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FO_ORD

In 1990 several North Central Forest Experiment Station scientists were asked
to contribute papers on basic biology and silviculture to a monograph on the
northern red oak sponsored by the National Institute of Agronomic Research
(INRA) in France. After much discussion, INRA decided to publish the mono-
graph articles exclusively in French. The publication process of that mono-
graph was much delayed due to translation and administrative problems.
However, recently a handsome handbound monograph was published entitled
"Le Chene Rouge d' Amerique" by Timbal et al. (1994). Due to the fact that
INRA's publication was delayed several years and that many of our research
clients are not competent in French, we asked and received permission from
INRA to update and publish a synopsis of our scientists' contributions to their
monograph in English in this North Central Forest Experiment Station publica-
tion. We would like to acknowledge the generous cooperation of the monograph
editors Dr/s J. Timbal and A. Kremer, in this regard.
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Biology and Silviculture of Northern Red Oak in
the North Central Region: a Synopsis

J.G° Isebrands and R.Eo Dickson

INTRODUCTION This monograph includes four review papers on
the biology and silviculture of northern red oak.

Northern red oak (Quercus rubra L.) is one of the The f'rrst paper outlines what is known about
most widespread and valuable tree species in the episodic shoot growth patterns in northern

Eastern North America. It is highly valued for red oak, although the mechanisms controlling
wildlife food and habitat, timber and veneer, the flushing patterns and frequent dieback of
aesthetics, and as an urban tree. Northern red shoots observed in the field are still unknown.

oak is also considered an important component The second paper reviews flowering, fertilization,
for maintaining biodiversity in eastern forest and acorn production patterns in northem red
ecosystems° In addition, it is becoming increas- oak and how they relate to shoot growth and
ingly important as an exotic forest species in environmental factors. The third paper focuses
western Europe, particularly in France. on carbon fixation and allocation patterns in

northern red oak, which largely depend on the
Unfortunately, northern red oak is difficult to specific stage of shoot growth and timing in
regenerate by either natural or artificial meth- response to various silvicultural treatments and
ods. The difficulty in regeneration is particu- environmental stresses. Moreover, in mature
larly disturbing in that northern red oak stands trees, carbon allocation patterns are strongly
are currently being heavily logged by private influenced by flowering and acorn production.
landowners throughout the East because of its In fact, during heavy flowering and fruiting
high oak lumber value, and are being heavily years, a significant portion of the total carbon
attacked by pests, including gypsy moth budget is used in the reproductive process. The
(Lymantria dispar L.) and oak writ [Ceratocystis fourth paper reviews the current knowledge on
sogacearum (Bretz) Hunt.]. the silviculture of northern red oak. Knowledge

of basic biology such as carbon allocation
The difficulty in regenerating northern red oak patterns is important silviculturally because
has led to numerous research efforts, literature stem and root growth depends upon current
reviews, and symposia aimed at improving carbon assimilates. Moreover, silvicultural
silvicultural strategies and filling gaps in our practices can be designed to take advantage of
scientific knowledge about oak regeneration, what we know about physiological processes
Despite these efforts, many unanswered ques- and growth patterns. For example, shelterwood
tions remain about how oaks regenerated in the cuts can be used to create understory condi-
past and how they can best be regenerated in tions of light and soil moisture to ensure growth
the future. Furthermore, for a species of such of seedlings and advanced regeneration. Also,

importance, surprisingly little is known about nursery practices such as undercutting, fertili-
the basic biology of northern red oak including zation, and irrigation can be timed to take
shoot and root growth patterns, flowering, maximum advantage of the cyclic relations
carbon assimilation and allocation, and nutri- between shoot growth and root growth. We
tion. We believe that more basic scientific hope that our synopsis of the latest biological
information, if available, could be used to and silvicultural information will fill an impor-

develop better natural and artificial regeneration tant knowledge gap and lead to improved
strategies, regeneration of future oak forest ecosystems in

our region.
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Height Growth and Episodic Flushing
in Northern Red Oak

Richard E. Dickson

INTRODUCTION rhythmic growth cycles during shoot expansion
that are not obvious without frequent measure-

Different tree species have different seasonal ments of shoot growth (Borchert 1978, Drew
patterns of shoot growth. Such patterns have 1982).
long attracted research interest, and this research
has been extensively reviewed (Romberger 1963, In plants with true or "classical" episodic flush-
Kozlowski 1964, Rudolph 1964, Borchert 1991). ing growth habit, shoot growth is controlled by
Shoot growth patterns can be broadly classified endogenous factors (Borchert 1975, 199 I).
as determinate, semi-determinate, or indetermi- Under suitable environmental conditions, a true

nate (fig. 1)_ These classifications are not clear- growth flush involves expansion of the resting
cut but involve considerable overlap. In all three bud, expansion and maturation of new stem
classifications, t_le first flush of growth involves and leaves, formation of a new resting bud, and

expansion of preformed stem units (primordia- a rest period in which no new leaf or stem
node-internode) contained in the overwintering elongation takes place. These episodic growth

bud. Trees with determinate growth habit exhibit flushes will continue as long as environmental

only a single growth flush in the spring, which conditions are favorable. Episodic growth is
involves the elongation and maturation of these common in many tropical trees (Halle and

preformed stem units in the bud. Trees with Martin 1968, Greathouse et cd. 1971, Borchert
semi-determinate growth habit exhibit recurrent, 1978, Maillard et aL 1989), in some conifers

cyclic, or episodic flushes of growth during the (Rudolph 1964, Kremer and Larson 1983,
growing season. Trees with indeterminate growth Hendry and Gholz 1986, Von Wuhlisch and
habit produce individual leaves at regular inter- Muhs 1987, O'Reflly and Owens 1989), and in
vals during the growing season. However, both some northern hardwoods (Borchert 1975,
determinate and indeterminate plants exhibit Reich et al. 1980, Hanson et al. 1986). Northem

red oak is a good example of a hardwood with
episodic flushing growth habit. It is my objec-
tive in this paper to examine episodic growth in

Shoot GrowthPatterns northern red oak, to compare this growth habit

to more intensively studied tropical trees, to
discuss some of the proposed control mecha-

J nisms, and to point out major gaps in our

knowledge of episodic growth and some poten-

_O __m Semi-determinate tial research required to fill in these gaps.

Most of our work with northern red oak
inate

J: (Quercus rubra L.) has involved one- to four-

flush potted seedlings or nursery stock. How-
Growing Period _ ever, there is no reason to believe that the basic

mechanisms controlling episodic growth differ

Figure l.--Three inherent annual shoot growth between small and large trees, between different
patterns common in forest tree species (redrawn tree species, or between trees of temperate or
from Dickson 1991). tropical climates. Information on the basic

mechanisms that control episodic flushing in
northern red oak could be applied to other

Richard E. Dickson is a Principal Plant Physi- flushing species. In addition, such information

ologist with the North Central Forest Experi- could lead to improved nursery practices and
ment Station, Forestry Sciences Laboratory, improved silvicultural practices for establish-

ment and early growth of both natural and
Rhinelander, %rl. artificial regeneration.
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STEM AND LEAF GROWTH OF NORTHERN _ I r------T--T--

RED OAK 8o - A s_m
L_f .......... / .........

The growth potential of northem red oak is _ ..' ......... /...... _ 20
excellent, although seldom obtained in the field, o_ so ,; _ / _ '_
In growth room or controlled environments with _: is =
adequate water and fertilization, seedlings will _ -----

"Ocontinue to flush until the roots become re- _" """

stricted by the pots (pot-bound). Under our _ 4o / lo _

controlled environment growing conditions at _ / _i iI/'' // _ +6Rhinelander, Wisconsin, three-flush seedlings _ /

80 cm tall are obtained within 60 days after _- 20 -_@! s __

emergence from the potting mix (fig. 2). Six-
flush seedlings up to 2 m tall can be produced

in the growth rooms before the seedlings be- 0 -_: t__ t....come pot-bound and stop episodic flushing. _

During a growth flush, internode elongation _" _ _i _/_/Y',,,_ -3__= o
begins first and is largely completed before the _ __ ,' f', _; ',, - 2 .

leaves begin to expand (fig. 2)(Hanson et al. _ * __ '_,,,,,,' ',,,,, , _,,,,, *_

1986). Similar expansion of stems and then m _[/ ma_ a_

leaves was found in Hevea during a flush (Halle _ 2 , ", - 1and Martin 1968). In contrast, stem and leaves o o

of "lTteobroma expand at about the same time 0 0E o l l I r i t__ "_
(Greathouse et al. 1971). A typical pattem of • *
stem, internode, and leaf development is shown _ lo 3o so -.J
by measurements taken during expansion of the DaysAfter Emergence
second flush of red oak (fig. 3). Both internodes
and leaves, when measured acropetally, in- Figure 2.--Episodic shoot growth pattem of a
crease then decrease progressively in size during three-flush northern red oak (Quercus rubra L.)
flush development. The last internodes and the seedlingfoUowing epicotyl emergence from the
last leaf of a flush are often much smaller than soiL (A) Total stem and leaf length. (B) Rate of

previous stem units (leaf-node-internode) stem and leaf elongatiorL Leaf growth is based
indicating growth inhibition during the last on the median leaf of each flush. Growth

curves are smoothed curves based on data
phase of the flush. The growth patterns seen
here (fig. 3) most likely result from endogenous from 12 seedlings. Arrows indicate specific
control mechanisms because environmental developmental stages based on the Quercus

conditions did not change during the flush, morphological index (QMI). "lTte QMI defines
three growth stages in each flush (e.g., in the

POTENTIAL ENDOGENOUS CONTROL first flush, 1-stem linear, 1-leaf linear, and 1-
MECHANISMS lag) redrawn from Hanson et al. 1986).

Endogenous mechanisms within the plant
control the rhythmic growth or episodic flushing related terminology have been extensively
of oak and other species of trees grown under discussed in the past and will not be repeated
constant environmental conditions or under here (Romberger 1963, Levins 1969, Perry 1971,
fluctuating environmental conditions still Champagnat 1983, Lang et al_ 1987).
conducive to growth. At the end of a growth
flush, leaf expansion stops and a dormant The development of the resting bud is much

(resting) bud is initiated. This bud is initiated different from the development of a winter
and held in a dormant state by endogenous dormant bud. Although we did not study it in
control mechanisms (Greathouse et aL 1971, detail, the resting bud in red oak is much
Mialoundama eta/. 1984). The dormant state is smaller than the winter bud and covered with

apparently induced by a biochemical signal stipules that do not expand to form bud scales.
originating in some other part of the plant and When the next flush expands, the basal 1 to 5
could be termed paradormancy (Lang et al. internodes elongate very little, and have stiples
1987). The various states of dormancy and present but no leaves (Hanson et al. 1986).

2
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--_ I r T , , increased rate of initiation during the flush.

_ 9 _ -'_ "_E Rhythmic initiation of primordia in associationo with leaf and stem expansion of the new flush

30 Leaves _ .c was found in Theobroma (Greathouse et al.

O--O / _ .................© 4 6 _e- 1971) and Onetum (Mialoundama et a/. 1984).

20 _' y_2--/C_ ____( _ s m in contrast, Purohit and Nanda {1968)reported-J that primordia were initiated during the lag,...... 3 ''_t--- _ 4 _ p as of  vegeta ve  s/teo.
_1o _=, 2 E,_ _ Although several hypotheses have been pre-

c sented, the endogenous control mechanisms

"_ o - _ -o 1 o -" that regulate leaf and internode expansion and:I: _1 I t I ± I

E _tem 2-Lag- __ ® primordia initiation are unknown. Different
--@ _ hormones, water stress, carbohydrate concen-

30 Leaves 20 _" trations and interactions between these factors
© A 7: o have all been implicated. Some researchers

0 15 .¢: believe that water stress, initiated in the shoot

I-- 20 ¢ _'J by a decreasing rate of root growth (Borcherte-
10 m 1975, 1978, 1991) or by competition between

"J leaves and the developing apex for available
5 m water (Halle and Martin 1968, Mclntyre 1987),

"_'_'_ _1 induces bud rest and episodic growth. Others

0 _ _ T _ _ _ j 0 have implicated abscisic acid (ABA) or the
interactions of ABA and water stress (Orchard et

15 20 25 30 35 a/. 1980, 1981; Abo-Hamed etal. 1981, 1983).

