lambeth 1980). If earlier flowering can be attained in 
oak species, it would be possible to generate inbred lines, whose usefulness has 
been demonstrated in many crops. Inbreeding not only increases heritability and 
facilitates selection, but it also helps to reduce the "genetic noise" common to 
physiology research. Although inbreeding has been successfully demonstrated in 
Querczis (Irgens-Moller 1955), Jovanovic and others (1971) did not get successful 
embryo development in self-pollinated oak flowers. 

It is generally accepted that the change from a juvenile to a mature state (Poethig 
1990) in forest trees occurs at the time of first flowering (Zimmerman 1972). A 
juvenile tree is not capable of flowering because it is not able to respond to stimuli 
that would otherwise induce flowering; while a mature tree may not flower because 
of the absence of the stimuli or genetic control causing sterility. Thus, the onset 
of flower production is used as an indicator that the juvenile phase has ended and 
that the mature phase has begun (Wareing 1959). 

How do you get a tree to pass from the juvenile to the mature phase sooner? A 
common strategy is to grow seedlings in an environment that greatly increases 
growth rate. Some of the cultural methods used to do this include elevated 
temperatures, long photoperiods, adequate water, and fertilization. Thus, size per 
se is positively correlated with early flowering. 

The inheritance of early flowering in forest trees has been demonstrated in Betula 
verrucosa (Johnsson 1949) and in Pinus sylvestris (Teich and Holst 1969). A 
dominant major gene has been implicated in controlling early flowering in both 
species. Because early flowering is inherited, selection pressure can be applied to 
increase the frequency of progenies that flower early. In jack pine (Pinus 
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b~&iana Lamb.) the larger trees in a family are more likely to flower first (1 year 
from seed) Wlstad and others 1991). Once again, the size of the tree is positively 
correlated with the attaiment of early flowering. 

An alternative to waiting for seedling-origin plma to produce flowers is to use 
sprouts. Wolgast and Stout (1977) used sprouts in cleascuts to determine the 
earliest age at which a w m  of Q. ilicifolia could be produced. Pistillate flowers 
appeared on sprouts at the beginning of the second growing season, indicating that 
flower primordia were initiated during the first season. Acorns were mature at the 
end of the third season. Sharik and others (1983) also found that stems of coppice- 
origin Q. prinus first produced acorns in the third season, compared to 20 years 
for seedlings. Advance reproduction seedlings and seed1 ing-sprouts of the same 
age produced no acorns. 

Components of the There are three major components to the flowering process in oaks: (1) Initiation, 
Flowering Process (2) Differentiation of the staminate and pistillate inflorescences and their flower 

primordia, and (3) Emergence of the flowers, receptivity of the stigmas, and 
shedding of pollen. Let us examine how various factors may affect these 
components . 

hitiistion reks  to how chemical, genetic, and abiotic factors interact during a 
critical time period to cause a cell or meristem to commit itself to become a flower 
or flower part. This is not the same as differentiation wherein the strslctural 
manifestation of the initiation process occurs; e.g., the appearance of the staminate 
inflorescence in late May (Merkle and others 1980). Most of what we know about 
flower initiation is based on research with annual plants (Evans 1969, Bernier 
1988). However, woody plants behave differently. They have long juvenile 
periods during which they do not flower, even though the proper environmental 
stimuli may be present. In addition, annuals tend to have terminal flowers, that is, 
the shoot apical meristem per se becomes a flower. In woody plants, which must 
grow year after year, the flowers are normally axillary. One way of defining the 
period of flower initiation in conifers is through the use of plant growth regulators, 
primarily the gibberellin A,, mixture (GA,,) (Owens and Blake 1985). 
Unfortunately, GAS rarely induce flowering in hardwoods and there is no known 
method for reliably doing so. This includes the application of mineral fertilizers, 
which have no apparent direct effect on flowering, although there may be an 
indirect effect from a correlated increase in crown vigor. Wolgast and Stout (1977) 
did note a positive fertilizer response in Q. ilicifolia. Any speculation about how 
a factor may be related to flower initiation must be accompanied by a notation of 
timeliness; i.e., during what specific time period does that factor operate. That 
notation does not now exist and so the discussion of flower initiation becomes 
almost fruitless (no pun intended). 

Differentiation of reproductive structures many extend from late May (Merkle and 
others 1980) to the time of pollen shed and female receptivity about 1 year later. 
So how does one realistically ascribe the success or failure of the development of 
a flower crop over that length of time to factors such as weather? Except for deep 
freezes in late spring (Sharp 1958, Sharp and Sprague 1967, Goodrum and others 
1971, Wolgast and Trout 1979), does the weather affect differentiation? Sharp and 
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Chisman (1961) found that Q. a2ba on 10 sites produced good-to-heavy pollen 
crops each year and that varying numbers of pistillate flowers were produced. 

inate flowers were produced abundantly each year, did any factor inhibit 
their development during that year of differentiation? If a pistillate flower crop in 
a given spring is rated as poor, was it caused by biotic or abiotic factors during 
development or were the er primordia ever initiated? Sharp and Sprague 
(1967) speculated that a w ate April and cool early May were related to early 
catkin emergence and delayed pollen dispersal, respectively. Under that weather 
scenario, pollen shed and pistillate flower receptivity were considered to be more 
closely aligned. They provided no anatomical observations to confirm their 
speculations. 

Genetic control over seed production in oaks has been demonstrated by a number 
of investigators. However, Farmer (1981) found that in a given year seed 
production among clones of northern red oak was most highly correlated with the 
percentage of pistillate flowers that were fertilized, while year-to-year differences 
were associated with variation in the number of flowers. He believed that 
fecundity could be increased by selecting high-yielding clones in a grafted orchard. 
Ledig and others (1971) and Wright (1953) also found much tree-to-tree variation 
in reproductive ability. Grafting of oak scions selected from mature, flowering 
individuals can be readily accomplished and, thus, flowers can be made quickly 
available (Irgenms-Msilw 11955). 

Floral sex ratios in Q. ilicifolia changd with position of the tree on a slope (Ahen 
and Kenigsten 1990). At the top of the slope tall stems had most of the male 
flowers. While at the bottom of the slope, there was no height relationship but 
there were fewer male flowers on all trees than there were pistillate flowers. The 
authors could speculate only that a change in temperature along the gradient 
influenced the physiological basis for sex allocation. Only stems at the top of the 
slope had second-year acorns, perhaps related to the increase in pollen availability 
at the top. 

1 

Emergence, Receptivity, and Shedding . Emergence of the staminate 
inflorescence and shedding of pollen are known to increase or hasten with rising 
temperatures and to drop with decreasing temperature @omashov 1957). Rainy 
weather, associated with decreased temperature, also reduced pollen dispersd. The 
success of the acorn crop has not always been related to pollen dispersal. Sharp 
and Chisman (1961) concluded that pollen dispersal occurred when relative 
humidity dropped and remained below 45 percent for several hours, but they did 
not mention the success of the acorn crop. Similarly, Jovmovic and Tukovic 
(1975) cited European literature indicating that pollen grains separated better when 
relative humidity was lowest. 

Wolgast (1972) explored the effect of relative humidity experimentally. In a series 
of growth chamber experiments using Q. ilicifotia, he demonstrated that relative 
humidity at the time of pollen shed and stigma receptivity can limit the size of an 
acorn crop. No acorns matured when relative humidity exceeded 61 percent, but 
about half the flowers matured into acorns when relative humidity was lower. 
While hot, dry winds in early May caused dessication of pollen catkins, Sharp and 
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Sprague (1967) found no correlation with relative humidity and acorn yields in field 
studies and concluded that temperature was a primary factor in acorn crops. 