Days After Emergence Still others believe that varying concentrations
of cytokinins are important in slowing leaf

Figure 3.mIndividual internode and leaf growth development or initiating bud break (Wareing
patterns in the second flush of a northern red 1980, Orchard et al. 1981, Carmi and Van
oak (Quercus rubra L.) seedling. (A) Individual Staden 1983). The best scenario seems to be

intemodes and total stem height. Intemodes 7 that during a flush, photosynthate movement to
to 11 are omitted for clarity. Intemode 3 roots decreases, root growth decreases, water
subtends the first leaf on the second flush, stress and ABA concentrations increase, cytoki-
Individual intemocle lengths normally increase nin concentrations and/or translocation de-

then decrease from base to top of a flustz (B) crease, primordia development decreases, leaf
Individual leaves and total stem height. Curves growth decreases, and buds set (Orchard et aI.
are drawn only for the lowest leaf(leaf1); 1981, Alatou et aL 1989). Because it is very
median leaves 4, 5, and 6; and the uppermost difficult to separate the effects of each of these
leaf (leaf 9). Arrows indicate different QMI factors and their interactions, the mechanism of

stages for the second flush, endogenous control of episodic flushing is far
from clear (Wareing 1980, Little and Wareing
1981, Zeevaart and Creelman 1988). What is

Similar growth patterns were found for clear is that a functional equilibrium between
Theobroma (Greathouse et al. 1971, Vogel 1975) shoots and roots (in relative growth rates,
and Hevea (Halle and Martin 1968, Borchert nutrient uptake, carbohydrate allocation,
1991). We do not know why these basal leaves hormone production and transport, and water

do not develop. Perhaps these leaf primordia movement) must be maintained ff the episodic
(last formed on the current flush or first formed growth cycles are maintained.
on the next flush?) that receive the rest signal
abort as was found for cottonwood (Populus SHOOT-ROOT INTERACTIONS
deltoides) (Goffinet and Larson 1981). The exact

timing of primordia initiation in respect to the There is no question that relative shoot and root
flush cycle requires further careful study, growth is closely controlled by metabolic inter-
Barnola et aL (1986) reported that primordia actions between the shoot and roots. This
initiation was continuous over the entire flush functional equilibrium has been recognized for a

cycle. Their figure 2, however, indicates an long time and has been extensively studied (Lyr

3



and Hoffmann 1967, Brouwer 1983, Lambers EPISODIC GROWTII UNDER

1983, Schulze 1983); it can be viewed simply as NATURAL CONDITIONS
changes in carbon allocation (de Wit and Pen-

ning de Vries 1983) or as a much more complex Most studies on episodic growth were conducted

system of carbon, mineral nutrients, and hor- in controlled environments with small seedlings.
monal interactions (Carmi 1986, Zhang and Environmental stress, however, may severely
Davies 1989). modify these endogenous growth patterns

(Gaertner 1964, Lavender 1980). In field situa-

In trees with episodic shoot growth, both con- tions, where multiple stresses are often present,
stant (Halle and Martin 1968) and episodic oak seedlings commonly make only one spring
(Vogel 1975) root growth has been found. In our flush of growth (Reich et al. 1980). Light,
research with northern red oak, root growth moisture, temperature, and nitrogen stresses
rates are constant as long as the cotyledons are may affect episodic flushing. The response of
attached. Apparently nutrients from the cotyle- different species probably differs widely with any
dons can maintain root growth during episodic particular stress, and the response to multiple
growth of the shoot (Hanson 1986). Similar stresses may differ from that obtained with a
continuous root growth has been found in other single stress if other factors are near optimum.
oak species (Lavarenne 1968, Belgrand et al. Northern red oak, when grown in our controlled
1987). In addition, we have found that in older environment with adequate nutrients and water,
seedlings and in seedlings with detached cotyle- will continue to flush until it becomes pot-
dons, root growth is also episodic and out of bound. Low light intensity (300 uE m-2s -I,
phase with the shoot. Similar results have been about 20 percent full sun) or short days (8
presented by others (Hoffmann 1967, Reich et hours of light) have little effect on this endog-
aL 1980, Nour and Riedacker 1984). It is enous growth rhythm. XVhen plants were grown
difficult to understand how roots growing at a in a growth room, in a glasshouse, or outside
constant rate can induce episodic growth in with adequate water and nutrients, flushing was
shoots, again continuous, but the flushing interval

increased in the higher stress situations. For
Borchert (1991) has proposed that the increas- example, the interval for one lag to two lag
ing leaf area produced during a flush increases increased from 17 to 30 to 36 days for the
water stress in the shoot, which initiates the lag growth room, greenhouse, and outside plants,
phase in shoot growth. Removing whole or respectively.
parts of new leaves to maintain a smaller leaf
area will often increase flushing rate or initiate Most studies of episodic growth have been
continuous shoot growth, thus substantiating conducted with small seedlings. Such plants
this hypothesis (Halle and Martin 1968, have relatively simple shoot and root systems,
Borchert 1975, Vogel 1975, Hilton et al. 1987). strong apical dominance, and many other
The differential translocation of nutrients and juvenile characteristics. Such plants may grow
hormones, however, cannot be ruled out. continuously (indeterminate leaf production)

During a flush when the growth of new leaves and produce up to 30 or 40 leaves before re-
takes place, almost no photosynthate from suming episodic growth. Others will flush
mature leaves is translocated to the root system repeatedly until inhibited by pot size or other
(Dickson 1989, Isebrands et al. 1994). During environmental conditions. Such repeated
the lag phase when new leaves are fully ex- episodic growth is largely restricted to small
panded, more than 90 percent of current photo- seedlings and juvenile plants and not commonly
synthate is translocated to the root system, found in large trees. Stump sprouts, however,
This current photosynthate may be important in are an exception. Because such plants have a
cycling nutrients and hormones from roots to large root system and large amounts of stored
shoots and in initiating bud break and a new nutrients, shoot growth may be continuous or
episodic flush of growth. This cycling of carbo- have several large episodic flushes during the
hydrates to roots and of nutrients (particularly growing season (Borchert 1978, Johnson 1979,
nitrogen) and hormones (e.g., cytokinins) back Reich et al. 1980, Cobb et al. 1985, Tworkoski et
to shoots would be even more important when oL 1990, Harmer 1992). Large, mature trees,
both shoots and roots have episodic and out of however, commonly have only one flush of leaf

phase growth patterns (Sleigh eta/. 1984, growth early in the growing season. As trees
Dickson and Isebrands 1991).
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grow larger, the number of growing shoots or be helpful. Four of these areas are particularly
branches increases and the complexity of the important: (1) Exact timing of primordia Inltta-
shoot system increases (Borchert 1976). This tion, (2) Antecedent leaf developmental and
leads to a large positional differentiation among metabolic state, (3) Shoot/root interactions and
individual branches and shoots (terminal vs. feedback systems, and (4) Carbon-nitrogen

lateral, long vs. short shoots, upper vs. lower relations. The timing of primordia initiation in
crown). There is no evidence that large trees northern red oak is not known. Careful ana-

have different or better control systems than tomical and morphological studies based on the
small trees (Borchert 1978). Therefore, the Queraxs morphological Index (QMI) (Hanson et

short duration of active growth and the single ak 1986) could determine the exact timing of
flush common in large trees must result from a initiation. The timing of primordia initiation is
correlative inhibition of growth among different probably associated with specific developmental
shoots in the crown and feedback inhibition and metabolic stages of the antecedent leaves.
between shoots and roots. The feedback cycles

are fairly short in small seedlings (e.g., 15 to 20 The antecedent leaf is an older leaf or leaves
days between one-lag and two-lag seedlings (fig. directly connected by vascular traces to other
2), probably because of the smaller distance developing leaves and primordia. The anteced-
involved in transport of growth controlling ent leaf provides metabolites and perhaps
substances and the quicker response time of the hormones for primordia initiation and subse-
seedling. In large trees, this feedback inhibition quent leaf development (Dickson and Shive

cycle between shoots and roots may be so long 1982, Larson 1983, Dickson and Isebrands
that changing environmental conditions of late 1991). These antecedent leaves are the major
summer (increased temperature and decreased receptors of environmental stimuli and thus
soil moisture) may overtake the tree and inhibit exert considerable control over the development
further shoot growth even though a favorable of the apex and primordia initiation. Informa-
shoot/root ratio has been reestablished. Defo- tion on the metabolic state (e.g., QMI stage) of

liation or severe pruning of a large tree may the antecedent leaves during development of the
remove the correlative inhibition among shoots new flush would be helpful for elucidating basic
and decrease the shoot/root ratio thus leading control mechanisms.

to additional flushing.
There is no question that shoot and root growth

ADDITIONAL ARF_.dLSFOR RF__EARCH is controlled by multiple feedback systems.
Understanding the complementary functions of

Hypothesis--Episodic growth is the result of shoots and roots is a prerequisite to explaining
genetic factors that provide a mechanism to whole-plant development. This is especially true
control shoot/root ratios. This mechanism when trying to understand episodic growth.

enables the plant to respond to good environ- During the lag phase in northern red oak, more
mental conditions with rapid flush cycles and than 90 percent of the photosynthate translo-
height growth while maintaining a balanced cated from maturing leaves is allocated to lower
shoot/root ratio. Under adverse conditions, stem and the root system (Dickson 1991). This

flushing or top growth stops and photosynthate photosynthate is used in new root growth,
is allocated to root growth and storage, a con- storage, and more importantly, in recycling of
servative feature that gives the plant the ability amino acids, hormones, and other chemical
to survive severe environmental stress and to compounds from roots to shoots in the xylem.

grow on sites with less favorable environments.
The physiological, biochemical, and perhaps Related to the above three research areas is a
biophysical mechanisms that control episodic lack of understanding about basic carbon and

growth and maintain this functional equilibrium nitrogen interactions. Nitrogen is absorbed by
between shoots and roots are important re- the roots, reduced in the roots ff absorbed as

search areas that require our immediate atten- nitrate, converted to organic nitrogen com-
tion. pounds, and translocated In the xylem to

shoots. Distribution within the shoot (leaves,

In reviewing the literature on episodic growth for stem, developing leaves, etc.) is largely con-
this paper, I found several areas in which trolled by the particular amino acid being
additional research on basic mechanisms would translocated in the xylem because of differential



uptake from the transpiration stream in the Borchert, R. 1978. Feedback control and age-
stem (Vogelmann et al. 1985). Carbon translo- related changes of shoot growth in sea-
cated to the root system is required for energy to sonal and nonseasonal climates. In:
run these metabolic processes, and for the Tomlinson, P.B.; Zimmermann, M.H., eds.

production of amino acids and organic acids for Tropical trees as living systems. Cambridge,
transport. Currently produced photosynthate MA: Cambridge University Press: 497-515.
translocated to roots may follow very different

pathways compared to stored carbohydrate in Borchert, R. 1991. Growth periodicity and

roots (Dickson 1989). Thus, to understand and dormancy. In: Raghavendra, A.S., ed. Physi-
perhaps control episodic growth, detailed ology of trees. New York, NY: John Wiley &
information is required on carbon-nitrogen Sons: 221-245.
interactions and differential metabolism in

shoots and roots during a flush cycle. Brouwer, R. 1983. Functional equilibrium:
sense or nonsense? Netherlands Journal of
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The Reproductive Biology of Quercus,

with an Emphasis on Q, rubra

Robert A. Cecich

My original intent in this paper was to present a almost exclusively been provided by botanists
chronology of events for the reproductive biology with an academic interest in studying a struc-
of northern red oak (Quercus rubra L.) based on ture or process, and not by foresters with an
a review of the literature. However, because interest in managing trees. Thus, the descrip-
there is so little information available about tion of the flower must use specific botanical
northern red oak, results from studies of other terminology. The developmental morphology of

species of Quercus will be included to provide the unfertilized pistillate flower of Q. rubra was
some continuity. But this may lead some described by Langdon (1939) and Sattler (1973);
readers into a false sense of security about what their interpretations are combined in this part of

we really know of the pathway from flowers to the paper.
seed maturation in northern red oak.