Probably the most i m p  factor controlling the emergence of pistillate flowers 
and their receptivity is temperature, which directly or indirectly influences flower 
emergence through branch and leaf elongation. Low air temperatures were 
associated with a delay in development of pistillate inflorescences of Q. robur near 
Moscow (Minina 1954). However, Goodmm and others (1971) concluded that the 
influence of low temperatures on flowering, setting of fruit, and subsequent acorn 
yield was inconclusive. Sharp (1958) also concluded that low temperatures in the 
spring did not affect flowering unless there was a freeze sufficient to damage shoots 
and leaves. 

RELATIONSHIP Given that staminate and pistillate flowers have been initiated, differentiation 
EEN FLOWERS completed, and pollen shed on the receptive stigma, what factors then affect how 
AND ACORNS the pollinated pistillate flowers develop into acorns? 

Until now I have presented information about oak flowering in a positive context; 
i.e., how the primordium originates and develops into a flower. But we also need 
to look at subsequent events in a somewhat negative context; i.e., how various 
factors may lead to the abortion of flowers or ovules and, thus, reduce the size of 
a potential seed crop. Several authors have concluded that the size of an acorn 
crop is not related to the size of a flower crop. The appearance of numerous 
pistillate flowers in the spring does not guarantee numerous acorns (Sharp 1958, 
Sharp and Chisman 1961, Wright 1953, Gysel 1956, Cecich and others 1991). 
What then are the factors or events related to the loss of the flowers? How are 
these factors and their timing related to the developmental chronology of the 
pollinated flower as discussed earlier? Information for am wering these questions 
is limited. 

Kossuth (1974) concluded that abscissions occurring during the first 1 1 weeks after 
anthesis in Q. alba were probably determined at or before receptivity by 
degeneration of the ovary. Although ovules had just differentiated at the time of 
receptivity, ovule growth did not appear to influence premature acorn abscission 
before or after anthesis. She confirmed the observations of Turkel and others 
(1955) that an abscission layer begins to form during anthesis between the ovary 
wall and the receptacle (cupule), and considered this to be an abscission layer 
analagous to that of a leaf petiole. It is my opinion that this abscission layer is 
simply the beginning of the separation of the seed coat bericarp) and cupule 
manifested in a mature acorn. 

Kossuth (1974) noted certain developmental thresholds associated with flower 
abortion. If ovules developed normally through antheis, the first threshold was 
passed and development continued. The failure of megasporogenesis in all ovules 
of a flower seemed to be determined by anthesis, but abscission was not immediate. 
A second threshold following fertilization was related to the growth of the 
fundiond ovule. Most embryo abonion occurred before the cotyledons were one- 
third their final size. After a series of leaf size and photosynthesis measurements, 
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Kossuth concluded that expanding leaves were associated with acorn retention and 
that leaves and developing flowers were not competitive sinks for assimilates. By 
the time of pistillate flower receptivity, the half-grown leaves were net 
photos ynthesizers. 

Kossuth" obserwtions of flower survival and abortion agree with other studis, 
on (1966), who found that about 90 percent of the premature 

flower abscissions occurred by the time of fertilization, Kossuth's second threshold. 
My observations of flower abortion in 0. alba agree with this. Fertilization in Q. 
alba in mid-Missouri occurs during late June, as noted by the presence of an 
endosperm in the embryo sac. By the first week of July a cellular endosperm and 
embryo are present (unpublished data). In 4 consecutive years, the percentage of 
flowers aborted by the first week of July was 98, 76, 83, and 90 percent, 
respectively. The number of maturing acorns per year, as a percent of the initial 
flowers, ranged from 0 to 6 percent. Clearly, most of the potential acorn crop is 
lost by the time of fertilization. Late-spring freezes can also kill second-year 
pistillate flowers in the erythrobalanus group and prevent them from maturing into 
acorns (Wolgast and Trout 1979). The impact of drought on either differentiation 
of flowers or on developing acorns is inconclusive (Sharp and Sprague 1967). 
Fungi probably have no effect on fertilization success, even though they are widely 
found on stigmas (Kolpak and others 1980). 

The literature suggests that the abortive ovule of Quercus develops a normal 
embryo sac, fertilization occurs, and a zygote or proembryo stage may be reached 
(Stairs 1964, Mogensen 1965). However, Mogensen (1975) showed that there are 
several possible pathways for abortion, even within the same ovary. In observing 
Q. gmbelii he found that fertilization to the normal embryo sac failed to occur 45 
percent of the time. Owle abortion caused by failure of the zygote or embryo 
accounted for 28 percent of the ovules. In 26 percent of the ovules examined, an 
embryo sac failed to develop within the nucellus. Occasionally, embryo sacs were 
found without any cellular contents, but these could have been preparation artifacts. 
He also confirmed this classification in Q. alba and Q. velutina. Mogensen (1975) 
could but speculate on how only one ovule per ovary develops into a seed. 
Because only ovules with a normal embryo sac have the potential to become a seed, 
he speculated that the first ovule in an ovary to be fertilized suppresses further 
development of the remaining ovules by producing a growth regulator. The 
capability today to culture ovules in vitro, while varying growth regulator and 
nutritional components, offers some oppomnities to examine this hypothesis. 

Insects also are a factor in acorn loss. Most literature deals with the impact of 
weevils (Curculio spp. and Conotrachelus spp.) on acorn crops (Gibson 1964, 
Kearby and others 1986). But weevils don't generally oviposit until midsummer 
after fertilization and embryogenesis has begun in the pistillate flower. Most 
flower loss occurs by the time embryogenesis has begun (Williamson 1966, 
Kossuth 1974, Cecich and others 1991), suggesting that weevils are not the major 
cause of poor acorn crops. For example, based on the 1990 data for Q. alba, 
about 80 percent of the flowers have aborted by mid-July (Cecich and others 1991). 
Assuming mid-July as the time of weevil oviposition, only 20 percent of the 
potential crop is present. Even if the weevils destroyed all the remaining young 
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acorns, they would not destroy 100 percent of the potential acorn crop as has been 
asseaed, only 20 percent. The major loss occurs before fertilization. 

There is another group of insects that also deserves attention in respect to its impact 
on acorn crops. Treehoppers (Membracidae) are sucking insects that, depending 
on the species, spend most of their life cycle in the crowns of oak trees (Kopp and 
Yonke 1973 a,b,c, 1974). The older larval stages and young adults feed primarily 
on meristematic or succulent tissues and flowers. I have observed them in May 
and June feeding on oak pistillate flowers by inserting their stylets into the stigma 
of the flower. One week later these flowers were dying, dead, or abscised (Cecich 
and others 1991). We are presently conducting controlled feeding experiments to 
better define the potential impact of this insect family on flower abortion. Their 
possible involvement in flower loss is plausible because the insects' feeding activity 
coincides with the time of most of the flower abortions in early May to mid-June. 

PREDICTING FLOWER Can we predict the size or availability of a flower crop? Probably not, at least 
CROPS with today's information. Predicting an acorn crop may be easier than predicting 

a flower crop because there are visible indicators--the number of pistillate and 
inate flowers and inflorescenses (Gysel 1958, Feret and others 1982). Feret 

and others (1982) concluded that production of Q. alba acorns could be best 
predicted from the number of peduncles borne per shoot. They found that this 
single variable accounted for 84 percent of the observed variability in acorn 
production. In contrast, I am unaware of any physiological or structural predictive 
indicators of flowering potential in oaks. As discussed earlier, many factors can 
impinge upon flower initiation and development, because of the length of time a 
flower primordium is exposed to potentially disruptive factors. Nevertheless, we 
could make the assumption that, once a flower is initiated, the pathway for its 
development will be continuous and successful. This "all-or-none" hypothesis can 
be tested by sampling a population of buds in early fall and microscopically 
searching for inflorescence primordia. In late winter or early spring, sample 
branches could be put into bottle culture indoors, forcing the buds to flush so that 
flowers could be observed in leaf axils. The number of inflorescences could be 
compared to the fall count and total number of flowers determined. Subsequently, 
these values would be compared to inflorescence and flower numbers from intact 
branches on the source tree. A significantly lower flower or inflorescence count 
at anthesis could indicate that either the process was disrupted or that sampling was 
inadequate. 