The pistillate flower originates as a stalk or

There are two major subgenera in the North inflorescence in the axil of a developing leaf
American oaks: lepidobalanus or the white primordium during the summer before poUina-
oaks, and erythrobalanus or the red oaks. tion, and contains several bracts arranged
These two groups differ structurally and chew_i- spirally on its axis. After the inflorescence and
cally. However, we will concern ourselves only bracts overwinter, floral apices differentiate in
with differences in the reproductive cycle, the axils of each of the lower, opposite bracts of

Simply put, the white oaks require only one the inflorescence, and then flatten and assume

growing season from the time of pollination to a three-cornered appearance as a result of
acorn maturation. The red oaks, however, growth occurring at their periphery. The indi-

require two growing seasons. Pollination occurs vidual flower, partially enclosed by a cupular
in the first season, and the ovule primordia involucre of imbricating scales, consists of a
remain as placentae or rudimentary bulges until cup-shaped perianth tube, non-diverged from
the following growing season, when the ovules the walls of a three-celled ovary that bears three
develop, fertilization is accomplished, and the stigmatic styles. The involucre is first formed as
acorns mature. These structures and processes a few separate primordia in the axfls of the

will be the primary focus of this paper, bracts located at the base of the floral apex.
Three inner perianth members are initiated

PISTILLATE FLOWERS simultaneously between the outer perianth
members, and all are then raised up on a

Acorns develop from fertilized pistillate (female) common base as three gynoecial (carpel) primor-
flowers. However, we know little about these dia arise on the broad flat apex opposite the

flowers primarily because they exist in the outer perianth members. The carpel primordia
crowns of tall trees (and, thus, are not easily differentiate into the three stigmas.
studied). Also, because there has been little

demand for oak breeding programs, there has In the first growing season, further ovary matu-
been little desire to understand and manipulate ration occurs about 1 month after pollination.

the reproductive cycle. Our knowledge has The young ovary becomes closed as a result of
the appresston of the three gynoecial primordia

Robert Cecich is a Research Plant Physiologist as they are carried up with the extending ovary
with the North Central Forest Experiment wall. Concurrently, growth between and at the
Station, Forestry Sciences Laboratory, Colum- base of the gynoecial primordia initiates the
bia, MO. three septa, which eventually become appressed

11

, #



at only their upper inner margins. Two placen- Between late July of the first season and early
tae form initially as slight protrusions along the April of the second, only the cupule (the future
base and on each side of a septum. In each of acorn cup) develops further, enclosing the flower
the three locules or chambers of the ovary, there during the winter, with only lignified vestiges of
are two placentae---one from each septum (fig. the styles and perianth above its rim. By early
1). The ovules will develop from these placental May of the second season, the ovary wall has
bulges in the second growing season (Sattler expanded, the placental axis has elongated, and
1973). Botanlcally speaking, an ovule is a the ovules bear the rudiments of the inner and

megasporanglum; i.e., a structure that bears the outer integuments (kangdon 1939). By mid-
megaspore mother cell (MMC) (Davis 1966). May the nucellus is now covered by the inner

and outer integuments, which have elongated
OVARYWALL over the end of the nucellus and have formed a

"hole" called the micropyle. At the time of
fertilization the margins of the outer integu-
ment, toward the open end, greatly increase in

SEPTUM height and form a lip (Sattler 1973). This is the
PLACENTA route through which the pollen tube approaches

the embryo sac (Benson 1894). Major food
reserves of starch and lipid are located almost

COCULE exclusively within the outer integument, while
the inner integument is virtually void of food
reserves (Mogensen 1973). The MMC undergoes

A. 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

__ _ STIGMA the megagametophyte or embryo sac, an eight-

nucleate structure at the tip of the nucellus (fig.
2). A feature of the Q. rubra nucellus during
growth of the megagametophyte is the appear-

a ance of a central strand of procambial elements

_ PERIANTtt that extend through the base of the nucellus
and are continuous with the vascular tissues ofI "i ...... _ OVARY WALL the raphe and funiculus (Langdon 1939).

/ ,¢ /_ '_ ___ CUPULE Once the embryo sac is formed, fertilization of
I
( ! ( / l_kl ..................................I PLACENTA its egg and central cell via germinating pollenmust occur for seed development to continue.

k "_ /S j/ _/ LOCULE During fertilization, the pollen tube discharges
_- -=_ two haploid gametes into the embryo sac. One

fuses with the egg to produce a diploid zygote;
the other gamete fuses with the 2N central cell

Figure 1.mA Q. rubra pistiUate flower at the time (formed by the earlier fusion of the two polar
of pollination. 1A. Cross section of an ovary, nuclei) to produce the 3N (triploid) endosperm.
showing three septa that divide the ovary into Following fertilization, a free-nuclear endosperm
three locules or chambers. A locule contains

grows before the first division of the zygote
two placentae orprimordiai bulges, each of occurs (Hjelmqvist 1953, 1957; Brown and
which will differentiate into an ovule. Only one Mogensen 1972). In general, as the endosperm
of the six ovules will mature into an acorn. 1B. becomes cellular, the embryo begins to differen-
Longitudinal section of a flower at the time of tiate (Singh and Mogensen 1976), moving
pollination, with two of the three locules quickly through the heart-shaped stage (fig. 3).
shown.
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/ _ LOCULE WALL
A

TRIPLOID NUCLEUS

/-
__ CYTOPLASM

A. ENDOSPERM
WITH
CELL WALLS

,, , FREE NUCLEI
S

/
B. ZYGOTE (2N)

F

Q---_ J/ CELLULAR ENDOSPERM

__ HEART-SHAPED EMBRYO
B EGG

SYNERGIDS (2) C.

Figure 3.mSome embryological stages of Q.
POLAR rubra. 3A. The free nuclear endosperm. NucleiEMBRYO

SAC are triploid (3N) and exist in a common cyto-
plasm; Le., there are no cell walls separating
the nucleL 3B. As the endosperm begins to
form cell walls centripedally between the free
nuclei, the diploid zygote begins to grow into a
proembryo. 3C. The embryo is at the heart-

- CAECUM shape stage when the endosperm becomes
ANTIPODALS(3) corwpletely cellular. The "wings" of the embryo

are the cotyledons that will grow and eventu-
Figure 2.--An ovule ofQ. rubra,just before ally fiU most of the acorn.

fertilization. 2A. The nuceUus (N) is sur-
rounded by the inner integument (II) and the

outer integument (01). Thefuniculus (19 Information about later embryo and cotyledon
attaches the ovule to the septum (S). 2B. The growth of acorns is very limited. Mogensen
embryo sac contains the egg nucleus and (1965) provided the most detailed picture in his
seven other nuclei. Upon fertilization, the egg comparative study of Q. a/ba and Q. velut/ncr
and pollen gamete fuse to become a zygote; One major difference he notedbetween the two
and the two polar nuclei, which previously species was that the epicotyl apex of Q. a/ba
had fused to become the central cell, fuse with produced from three to five leaf primordia before
the other pollen gamete to become the triploid acorn maturity, but Q. velutina produced none.
endosperrcr Stairs (1964) also found no leaf primordia in

mature embryos of Q. coccinecr

STAMINATE FLOWERS

When we mention flowers, we tend to think only

of the pistillate flower that gives rise to the
13

ill IIII



acorn. But there is another flower on the tree: BUDSCALES

ofthepollen.Staminateor male flower that is the source A _
The origin of the staminate flowers is similar to D_ ----" CAT_N
that of the pistillate flowers, except that the
inflorescence or catkin on which they are _--_ _ STAM_ATEFLOWERS
assembled differentiates from a meristem in the

axfl of a bud scale, not a leaf. The first sign of _
differentiation of the staminate inflorescence -cp
primordium in those white oak species studied BRACT
appeared from late May to July. The inflores-

cence is without appendages until late June or _ I _ _FLORESCENCE

early July, when meristematic areas appear on PERIAN_ )
the axis (Merkle et at. 1980). These floral apex

primordia appear before or coincident with the

subtending bract primordia (Turkel eta/- 1955). @ ____AMENT

However, Sattler (1973) found that the ovate-

shaped floral apex of the staminate flower in Q. POLLENS*CS
rubra was initiated in the axil of a small ridge- B

shaped bract close to the apex of the inflores-
cence, just the opposite of where the female
apex forms on its inflorescence. The perianth Figure 4.--Catk/ns (inflorescences) (A) emerge
members arise on the flanks of the floral apex in from the axiIs of bud scales. Staminate

a spiral sequence; however, the sequence of flowers (B), bearing the pollen grains, are
stamen initiation is quite regular. The stamen assembled along the length of the catkin.

primordia appear on the apex opposite the
perianth members from mid-July to late July.
By fall, these stamen primordia grow into male flowers, the female flowers continue to
immature anthers and filaments. The overwin- develop in the axfls of expanding leaves of the

tering condition of the slightly lobed anther is new shoot.
that of a homogeneous parenchymatous mass.

One to two weeks after the catkins appear, the

Anther development resumes in early March to small anther sacs split open to expose the pollen
late April, varying by species and location, in grains (fig. 5). Pollen shedding is usually com-
higher plants, the parenchymatous mass plete in 3 to 4 days. The time of pollen shed is
differentiates into the sporogenous mass, its cell probably the best local index of the beginning of
numbers increase mitotically, and eventually the visible portion of the seed production cycle.

they undergo meiosis to become microspores If relative humidity is high at time of pollen
and, f'mally, pollen grains. For oaks, there is maturity, the pollen sacs may not split open.
only a pictorial account of meiotic stages per se Wolgast (1972), using growth chambers, demon-
as provided by Stairs (1964). Thus, there is a strated that relative humidity at the time of
need for research on the entire topic of oak pollen shed and stigma receptivity can limit the
pollen development, size of an acorn crop. No pistillate flowers

survived when relative humidity exceeded 61
Dehiscence of pollen grains occurs about 6 percent because the anther sacs did not open;
weeks after differentiation of the anther tissues but about half the flowers matured into acorns

begins (Turkel eta/. 1955). Before leaf flush, the when relative humidity was lower. Continued
staminate inflorescence of Q. mbra, bearing cool, rainy weather may cause overripe male
numerous staminate flowers, elongates and flowers to fall from the trees without shedding,

emerges from the bud scales as the familiar resulting in a poor seed crop. Variation in date
catkin (Vogt 1969). At first the catkins are erect of flowering within a crown and among trees
and clustered, but they soon elongate further within a stand may offset some of the pollen loss
and droop (fig. 4). During maturation of the related to weather conditions.
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growth just above the juncture of the three
stigmas (fig. 6). The white oak pollen tubes
resume growth toward the ovules in early June

FILAMENT and enter the locules. Fertilization is accom-
POLLEN SAC

plished by about June 15. In the two red oak
species, Q. rubra and Q. velutina, the pollen

POLLENGRAINS tubes ceased growth, as noted, until the follow-

ing growing season when pollen tube growth
resumed and fertil/Tation occurred in late May

o (Q, rubra) and late June (Q. velutina). Allard
(1932) also found that in the red oak group the

pollen tubes ceased growth at the base of the
O

o o style until the following spring when the ovules
o o o were fertilized.

0
0 0

0
o FAC'I_RS AFFECTING REPRODUCTIVE

o. SUCCESS

Figure 5.mPollen grains are released from the
pollen sacs when suitable temperature and Acom crops are the product of a long, arduous
relative humidity conditions have been met. journey from the initiation of the flower primor-

dium to the mature acom. The differentiation of

There have been conflicting observations about

the dynamics of pollen tube growth after the
pollen grain lands on the stigmatic surface. For TRANSMITTING

instance, Benson (i 894) did not fund pollen TISSUE
tubes in Q. robur, a white oak, until just before
fertiliTation. Jovanovic and Tukovic (1975)

observed that pollen germination in Q. robur was
completed within 24 hours, but fertilization
occurred 6 i_o 7 weeks later, suggesting that
pollen tube growth did not proceed until the
ovule had completed development. In contrast,
Allard (1932) observed that "When pollen
reaches the stigma of members of the white oak

group, the growth of the pollen tube containing COMPITUM
the male cells follows an uninterrupted advance
into the tissues of the style until the ovules are
fertilized." These conflicting observations of

pollen tube behavior for members of the same

subgenus and species suggested that an investi- LOCULE

gation of this anomaly was required. Cecich _ _
(unpublished data) observed pollen tube growth
in Q. rubra, velut/na, and alba with fluorescence
microscopy. All three species had the same
pattern of pollen tube growth soon after the Figure 6.--The stigma ofaflower receives the
pollen grains landed on the stigmas of the pollen grains during pollination. After the
pistillate flowers. Within 24 hours, the pollen pollen grains germinate, the pollen tubes grow
tube germinates from the pollen grain and partially through the transmitting tissue of the
penetrates the epidermis of the stigma. A stigmas and cease growth after several weeks
callose plug is synthesized to seal off the con- (arrow). In the second growing season, pollen
tents of the tube from the pollen grain; and the growth resumes and the tubes enter the

pollen grain falls off the stigma. The pollen compitum, a free space between the three
tubes grow through the transmitting tissue of styles, where they proceed into the locule to
the stigma for about 3 weeks, where they cease fertilize the egg.
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reproductive structures extends from the pri- differences were associated with variation in the

mordium stage in late May (year one), through number of flowers. He believed that fecundity
pollen shed mid female receptivity (year two), could be increased by selecting high-yielding
and finally fertilization, embryogenesis, and clones in a grafted orchard. Grafting of oak
maturation (year three). Over that length of scions selected from mature, flowering individu-
time, what causes an acorn crop to succeed or als can be readily accomplished and, thus,
fail? flowers can be made quickly available {Irgens-

Moiler 1955). Ledig et at (1971) and Wright
Except for deep freezes in late spring (Sharp (1953) also found much tree-to-tree variation in
1958, Sharp and Sprague 1967, Goodrum et at reproductive ability.
1971, Wolgast and Trout 1979), does the
weather affect differentiation? Probably the Schlarbaum and Rhea (unpublished data)
most important factor controlling the emergence evaluated flowering in a 17-year-old Q. mbra
of pistillate flowers in the spring and their seedling seed orchard in Tennessee. They
receptivity is temperature, which directly or selected a light-, medium-, and heavy-flowering
indirectly influences flower emergence through tree and counted all pistillate flowers. The
branch and leaf elongation. Emergence of the majority of flowers were located in the upper
staminate inflorescence and shedding of pollen one-third of the crown of each tree, and flower
are known to increase or hasten with rising numbers did not differ among the four quad-
temperatures and to slow with decreasing rants in a crown. Sharp and Chisman (1961)
temperatures (Romashov 1957). Rainy weather, found that pollen catkins were evenly distrib-
associated with decreased temperature, also uted across the crown of mature Q. a/bcL I have
decreased pollen dispersal. Mature pollen is also observed the latter in Q. alba, Q. rubra, and
more resistant to frost than anthers or the Q. velutincu

fllamentsof the catkins (Sharp 1958, Sharp and

Sprague 1967). Pollen tube growth may also be Insects can have a big impact on acorn crops.
affected by temperature, thus influencing the Most accounts are about weevils (Curculio spp.
northern boundaries for the species range and Conotrachelus spp.) as they destroy acorn
(Jicinska and Koncalava 1978). Sork et at crops (Gibson 1964, Kearby et al. 1986). How-
(1993) studied flower and acorn production in ever, weevils do not oviposit until midsummer,

the same population of northern red, black, and when the embryo's cotyledons are enlarging.
white oaks for 8 years. They suggested that But, most of the potential seed crop has been
these three species have inherent cycles of lost through flower abortion before then (Cecich
reproduction that are modified by weather 1993; Cecich et at 1991), suggesting that
conditions--black oak with a 2 year cycle, white weevils are not the major insect cause of poor

oak with 3 year cycles, and northern red oak acorn crops. Treehoppers (Membracidae) are
with 4 year cycles. However, they concluded another group of insects that deserve attention.
that the patterns of acorn production were not These sucking insects can spend their entire life
simply responses to weather events, but were cycle in the crown of an oak tree (Kopp and
also a function of prior reproductive history. Yonke 1973a,b,c, 1974). The late instars and

young adults actively feed on any meristematic
Genetic control over seed production in oaks tissue, including flowers, during May and early
has been demonstrated by a number of investi- June, just when most of the flower abortion

gators. During 6 years of observation, Grisez happens (fig. 7). We observed these insects
(1975) found no Q. rubra seed crops that were feeding on flowers that then died 1 week later

better than poor. He did not observe flower (Cecich et al. 1991). Controlled feeding experi-
crops because pistillate flowers were difficult to ments are being done at this time to better
see from the ground. Grisez stated that his elucidate the role of treehoppers in flower
observations confirmed other reports that seed- abortion.

producing capacity is, to a large extent, geneti-
cally controlled by the female parent. Farmer Several authors have concluded that the size of
(1981) found that in a given year seed produc- an acorn crop is not related to the size of a

tion among clones of northern red oak was most flower crop; i.e., the appearance of numerous
highly correlated with the percentage of pistillate pistillate flowers in the spring does not guaran-
flowers that were fertilized; while year-to-year tee numerous acorns (Sharp 1958, Sharp and
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Chisman 1961, Wright 1953, Gysel 1956, does not give us an accurate picture of the
Cecich et aL 1991, Sork and Bramble 1993). flowering process, but It does indicate where the
Factors that inhibit or enhance flower develop- shortcomings and opportunities exist. We can
ment, pollination, fertilization, and embryogen- then ask meaningful questions and do the

esis appear to be more important in determining appropriate research. We must study the
the success of a seed crop. biology of Q. mbra if we are truly interested in

managing Q. rubra acorn crops.
As was noted earlier, little information is avail-

able about the reproductive biology of Q. rubrcu LITERATURE CITED
In fact, no complete detailed life history for any
species of oak has been written. Therefore, our Allard, H.A. 1932. A progeny Study of the so-
knowledge of oak flowering biology is based on a called oak species Quercus saulii, with
few reports about selected events in only a few notes on other probable hybrids found in
species. These references are often combined to or near the District of Columbia. Bulletin of
tell a developmental "story" about a hypothetical the Torrey Club. 59(2): 267-277.
oakwan oak that probably does not exist.

Before we try to interpret how various factors Benson, Margaret. 1894. Contributions to the
influence the production of flowers and acorns, embryology of the amenttferae. Part I.
we must develop a solid understanding of the Transactions of the Linnean Society of Lon-

reproductive cycle of individual species. The don. 2d Series-Botany. 3: 409-424.
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Figure 7.--A typical survival curve of the oak pistillate flowers. White oak takes one growing season to
produce its acorn crop; red oak requires two. Most of the flower loss occurs in May and early June,
when treehoppers are actively feeding. Inadequate pollination may also contribute to the early
abortion. Weevils oviposit after most of the potential seed crop has aborted. In either species of oak,
less than 5 percent of the flowers usually survive to become acorns.
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Carbon Fixation and Allocation
in Northern Red Oak

JoG. Isebrands, P.T. Tornlinson, and R.E. Dickson

In North America, northern red oak {Quercus could help us better understand a plant's
rubra L.) ranges from Minnesota northeast to performance in natural environments. More-

Nova Scotia and south to Georgia and Louisiana over, carbon fixation and allocation are tightly
{Harlow and Harrar 1958, Bums and Honkala linked with acquisition of other resources, such
1990). Moreover, northern red oak hybridizes as nitrogen and water (Pearcy et al. 1987).
readily with other co-occurring red oak species, Understanding carbon budgets in northern red
making its adaptability and genetic influence oak could also help us identify attributes that

even more widespread across eastern forests could be manipulated through different man-
(Jensen eta/. 1993). It is highly valued for agement practices (Dickson eta/. 1990). For
lumber and veneer, and is an important tree for example, such understanding may lead to
wildlife food, blodiversity, and aesthetics. But, improved management practices for natural
northern red oak is difficult to regenerate either regeneration or nursery production; in addition,

naturally or artificially even after many years of it could provide information on the potential
silvicultural research (Crow and Isebrands impact of environmental stress on growth
1986, Crow 1988, Johnson 1994). In fact, (Dickson and Isebrands 1991). However, basic

northern red oak seedlings typically exhibit slow information on Carbon budgets of northern red

early growth and experience dieback in most oak should be developed first under standard
field environments. Also, nursery stock is often environmental conditions. Then, patterns of

characterized by variable growth and poor carbon fLxation and allocation can be deter-
quality, mined and interpreted under stress conditions,

such as drought or anthropogenic pollutants
If the processes regulating oak seedling growth (i.e., SO2, 03, and acid deposition) (Dickson and
were more clearly understood, this knowledge Isebrands 1991). In this paper we review what
could be used to develop physiologically based is known about carbon fuxation and allocation in
strategies for managing the species. Unfortu- northern red oak. Emphasis Will be on seed-
nately, there is a lack of fundamental knowledge lings grown in a controlled environment with
of the physiological processes controlling early some reference to companion field studies. We
growth and development of northern red oak will show that patterns of leaf development,
compared to many trees. Until recently there carbon fixation, and carbon allocation in north-
have been few studies on carbon f_ation and em red oak are not typical of the patterns
allocation in northern red oak (Kramer and commonly found in most temperate tree species
Decker 1944, Farmer 1975, Chabot and Lewis with similar simple-leaf forms.

1976, Hinckley et al. 1978, Heichel and Turner
1983, Jurik 1986, Dickson et al. 1990, LEAF DEVELOPMENT
Tomlinson and Dickson 1992). This lack of

fundamental information on carbon budgets is Growth of northern red oak occurs in episodic
of concern because carbon allocation within flushes with cycles of shoot growth and appar-

plants is a major determinant of growth ent rest (Borchert 1975, Reich et al. 1980,
(Dickson 1989, 1991). Knowledge of how Isebrands etal. 1988, Dickson 1994). Shoot
carbon fixation and allocation change in re- growth progresses from a bud stage, to a linear
sponse to changing environmental conditions stem growth stage, to a linear leaf growth stage,

to a lag stage (apparent rest); then the cycle is
repeated (Hanson et al. 1986). Within-leaf

J.G. Isebrands is a Tree Physiologist, P.T. development in northern red oak is acropetal

TonlkIinson is a Plant Physiologist, and R.E. and physiological leaf maturation continues
Dtckson is a Principal Plant Physiologist with past full leaf expansion, unlike that in most
the North Central Forest Experiment Station, temperate tree species with simple leaves

Forestry Sciences Laboratory, Rhinelander, WI. (Tomlinson et al. 1989, 1991). In controlled
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environments, several episodic flushes may
occur, depending upon environmental condi-
tions and culture. In nurseries, northern red QM_ Definition