An alternative hypothesis, and one that is probably more realistic, is that there are 
many steps to successful flower emergence in oak, beginning with inflorescence 
initiation, From research on annual plants, we know that there are many genes that 
regulate flower development (Bowman and others 1989, Shannon and Ry Meeks- 
Wagner 1991, Smyth and others 1990). It is not unreasonable to assume that 
similar genes control the development of various flower components in oak. 
Testing for the specific genes would require traditional breeding experimenrs, 
utilizing one or more individuals that possess a stable flower development mutation, 
so that the progeny could be evaluated. Unfortunately, a consequence of breeding 
oaks is the many years of waiting for the progeny to flower; i.e., we must wait for 
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the juvenile-mature phase change to occur. However, current molecular 
technologies, such as Restriction Fragrnent Length Polymorphism (RFLPs), cDNA 
hybridization, Random Amplified Polymorphic DNA W P D ) ,  are available that 
utilize vegetative tissues and may help to identify or locate specific flower 
development genes. If there were a mutation that leads to cessation of flower 
development, there would be no viable flower and one could not discriminate that 
pathway from the disrupted "all-or-none" pathway. This assumes that phase 
change has occurred, However, a change in gene structure (a mutation) could still 
be identified with these technologies. 

CONCLUSION The intent of this paper was to provide a comprehensive review of the literature 
and synthesize it into a plausible "story" of oak flowering biology. Easier said 
than done! Although there is much information about certain topics within the 
subject area of flowering biology, the information voids are even larger. A 
measure of the paucity of information about oak flower biology can be shown by 
restating the four questions put forth in the beginning and seeing how well they 
were answered. 

i 

What Should a There is still much to learn about the anatomy and physiology of oak flowers, I 
Forester Know About especially the staminate flowers that produce pollen. The limited information we ' 

Flowering? have from only a few species indicates that flower structure varies among species 
and subgenera. For Q. aha,  the most-studied North American species, there is no 
complete "story" describing the continuum from initiation through seed maturation. 

What Factors Affect Reviewing this literature was easy; there wasn't much. The long juvenile phase is 
Flowering) important to the forest manager who wants to enhance or encourage acorn 

production in a young stand as soon as possible after harvesting. There is still 
going to be a long wait. We still don't h o w  when initiation occurs, although the 
first sign of flower differentiation has been observed in two lepidobalanus species. 
Genetic control over the amount of flowers and seed production has been 
demonstrated. Emergence, receptivity, and pollen shed appear to be controlled by 
weather, especially temperature and relative humidity. 

What Is the Pistillate flowers don't necessarily produce acorns. In fact, most of the time they 
Relationship Between don't; which is why we're concerned about this problem. Developing acorns and 
Flowers and Acorns? leaves are apparently not competitive sinks for photoassimilates. Most flower 

abortion occurs before weevil oviposition; however, weevils can destroy the 
remainder of the crop. 

Can We Predict There are no published accounts of how to predict the appearance or number of oak 
Flower Crops? flowers. Because we lack so much information about flower initiation and 

development within the bud, it is not reasonable to estimate the time required for 
making reasonable prdictions. 
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Before we can interpret how enviromental, physiological, and genetic factors 
influence the production of flowers and acorns, we must develop a solid 
understanding of the flowering biology of individual species. The fragmented 
information for oak flowering does not lend itself to developing a clear picture of 
the flowering proems, but it does indicate where the shortcomings exist. And, this 
provides eidance and opportunities for asking meaning~l questions and doing the 
appropriate research. 
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