1-Lg _- 1-Lag _Apparent growth rest
oak seedlings usually exhibit two or three 2-_d_ 2-B°_ .8o_swe,
flushes in a season in the northern part of the 2-s, _-=-2-StemLinear _R.inearstemgrowth I::::}l2-LL _ 2-Leaf Linear _Linear leaf growth IE3i r-_ , .-, [_

species' range and four to five in the southern 2-Lg3.Bd__ 2-Lag3.Bud c::}!!Ca _ }r--_

part (P. Kormanik, personal communication). In 3-SL_ 3-StemU,ear =! ='" _ tKEI
the field, seedlings have one to two flushes in 3-LL....3-L_afUnear = _tKE]3-kg _-_3-Lag #1 r_i

the north and two to three in the south, depend- T_o-te-;','_&_u_,;s;_-_-ts-s........... El= = = _ tF-]
ing upon environmental conditions. The num- 9rowthflush number. =

ber of leaves within a flush varies with age and _ _ __

size of seedling. The firstflushhas3to7 _ _ _," c "*c " "*c " =*
leaves, the second 5 to 10, and the third 8 to 15 ., , ., ., ., = _ 7 -,
(Hanson et eL 1986). Freely growing coppice ,,, -_ _
shoots can have many leaves and may even _-Lg 2-Bd 2-SL 2-LL 2-Lg 3-Bd 3-SL 3-LL 3-Lg

approach an indeterminate shoot growth pat- Quercus Morphological Index (QMI)

tern (Cobb et eL 1985). Moreover, the number Figure 1.--Defin/t/ons ofQuercus morpho/og/ca/
of leaves in a flush and the timing of flushing index (QMI) stages and schematic of the devel-
are under genetic control (Farmer 1975). opment of a typical three-flush northern red oak

seedling according to QMI (from Hanson et al.
Knowledge of the seedling developmental stages 1986).
and leaf maturation patterns is essential for
studies of carbon fixation and allocation in
northern red oak. Without careful attention to net photosynthetic rate, as our def'mition of

the exact stage of development, investigators carbon fixation. In northern red oak seedlings
can easily confound and misinterpret carbon growing under optimal conditions in controlled
flxaUon and allocation patterns (Dickson 1989, environments, light-saturated CER increases
1991). We developed a Quercus morphological during leaf development (Hanson et al. 1988a)

index (QM I) to avoid these problems (Hanson et (fig. 2) and continues beyond full leaf expansion
eL 1986, Dickson 1994). The QMI is based on before declining (Hanson et eL 1988a,

simple leaf and stem growth measurements of Tomlinson et eL 1991) (fig. 3). In first-flush
northern red oak seedlings. Four distinct stages leaves, CER increases from the 1-SL stage to the
have been def'med for each flushing episode--- 2-LL stage, decreases during 2-Lg, then in-
bud swell (Bd), linear stem elongation (SL), creases again during the third flush. The CER

linear leaf elongation (LL), and lag (Lg) (fig. 1). of second-flush leaves follows this same pattern,
The QMI is used for carbon fixation and alloca- increasing from 2-SL to 3-SL before decreasing
tion studies of northern red oak in several ways during 3-Lg (fig. 2). The maximum CER re-
(Isebrands et al. 1988): (1) to ensure uniformity corded under controlled environment conditions

of morphological stages of development in (i.e., 400 umol photosynthetic photon flux
parallel studies of the same seed source at density) is between 7 and 8 umol m-2s -1 (Hanson
different locations, (2) to compare seed sources et eL 1988b).
from year to year, (3) to determine shifts in plant
development due to different treatments or First-flush leaves of northern red oak seedlings
environments, and (4) to relate the morphologi- do not attain maximum CER until the plant
cal stages of seedling development to specific reaches the leaf linear stage of the second flush
biochemical, physiological, and anatomical (2-LL), well after the first-flush leaves have
events and processes. The QMI is used stopped expanding (figs. 2 and 3). This pattern
throughout the remainder of this paper, distinguishes northern red oak (and perhaps

other oaks) from most temperate trees with

CARBON FIXATION simple leaves in which CER usually peaks at or
near full leaf expansion (fig. 3). The continued

Carbon fixation in northern red oak trees varies increase in CER beyond full leaf expansion in

widely with stage of leaf development, tree age, oak is a result of the continuing development of
and environmental conditions. We refer to photosyntheUc pigment andenzyme systems

carbon exchange rate (CER; umol CO2 m-2sl), or rather than leaf anatomical differentiation
(Isebrands etal. 1988, Tomlinson etal. 1991).
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Dark respiration in northern red oak seedlings
grown in controlled environments is highest
(most negative) during leaf expansion (i.e., SL

-i S -1CEF (_mol CO2m ) and LL) and decreases to the lowest (least

Gro_nh& Gro_h& _ negative) rate at 100 percent leaf expansion (i.e.,
- Expansion Expansion / "_t It is stable thereafter through subsequent

flushes, averaging -0.5 to -1.5 umol m-2s -1

6 _- . ....t "",, / _k_ (Hanson et aL 1987b, 1988a). Other investiga-

/I" _. )t -I tors have confirmed these respiration rates in

4- /t iilh ila the field (Heichel and Turner 1983, Jurik 1986).- ;isll Carbon fixation rates in northem red oak leaves

2 - in the field are more variable than in controlled
2nd ves

- lushLeaves environments; however, the number of reports

0 t _ t _ j _ _ t t t , on this subject is limited. In a drought experi-
1-SL 1-Lg 2-SL 2-kg 3-SL 3-kg

l-EL 2-Bd 2-EL 3-Bd 3-LL QMI ment in which field-grown saplings were trans-

Figure 2.JLight-saturated carbon exchange rate planted into the greenhouse, Hinckley et aL
(CER) of first- and second-flush leaves during (1978) found that northern red oak exhibited
development of a three-flush northern red oak rather low CER with an upper asymptote of 5.7
seedling grown in a controlled environment, umol m-2s 1. CER peaked at 26 ° C, but dropped

dramatically when temperatures approached
Data are plotted as a function of QMI stage.
Error bars are the 95 percent confidence 40 ° C. Drought significantly decreased CER to

intervats for first- and second-flush leaves as about 1.5 umol m-2s 1, but rates recovered soon
after rewatering. In addition, Heichel and

indicated. Turner (1983) studied CER of northern red oak

saplings in the field before and after simulated
insect defoliation. CER's were between 5 and 8

umol m-2s 1, depending on light conditions.
Maximum CER occurred in July and August
and then decreased in September and October.
CER increased in leaves remaining after defolia-

tion, partially compensating for the adverse
effects of defoliation. In a study of CER in

PercentMaximumCER mature overstory northem red oaks, Jurik
Growth&Expansion (1986) found that CER varied with light condi-

10o - -"----"-_ I .... _ tions, season, and year. CER of leaves in the
x ,, top of the canopy reached 14 umol m-2s "I during

a0_ / [] ._ . /__.._.. one season, while CER in the understory leaves

B0 - was only 6.7 umol m2s -i. We can conclude
- from these field studies that leaves of mature

40 - M t)_r-bra Generalized _ northern red oak maintain a rather high level of- Temperate

20 - Species CER through much of the growing season

o , , , , , , , , , unless they are subjected to stress such as
Relative Time drought or defoliation (Hanson et al. 1987a).

I I I I I I I

1-SL 1-Lg 2-LL 3-Bd QMI _ON ALIX)CATION
1-LL 2-SL 2-Lg

Figure 3.--Percent of _ light-saturated Terminology
carbon exchange rate (CER) as a function of

QMI (dashed line) or relative time (solid line). In the scientific literature, there are differences
Error bar given for northern red oak data is the of opinion and confusion about the terminology
95 percent confidence interval Solid line associated with carbon allocation studies. The
depicts a typical curve for CER of most temper- terms carbon allocation, carbon partitioning,
ate tree species. The period of lecffgrowth and and biomass components are often used inter-
expansion for both curves is depicted by the changeably, but have very different meanings
horizontal arrow. (Dickson and Isebrands 1993). We prefer the
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following terminology and will use it throughout from a first-flush source leaf increases from
this paper. Carbon allocation refers to carbon about 20 percent at 1-Lg to more than 70

distribution within the plant. Carbon partition- percent at 2-SL, decreases during 2-Lg, then
ing refers to carbon flow among different cherni- increases during the third flush. About 90
cal fractions {e.g., transported chemicals, or percent of the translocated photosynthate is
storage pools). Allocation and partitioning are transported upward to the developing stern and
usually determined with 14C labeling (Isebrands leaves during the second flush and about 90 to
and Dickson 1991). Biomass components (i.e., 95 percent is transported downward to the

leaves, stem, roots, etc.) are mensurational lower stem and roots during Lg periods (fig. 5).
parameters that are usually presented as oven First-flush leaves also contribute photosynLhate
dry weights and are the result of the more to developing third-flush leaves and stem,
mechanistic process parameters, carbon alloca- allocating about 50 percent of the translocated
tion and partitioning. 14C upward. These patterns all indicate fllat

source leaf metabolism is strongly controlled by
Distribution sink demand in northern red oak seedlings.

Distribution of current photosynthate from first-
flush leaves of northern red oak seedlings grown
in controlled environments is directly related to

plant developmental stage, or QMI (Dicksonandof14C retained in the _ 100 ___l_

Isebrands 1987, Isebrands and Dickson 1987,

Dickson et aL 1990). 14C fixation and transloca- ,o 80
tion patterns (fig. 4) mirror CER patterns (fig. 2),

while the quantity source ._ Bo

leaf is inversely related to that transported from g _ X _( _._port

the leaf (Dickson 199 1, p. 651. '4C transport _ / \ / \ /I \ _rY_t'_ 40 / _ /_ / I \ Upward

Percent of Total 140 Recovered

....---/_...... SourceLeaf Percent of Total 14CFed o J = _ _ _ _ _ A J1-Lg 2-Bd 2-SL 2-LL 2-Lg 3-Bd 3-SL 3-LL 3-Lg' 4-Bd

..... -_ .... Translocated + Carbonfixation Quercus Morphological Index (QMI)

so . &

f-"'""'-.....1eo • " .." 14C-photosynthate from first-flush leaves as a
eo function of QMI. Seedlings were grown in a

40 eo controlled environment. Data are expressed as

40 a percentage of the 14C translocated out of the
20 first-flush source leaf during 48 hours after

20 photosynthetic exposure to 14C02.
0 - 0

' _ _ _ _ ' _ _ ' The transport pattern of 14C from second-flush
1-Lg 2-SL 2-Lg 3-SL 3-Lg leaves is similar to that found for first-flush

2-Ba 2-LL 3-Ba 3-LL QMI
leaves, primarily upward during the third flush

Figure 4._Changes in 14Cfixation by, z4C and downward during 3-Lg (Tomlinson and
retention in, and _4C transport from first-flush Dickson 1989). Of the photosynthate trans-
leaves of northern red oak seedlings grown in a ported from a median second-flush leaf, about
controlled environment as a function of develop- 60 percent is transported upward to developing
mental stage (QMI). 14Cfixation was deter- leaves and stem during 3-LL, but only about 10
mined immediately after a 30-minute photosyn- percent is transported upward during 3-Lg and
thetic exposure of the source leaf to 14C02 and 3-Bd stages (fig. 6). Moreover, during active
is expressed as a percentage of the 14C02 shoot growth, basal second-flush leaves translo-

supplied. 14C retention in and transport from cate more 14C-photosynthate to the lower stem
the source leaf were determined 48 hours later and roots than apical leaves, while apical leaves
and are expressed as a percentage of the total transport more to the developing shoot. How-
14C recovered at harvest (48 hours), ever, these leaf positional differences are not
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Direction of Yranslocation from a developing leaves as defined by the developmen-
Median 2nd Flush Leaf _ stage within the flush cycle. Differences in

transport patterns in different environments are

so related to timing of each developmental stage
(QMI) of the seedling. Time in days after emer-
gence (DAE)required to reach a specific QMI60

-_ stage is 5 to 10 days longer in field-grown

_ 40 seedlings than in seedlings grown in a con-

J] "x_/ _ trolled environment [fig. 8). Thus, carbon

allocation patterns in northern red oak seed-

20 lings are related to plant developmental stages
rather than some chronological time such as

oo _ , , , , , , , ' DAE.
2- Lg 3 - SL 3- Lg 4- SL 4- Lg

3 - Bd 3 - LL 4 - Bd 4 - LL

QMI Because of the above carbon allocation patterns,
the variability seen in the developmental stages

Figure G.--Dtstributfon of l4C-photosynthatefrom of northern red oak seedlings in nursery beds
second-flush leaves as afiumtion of QMI. and in the field presents major practical man-
Seedlings were grown in a controlled environ- agement problems. Ideally, any silvicultural
ment. Data are expressed as a percentage of manipulation of northern red oak seedlings
the 14C translocated out of the second-flush should take place at a uniform developmental
source leaf during 48 hours aflerphotosyn- stage. For example, undercutting of seedlings in
thetic exposure to 14C02. the nursery should be done during the lag stage

when photosynthate is being allocated to root

systems and is available for new root growth.
However, the variable rate of development

present in lag plants because essentially all among seedlings makes it difficult for managers
transport is downward to the lower stem and to prescribe standard silvicultural practices
roots. Thus, leaf position within a flush influ- designed to improve survival and early growth of
ences distribution only during active shoot northern red oak seedlings. That task would be
growth (Tomlinson and Dickson 1989). less difficult if flushing variability could be

decreased through genetic selection or improved
When 14C transport patterns from first-flush nursery practices.
leaves of northern red oak seedlings grown in
controlled-environment growth chambers are There has been little, if any, work on carbon
compared to those from seedlings grown in the allocation in mature northern red oak trees,

greenhouse and field, the patterns are similar ff although some possible guidelines are provided
the plants were presented 14C at the same by McLaughlin et aL (1979, 1980), who studied
developmental stage (figs. 7a,b,c). We have seasonal changes of photosynthate and chemi-
examined carbon allocation in potted plants cal fractions in leaves and branches of mature

{year 1) in the growth chamber and greenhouse Quercus alba trees. They found that canopy

as well as in a typical nursery bed (Tomlinson growth and maintenance imposed a significant
and Dickson 1992). When first-flush leaves are drain on photosynthate throughout the growing
labeled with 14CO 2 at different developmental season. However, because there are physiologi-
stages, the percent of 14C exported during 48 cal differences between species, similar studies

" hours from the first-flush leaves to developing in northern red oak are necessary.
second-flush shoots and roots are similar for all

environments (fig. 7a). During development of Partitioning Among Chemical Fractions
the second flush, approximately 90 percent of

14C exported from the first-flush leaves was Carbon partitioning among chemical fractions in
transported to the developing shoot (fig. 7b). leaves of northern red oak seedlings changes
But, in the absence of active shoot growth, over time and with stage of plant development
nearly all the 14C exported was found in the (figs. 9 and 10). When first-flush leaves at 1-Lg
roots (fig. 7c). Allocation within the plant is are fed 14CO2, the percentage of 14C in sugar
Controlled by the changing sink strength of the decreases with time after treatment as sugar is

metabolized or translocated from the leaf (fig. 9).
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14CTranslocated to the Shoot
14C Translocated from Source Leaves during Development
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Figure 7.--A comparison of containerized northern red oak seedlings grown in a controlled-environment

growth chamber, greenhouse, and field: A. 14C photosynthate distribution from first-flush source

leaves. Distribution is expressed as the percentage of total 14C translocated out of the source leaf into

the second-flush shoot during 48 hours after photosynthetic exposure to 14C02, when the first flush

was exposed to 14C02 at each QMI stage throughout development of the second flush," B. 14C photosyn-

thate translocated from the first flush to the shoot during the second flush; and C. 14C photosynthate
translocated to the roots from the first flush during the second flush.
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._" =I_ Figure 8.--Rate of ontogenetic development in

uJr 30 - o_.-_" " _ containerized northern red oak seedlings grown
......, - in a growth chamber, greenhouse, and field.

- _ ..'" ,:"::...." Time required to achieve each QMI stage is
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_ _.*_= plotted as afitrmtion of days after emergencea _ (DAE).
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Percent ofSummed14C increases for the remaining period. This pattern
indicates that stems have both diurnal and

80 _ long-term starch storage pools. In roots, the

50 _ v -J percentage of 14C in starch increases for 12 to

__. 24 hours, then remains constant, indicating

40 _ long-term storage. Taproots contain about three
times as much 14C starch as lateral roots do

30 :,:"_" .. (data not shown). The 14C content in protein of
20 ......

/ ,......:.,: ................................... _ stem and root tissues increases during the frrst

10 y)g':'::"__i')iii'i.i...::.lt::................_....._...........=ll 12 hours, then remains constant for the rest ofthe chase period. Lateral roots contain almost

0 twice as much 14C protein as the taproot does
_ I I I I (data not shown).

2 6 12 24 48 72 Hours

............ _. ............. Sugars ............._¢............. Starch Like carbon fixation, carbon partitioning pat-
_Q.._.__. Residue ........ _ .......... Protein tems in northern red oak are episodic and

related to leaf growth and subsequent plant
development (Dickson 1986, 1991; Dickson and

Figure 9.--Partitioning 0f14C among chemical Tomlinson 1988). The partitioning of recently
fractions infirst-flush northern red oak leaves fixed 14C among different chemical fractions in
as a function of time (hr) after a 30-minute first-flush source leaves changes dramatically
photosynthetic exposure of 1-Lg plants to 14C02. when leaves are exposed to 14CO2 and analyzed

at different QMI stages (fig. 11). These changesThe residue fraction contains primarily struc-
tural carbohydrates. Components of the leaf reflect both maturation processes within the leaf
were separated into four chemical fractions, and metabolic changes in carbon flow due to
using differential solubility, ion exchange, and changing sink demands in the seedling. For
enzymatic techniques; percentages given are example, almost 50 percent of the 14C recovered
based on the sum 0f14C recovered in the four in first flush source leaves at 1-Lg is found in
chemical fractions (Isebrands and Dickson residue. Although 14C partitioning into residue
1991), decreases during each subsequent QMI stage

through 2-Lg, more than 15 percent 14C is still
incorporated into residue at 2-Lg and later QMI
stages, indicating continued vascular develop-

In contrast, the percentage of _4C in the residue ment well after full leaf expansion. The percent-
(i.e., structural carbohydrate) fraction increases age of 14C incorporated into protein increases
with time, indicating continuing vascular from 1-Lg to 2-Bd, decreases to 2-Lg, then
development. The percentage of 14C in starch increases again at the beginning of the third
increases during the light period (i.e., the first flush. This pattern of protein synthesis indi-

12 hours), then decreases during the subse- cates that physiological development continues
quent dark period. Starch storage in leaves well after full leaf expansion and shows a
during 1-Lg is primarily associated with the response (similar to that observed for CER) to
diurnal cycle of carbon'storage. The starch increased sink demand during flushing epi-

accumulated during the light period is degraded sodes, perhaps indicating cyclic synthesis of
in the dark to maintain sugar transport out of Rubisco.
the leaf. The percentage of 14C found in protein
increases during the first 6 hours after treat- The percentage of 14C recovered in both sugar
ment, then remains constant, and starch also changes with QMI. The 14C

remaining in the sugar fraction after 48 hours

Partitioning patterns in the stem and roots after increases almost linearly from 1-Lg to 3-Lg,
14C labeling of mature leaves are similar to those although there may be a slight cycle from 1- to
found in leaves (Dickson eta/. 1990). In both 2-Lg and from 2- to 3-Lg. This sugar is prob-

stem and root tissue, the percentage of 14C in ably a storage pool that increases with leaf age
sugars decreases and that in structural carbo- and does not respond to sink demand as do
hydrates (residue) increases with time (fig. 10). CER and translocation (figs. 2 and 4). 14C
In stems, 14C in starch increases for 12 hours in incorporation into starch in frrst-flush source

the light, decreases during the dark period, then leaves at 1-Lg is primarily into the diumal
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.....9 ..... Sugars -..._..- Starch
Residue - _- - Protein
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Figure lO.--Changes in partitioning 0f14C among chemical fractions from stem and root sink tissues over
time. A. and C. The 14Cpresent in each of four chemical fractions expressed as a percent of the summed
14C from stem and root tissue, respectively. B. and D. The same data expressed as root tissue, respectively.

Percent of Summed 14C in Sugars
in Starch and Protein and Residue

" '_ 503o / \ ,
.._ " .&" / \ _ ......_- .'" 40 Figure 11.--Partitioning of 14C among chemical; ' / ",. / V "', ."

./ hk"'( "'t/ .:".. "_ fractions in first-flush northern red oak source

...._ .-" ....._..... leaves as a function of QMI stage. Leaves were

.....A./......_ _ 20 exp°sedt°14CO2f °r 3O minutes and harvested
lO A....-II.__. _ , .,,,, --_ after 48 hours. The chemical fractions were_" lO then analyzed as described in figure 9.
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storage pool because less than 10 percent of 14C Maximum CO2 fLxation occurred in full sunlight
is present in starch after 48 houi-s (figs. 9 and (1900 umol m-2s-1), and fLxation did not decrease

10). In contrast, the percentage of 14C found in appreciably until there was more than 50

starch increases from _ 1-Lg to 2-Lg, then de- percent shade (500 umol m-2s'l). In heavy
creases to 3-SL, then increases again. This shade (less than 200 umol m-2s-1), daffy carbon
partitioning pattern indicates that, in addition to gain was always negative. This budget analysis
diurnal storage, there is a long-term starch suggested that small northern red oak seedlings
storage pool in northern red oak leaves that growing under a full forest canopy or under

changes in size over development. 14C incorpo- dense vegetation do not receive sufficient light
rated into this starch storage pool may also for photosynthesis to offset respiratory losses.

reflect both the increasing physiological matu- Thus, mortality is likely. The silvicultural
rity of the source leaf (1-Lg to 2-Lg) and chang- implications of these results are significant m
ing sink demand for assimilate (after 2-Lg). larger seedlings are desirable to decrease com-

petition, and an adequate light environment for
The incorporation of 14C into residue, starch, the seedlings must be maintained through
and sugars of both stem and taproot is also overstory manipulation and understory control.
cyclic and varies with QMI. Although more total
14C is recovered in each of these fractions during S_
2-Lg and 3-Bd when most transport is down-

ward from source leaves (fig. 5), the percentage Carbon fixation and allocation patterns in
of 14C decreases in residue and increases in northern red oak are episodic and closely
sugar and starch (data not shown). This result related to leaf and plant developmental stage.
indicates that both stem and taproot accumu- Unlike most temperate trees, northern red oak
late reserves during the lag period when more has an acropetal pattern of within-leaf differen-

assimilate is available than needed for growth, tiation, and physiological leaf maturation
continues past full expansion. Leaves of previ-

Carbon Budget ous flushes are important contributors to the

growth of subsequent flushes. Juvenile north-
There have been few studies of carbon budgets ern red oak seedlings growing in the field are
in northern red oak. The paucity of studies is dependent upon an adequate light environment
likely due to the lack of fundamental informa- to maintain a positive carbon balance and
tion on carbon f_cation and allocation in the improve survival and early growth. Carbon
species in general and the difficulty in obtaining fixation and allocation in northem red oak in
some of the measurements, such as root reSpi- field environments are similar to those in a
ration, necessary for calculating carbon bud- controlled environment. However, more re-
gets. In one study on changing carbon budgets search is needed, and that research should be

in response to simulated insect defoliation of 9- scaled up from the seedling level to larger trees
to 11-year-old northern red oak saplings, and from tree crowns to forest canopies. This
Heichel and Turner (1983) found defoliation effort should include studies of carbon alloca-

significantly decreased carbon f_ted from 69 g tion during flowering and acom production.
CO2 d-1 in control trees to 24 g CO2 d-1 in 75 Such research will provide valuable information
percent defoliated trees. Even after the defoli- needed to help ensure that northern red oak
ated trees had produced new leaves, carbon maintains its place in future forests.
fixation increased only to 38 g CO2 d-l, much
less than in undefoliated trees. Sixty percent of ACKNOWLEDGMENTS
the increase in daffy carbon fixation was attrib-
uted to new foliage, and the remainder was The authors wish to thank Dr. Paul J. Hanson
attributed to an increase in carbon assimilation for his review comments; Ed Bauer, Gary
rate of the remaining old leaves. Garton and Gary Buchschacher for their techni-
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The Silviculture of Northern Red Oak

Paul So Johnson

The natural range of northern red oak (Quercus Consequently, our knowledge of northern red
mbra L.) spans several clhnatic and ecological oak has increased substantially in the last
regions in the Eastern United States and East- decade.
em Canada (Sander 1990) (fig. 1). For that
reason, it is difficult to generalize the species' CHANACTERI[STICS OF NATURAL STANDS

] silviculture because tree growth, competition,
and factors affecting regeneration vary greatly Composition, Structure, and Yield

1 among regions. Recent increases in the value of
northern red oak for timber and wildlife, com- Over much of its rmlge, northern red oak is a

bined with threats from gypsy moth (Lymantria minor to moderately important component of
dispar L.), oak decline, and regeneration fail- upland hardwood forests. Stands that are
ures, have furthered interest and concern for its predominantly oak often trace back to the 19th

culture and spurred silvicultural research, century when grazing and burning of forests

Figure 1.--Tne nat_al range of northern red oak (Sander 1990).

Paul Johnson is a Principal Silviculturist with
the North Central Forest Experiment Station,

Forestry Sciences Laboratory, Columbia, MO.
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were frequent and extensive (Abrams 1992; Pure northern red oak stands 2 are common in

Grimm 1984; Jokela and Sawtelle 1985; Little the transition zone between the oak-hickory and
1974; Lorimer 1985, 1989; Nowacki et al. 1990). mixed mesophytic forests of the Central and

Today, stands dominated by northern red oak Appalachian Hardwood Regions and between
are typically even aged and occupy sites ranging the former and northern hardwood forests of the

from site index 50 to 110.1 Except during the Lake States and New England (Arend and

early stages of stand development, northern red Scholz 1969, Hibbs and Bentley 1983). They
oak is largely restricted to a position of domi- also are common in the southern Appalachians,
nance and does not persist in a subordinate the Driftless Area of southwestern Wisconsin,

crown position (Goff and Zedler 1968, Loftis and contiguous areas in adjacent States. In
1983a). Consequently, in mature stands there southwestern Wisconsin, gross yields of normal
typically are few, if any, red oaks of small 100-year-old red oak stands range from about
diameter. When present, trees of subordinate 3,200 cubic feet per acre on site index 50 to

crown classes are usually limited to the more 6,200 cubic feet per acre on site index 70 (fig. 2).
shade tolerant species. In even-aged stands, Diameter growth of northern red oak exceeds
red oak diameters tend to be normally distrib- that of associated oaks in West Virginia (Trimble

uted (Loftis 1983a) by the time stands reach a 1960). Rotation lengths for sawtimber range
mean diameter of 8 inches d.b.h. (Gingrich from about 80 to 120 years depending on
1967, Hibbs and Bentley 1983). Even in un- management objectives, site quality, and other
even-aged stands of mixed species with an factors.

overall inverse J-shaped (negative exponential)
diameter distribution, the diameters of the oaks

themselves tend to be normally distributed SITEINDEX(FT)

(McGill 199 I, Stout 199 I). 8000 -- 70

Mixed oak stands on productive sites, whether _ 7000
even aged or uneven aged, tend to be vertically :5 _ 55
layered, with one or more lower strata composed O

of shade tolerant species such as sugar maple "" 6000klJ

1 60
(Acer saccharum Marsh.), red maple (A. rubrum rv J
L.), and American beech (Fagus grandifolia 0
Ehrh.) (McGfll 1991, Nowacki et aL 1990, Stout o, 5000 jJ
1991). In some ecosystems, there is a a_

w jJ
subcanopy of shade tolerant tree species such _ 4000 " 50

asfloweringdogwood(ComusfloridaL.)thatare _-- ____ _ _t----
incapable of growing into middle or upper crown O f-strata. Several structural layers, including a > 3000
shrub stratum, in combination with high stand

density thus may reduce light intensities on the O 2000
forest floor to less than 10 percent of full light
(Allard 1947, Hanson et al. 1987, Pubanz and
Lorimer 1992). Under such conditions, north- ] 000 .....

em red oak is typically restricted to one genera- 40 60 80 ]00 ]20 ]40

tion because it usually is replaced by more STAND AGE (YEARS)
shade tolerant species (Nowacki et al. 1990).

Figure 2.--Relation of gross volun_ yield per acre
to stand age and site index for stands domi-
nated by northern red oak in southwestern
Wisconsin. Includes trees >_0.6 inches d.b.h.,

ISite index is the mean height in feet of dominant and tops and limbs suitable for cordwood; bark
and codominant trees at an index age of 50 years, is excluded. (17= -249.69(AGE .5) -
There is only approximate equivalence among the
available sets of site index curves, which are devel- O.011636(AGE 2"5)+ O. 18658(S 2) +
oped by region. 1.2754(SI)(AGE), where V _- volume in cubic feet

2A pure stand is herein defined as one in which 80 per acre, S = site index O_t),and A = stand age.

percent or more of the dominant and codominant trees Adapted from Gevorkiantz and Scholz, 1948
are of one species. (table 4).)
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Site Index and Site Relations (B. papyrifera Marsh.), American basswood (T///a
amer/cana L.), American elm (U/mus amer/cana

Site index curves for northern red oak are L.), white ash (Frax/nus amer/cana L.), and black
available for several regions, including the Lake ash (F. nigra Marsh.) (Carmean 1979). In the
States (Cannean 1978, Gevorkiantz 1957}, New Southeast, red oak site index can be estimated

England (Hibbs and Bentley 1983), the central from the site index of shortleaf pine {P/nus
Appalachians (Lamson 1980}, and the Boston echinata Mill.), pitch pine (P. r/g/da Mill.), black
Mountains of Arkansas (Graney 1977). The oak, white oak (Quercus alba L.), southern red
latter two are composite curves for northern red oak (Q. falcata Michx. vat. fa/catc0, yellow-poplar
oak, scarlet oak {Q. cocc/nea Muenchh.), and/or (Liriodendron tulipifera L.), and sweetgum
black oak (Q. velutina Lain.). There also are (L/qu/dambar styrac/flua L.) (Doolittle 1958,
composite site index curves for "upland oaks" Nelson and Beaufalt 1956, Olson and Della-
that, in their development, included northern Bianca 1959). In the Central States, red oak
red oak (e.g., the curves of Olson (1959) for the site index can be estimated from the site index

southeast and Schnur {1937) for the Central of black oak, white oak, scarlet oak, and yellow-
States). However, Schnur's curves do not poplar (Carmean and Hahn 1983).
consider potential differences in height growth

among species. Because there are differences Equations for estimating red oak site index from
among the oaks (Carmean 1971, Graney and soft and topographic factors also are available
Bower 1971, Lamson 1980), species-specific for several regions including northwestern West
curves or curves based on statistically deter- Virginia (Auchmoody and Smith 1979), the
mined species groupings are preferable to Ridge and Valley Region of Pennsylvania
curves where such differences have not been (Bowersox and Ward 1972), northeastern Iowa
considered. {Einspahr and McComb 1951), the Boston

Mountains of Arkansas (Graney 1977), and the
The exceptionally rapid early height growth of northern Appalachians (Trimble and Weitzman
red oak stump sprouts raises questions about 1956, Yawney and Trimble 1968). In general,
the applicability of existing slte index curves to the relations expressed by those equations show
trees of coppice origin. Currently, there are no that northern red oak site index, and thus the

site index curves specifically developed for species' rate of height growth, Is greatest on
northern red oaks of coppice origin. However, deep soils on north and east aspects and lower
Trimble (1968) concluded that the site index of slope positions. However, those studies also
multiple-stemmed northern red oaks, presum- show that other factors may be associated with
ably of coppice origin, and single-stemmed trees site index, including slope shape, soil texture,
of unspecified origin were equal based on soft nutrients and pH, thickness of the A 1
Schnur's (1937} curves. Nevertheless, we know horizon, and precipitation. Soil and topographic
that oaks of stump sprout origin grow much factors also have been used to define qualitative
faster than those of seedling origin during the site productivity classes for oak stands in
ftrst 20 years (Johnson 1975, Zalmer et aL southern Michigan (Gysel and Arend 1952), and
1982). The magnitude of related errors in site to det'me a synthetic site quality gradient related
index estimation is illustrated by a site index to the growth of northern red oak stump
comparison of coppice origin trees in mixed oak sprouts In southern Wisconsin (Johnson 1975).
stands in South Carolina. In that comparison,

Olson's {1959} curves estimated a site index at Ecological classification systems provide an-
50 years 18 feet greater than that estimated by other method for assessing northern red oak
curves specifically derived from coppice trees site relations. The objective of ecological classifi-
(Zahner et aL 1982). It thus would appear cation is to det'me vegetation-site {habitat} units
prudent not to apply available site index curves within which there is great ecological similarity
for red oak to stands of coppice origin. (Barnes et aL 1982). The defined ecological

units thus can be used to distinguish among
There also are equations for estimating the site superficially similar red oak stands, e.g., those
index of northern red oak from the site index of that belong to the same cover type as defined by
other species in several regions. In the Lake Eyre (1980), but which are ecologically very
States, red oak site index can be estimated from different. Such distinctions are especially useful
the site index of sugar maple, red maple, yellow in assessing regeneration problems. For ex-
birch (Betula aUeghaniensis Britton), paper birch ample, the classification system for Wisconsin

developed by Kotar and others (1988) specifies
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the relative ease or difficulty of regenerating tutermediate Cuttings
northern red oak in the habitat types where it

commonly occurs. Ecological classification also Not everybody agrees on how and when tnterme-
can be used in red oak stands to specify other diate cuttings should be made in red oak
important features of each defined ecological stands. However, silviculturists generally
unit. These include productivity, characteristic concede that stands originating from seedlings

overstory, diameter distributions, value to should be treated differently from those originat-
wfldltfe, soils, and nutrient cycling relations lng primarily from stump sprouts. The latter
(Cleland et aL 1985, De Geus 1986, Kotar 1991, require early intermediate cuttings ff tree quality

Zak and Pregitzer 1990). matters. The former may benefit from no
thinning for 40 years or longer (Carvell 1971).

STAND DENSITY, GROWTH,

AND TREE QUALITY In central New England, red oak commonly
occurs in association with red maple and birch

Stocking Guides (Betula spp.), where site index ranges from
about 55 to 75 (Hibbs and Bentley 1983, Oliver

Stocking equations and charts derived from 1978, 1980). Although red maple and birch
them are commonly used as standards for typically outnumber and outgrow the oaks
defining and controlling the density of oak during the first 2 decades of stand life, red oak
stands. Currently available standards express ultimately emerges to form the dominant canopy
stand density as "stocking percent," a measure because of its greater survival rate and its
of relative stand density (Stout and Larson sustained growth rate (Hibbs 1981, Oliver
1988). Related stocking charts specify the 1978). Only about twice the number of red oak

upper and lower limits of absolute measures of crop trees needed at the end of the rotation are
stand density (i.e., basal area and numbers of needed at stand age 25 for the stand to be
trees per acre) that define the normal range of considered adequately stocked with red oak
residual stocking for thinning and other silvicul- (Hibbs 1981). Recommendations thus are to
tural operations. The upper and lower levels of delay first thinnings to stand age 45 (Hibbs and
this range are called A and B levels, respectively. Bentley 1983, 1984). During the first 45 years,
A level, also called 100 percent stocking, repre- rapid height growth and the development of
sents stands at average maximum density. B long, branchless boles are encouraged by

level represents the minimum stand density at maintaining high stand densities. Length of
which trees utilize all the growing space, assum- clear bole largely depends on early stem devel-

ing trees are well distributed. There are stock- opment and site quality (Carmean and Boyce
ing charts for the oak-hickory forests of the 1973).
Central States (Gingrich 1967), and northern
red oak forests of New England (Sampson et aI. Although early thinning increases diameter
1983) and Wisconsin (McGill et aL 1991) (fig. 3). growth, studies in New England have shown

that merchantable height is reduced (Hibbs and

Stocking percent provides a better measure of Bentley 1984). The resulting value lost related
the degree of tree crowding than basal area to reduced merchantable height is not compen-
alone because large trees require less space, sated by the gain in diameter. After stand age

proportionate to their basal area, than small 45, recommendations are to reduce stand
trees. Thus, for a given basal area per acre, density to B-level stocking every 10 years until
stands comprised of large trees are at a lower shelterwood cuttings are made to encourage the

stocking percent, i.e., are less crowded, than development of oak reproduction (Hibbs and
stands comprised of small trees (fig. 3). The Bentley 1983, Sampson et aL 1983). The
application, derivation, advantages, and limita- recommended rotation, assuming current
ttons of stocking concepts have been discussed utilization technology, is about 95 years when
in more detail by others (e.g., Ernst and Knapp diameters of individual trees reach financial

1985, Gingrich 1967, Leak 1981, Leary and maturity at 21 to 25 inches d.b.h., depending on
Stansfield 1986, Stout and Larson 1988). site quality (Hibbs and Bentley 1984).
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Figure 3.--Relation of basal area, number of trees, and average tree
diameter to stocking percent in stands dominated by northern red
oak in Wisconsin. (Yhe charts represent stocking of trees in the main

canopy (intermediate, codominant, and dominant crown classes)for
average tree diameters of 3 to 10 inches (upper figure) and I 0 to 20
inches (lower figure). The area between curves A and B represents
the range of stocking where main canopy trees fuUy utilize growing
space. The A (I O0 percent) curve dej°mes stands at average maxi-
mum (normal) density. Average tree diameter is the diameter of the

tree of average basal area for trees >_0.6 inches d.b.h. From McGiU et
al. 1991.)
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Where northern red oaks are overtopped by 1984). Growth simulations indicate that thin-

long-lived competitors early in the rotation, early ning clumps to one stem at age 5 on site index

release may be necessary if the oaks are to 70 can produce boles 11.6 inches d.b.h, at age
attain dominance. This is especially true where 25 when coupled with periodic thinnings

red oak site index is greater than 70 and where around crop stems to a spacing that approxi-
the species must share dominance with sugar mates B-level stocking (table 1). Recommenda-
maple, American beech, yellow-poplar, black tions are to thin clumps only on site index 65 or
cherry (Prunus serotina Ehrh.), or other long- greater.
lived species. Where red oak is not overtopped,

recommendations are to defer thinning until Clump thinning recommendations based on a
crop trees are at least 25 feet tall (_son and West Virginia study (Lamson 1988) are: (1) to
Smith 1978). In West Virginia, removing corn- thin clumps when they are 10 to 20 years old,
petitors within a 5-foot radius of 9-year-old crop and only on good sites; (2) to select crop stems

trees on site index 70 did not significantly that are dominant or codominant, straight, and
increase height or diameter growth or length of free of forks and other defects in the lower 17-
clear stem, and it did not prevent crown-class foot bole, and that originate not more than 6

regression during the 5-year study period inches above groundline; a (3) to retain only the
(Lamson and Smith 1978). Similar results were best one or two crop stems per clump. If two
observed on site index 60 for 7-year-old trees crop stems are retained, the stems should be far

(Trimble 1974). If thinning in young stands is enough apart so that during their expected life
undertaken, recommendations are to do so span they do not fuse together at a common
conservatively by creating canopy gaps no more base (Roth 1956, Stroempl 19831); (4) to remove
than 5 feet wide on three or four sides of se- all intermediate and codominant trees if their

lected crop trees (Sampson eta/. 1983). crowns touch the crop stem crown, or if their

crowns are above or below the crop stem crown;
Besides controlling composition, early thinnings and (5) to thin around thinned clumps in about
also increase yields. Studies in the central 10 years to sustain maximum diameter growth.
hardwood region show that cubic-foot yields of Because pruning 12-year-old northern red oak

oak stands are more than 50 percent greater stump sprouts reduced 10-year diameter
when thinning (cleaning) is begun at age 10 increment, that practice is not recommended in
than when thinning is begun at age 60 young stands (Lamson 1988). 4

(Gingrich 1971). Although economic consider-

ations may preclude cleanings, oak stands often Several individual-tree-based growth models are
can be profitably thinned as early as stand age available for projecting growth and yield and for
25 where there is a market for fuelwood or simulating forest management practices in
pulpwood (Carvell 1971). Stands should not be northern red oak stands (Fairweather 1988,

thinned after they reach about 60 years (Sander Hibbs and Bentley 1984, Hilt and Teck 1988,
1977). Johnson and Rogers 1984, Shirley 1987).

Even though maximum yields may occur at Gypsy Moth and Oak Decline
stocking levels below B level (Dale 1972, Leak

1981), the lower limit of thinning is usually set Among the several agents that pose serious
at B level to ensure bole quality (Dale and threats to the health and longevity of northern
Sonderman 1984}. Thinning below B level risks red oak, the gypsy moth and oak decline prob-
increasing epicormic branching on the lower ably present the most severe problems. In the
bole with consequent loss of tree value. How- eastern half of the species' range, defoliation
ever, stocking levels after thinning do not have a from the gypsy moth is a major concern. Oaks
significant effect on the stem form of oaks (Hilt

and Dale 1979). aThe author recommends selecting only stems

Thinning within clumps of northern red oak originating within 1 inch of ground line to minimize
risks related to decay transmission from stumps and

stump sprouts in Wisconsin maximizes residual mortality related to weak attachment of sprouts to
stem growth and quality when clumps are stung).
thinned to one stem before they reach 3 inches 4Trees were pruned to a height not exceeding 75
d.b.h. {age 12 to 15) (Johnson and Rogers percent of their total height or more than 25feet.
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Table I .--Estimated 25th-year diameters of northern red oak stump sprouts in thinned and unthinned sprout
clumps on good sites (site index 70) in Wisconsin a

A_routs when initially thinned or observed (yearr_
5 10 15 20

Initial stern Thinned to Thinned to Thinned to Thinned to
d.b.h. 1 stern Unthinnedb 1stem Unthinned 1 stem Unthinned 1 stern Unthinned
(inches)

............. Estimated 25th-year d.b.h. (inches) ..............

0.5 10.6 4.7
1.0 10.8 6.5 8.5 4.4
1.5 11.2 8.4 8.8 5.6 6.5 3.8 4.2 2.5
2.0 11.6 10.0 9.1 6.7 6.9 4.6 4.6 3.1
2.5 9.5 7.8 7.2 5.3 5.0 3.7
3.0 10.0 8.6 7.7 6.1 5.4 4.3
3.5 10.5 9.6 8.1 6.6 5.8 4.9
4.0 8.6 7.6 6.3 5.5
4.5 9.1 8.5 6.6 6.1
5.0 7.2 6.6
5.5 7.7 7.2
6.0 8.2 7.8
6.5 8.7 8.4
7.0 9.2 8.9
7.5 9.8 9.5
8.0 10.3 10.1

a From Johnson and Rogers (1980).
b In unthinned clumps, estimates depend on the ratio of the basal area of the crop stem to total clump basal

area (relative basal area). The values shown thus are based on the mean trend of relative basal area for a given
initial crop stem diameter and age.

are the preferred host, and thus the stands last 1 to 2 years (Gottschalk eta/. 1989). It may
most susceptible to attack are those with a high take 3 years for stand growth to recover from a

proportion of oaks (Gottschalk 1991). However, single defoliation (Twery 1987). For two defolia-
northern red oak ranks behind chestnut oak tions in 1 decade, loss of volume increment has

(Quercus prinus L.), black oak, and scarlet oak been estimated at about 10 percent, exclusive of

as a preferred host (Gansner and Herrick 1985). mortality. For two defoliations per 5 years,
In all species, heavy defoliation may cause trees estimated growth losses are about 19 percent
to refoliate during the same year, which in tum (Twery 1987). However, such losses may be
may deplete carbohydrate reserves and lead to offset by subsequent gains in growth of the
attack by secondary organisms such as shoe- survivors related to the thinning effect from
string root rot (Arm///ar/a spp.) and twolined mortality. To minimize loss in value of sawtim-
chestnut borer (Agrilus bilineatus) (Gansner and ber-size oaks killed by defoliation, trees should
Herrick 1985, Gottschalk et al. 1989). Trees at be salvaged within the first year after death
highest risk are those in suppressed (over- (Garges eta/. 1984).
topped) and intermediate crown classes and,
within a given crown class, trees with low-vigor Strategies for reducing timber losses from gypsy
crowns (Herrick and Gansner 1987). Mortality moth include reducing the proportion of oaks in
associated with gypsy moth defoliation also is the stand, applying insecticides, and removing
greater on good sites than on poor sites trees that are preferred hosts and refuges for the
(Gansner 1987), and under some conditions is insect. The latter include oaks and other

greater in thinned stands than in unthinned species in poor crown condition. Specific
stands (Twery and Gottschalk 1989). strategies and options for coping with the gypsy

moth are varied and depend on stand condition

The most significant effect of the gypsy moth on and age, the current status of the insect in the
the oak resource is not mortality, but reduced stand, and management objectives (Gottschalk
growth, yield, and wood quality. Gypsy moth 1987, 1988, i989, 1991, 1993).
outbreaks occur at 7- to 10-year intervals and
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Oak decline, whose effects on oaks range from of oaks from decline occurs on droughty sites,
partial crown dieback to tree death, also afflicts populations of northern red oak may be affected
northern red oak. This phenomenon is believed less than the more xerophytic oaks such as
to be initiated by drought stress and/or defolia- black oak and scarlet oak. Nevertheless, a high
Lion, Which is subsequently exacerbated by incidence of decline in northern red oak has
further insect and disease attack CWargo and been observed in some areas of the southern

Haack 1991). Maintaining species diversity is Appalachians (Tainter eta/. 1984).
believed to be important in minimizing the
impact of this stress-mediated disease (Houston REGENERATION ECOLOGY
1987). Stands at greatest risk are older stands
containing a large proportion of trees in the red Acorn Production
oak group (subgenus ErythrobaIanus) that occur

on xeric sites (red oak site index <70) {Starkey et Regeneration is probably the least well under-
aL 1989). Because tree age and site quality are stood facet of northern red oak silviculture

the most important factors that predispose oaks (Crow 1988). One reason for this is the unpre-
to decline, the ratio of site index to tree or stand dictable occurrence of acorn crops (Cecich
age is a useful index of their vulnerability to 1991). Acorn production varies greatly from
decline; low ratios are associated with a high year to year and from tree to tree. Results from
incidence of decline (Oak and Starkey 1991). one study indicate that tree-to-tree variation is

significantly greater than the former (Tryon and
Global warming and associated summer Carvell 1962). Studies of other oak species
drought and winter freeze-thaw cycles also have indicate that tree-to-tree variation in acorn
been implicated in the increased occurrence of production is under strong genetic control
dieback and decline of forest trees across North (Farmer 1981, Wolgast 1972). Some trees never
America (Auclair et al. 1990). Although oaks are produce acorns, even when environmental
known for their great drought tolerance, recent conditions are apparently favorable (Sharp
research has shown that, to the contrary, they 1958). In contrast, year-to-year variation in
are vulnerable to sudden and fatal disruptions acorn production apparently is the result of the
in xylem water conduction (embolisms) induced combined effects of inherited and other factors
by water stress, especially stress caused by such as weather and insects (Christisen and
winter desiccation (Cochard and Tyree 1990). Kearby 1984, Sharp and Sprague 1967). In
Those effects eventually may fit into a more some species, notably those in the white oak
comprehensive and fundamental decline theory (Lepiclobalanus) subgenus, seed production
than those currently proposed (cf. Ammon et ai. tends to be periodic in the absence of adverse
1992, Auclakr et al. 1992, Houston 1992, weather. During those times, acorn crops
Manion and Lachance 1992, Mueller-Dombois generally occur every other year and good crops
1992, Wargo and Haack 1991). occur about once every 4 years (Beck 1977,

Christisen and Kearby 1984, Downs and
Although much remains to be learned about oak McQuilkin 1944, Goodrum et al. 1971, Myers
decline, possible preventive or remedial sflvicul- 1978). Periodicity in the white oaks is also
tural treatments include: (1) thinning early to synchronized, with all fruitful trees within a
reduce future competition-induced stress and to species, locale, and year producing at their
favor less susceptible species, (2) reducing inherent individual, but often environmentally

rotation age, (3) favoring less susceptible species constrained, capacity (Sharp 1958, Myers
when regenerating stands, and (4) controlling 1978).
defoliating insects (Starkey et al. 1989). There is
some evidence that making partial cuttings in In contrast, evidence for periodicity in acorn
stands where decline is already present increase production of northern red oak is more obscure.
the severity of decline. Possible explanations Within a local population of trees, acorn produc-
include an increased food supply for shoestring tion apparently is not synchronized, i.e., not all
root rot originating from root systems of stumps inherently fruitful trees bear acorns the same
and trees injured during logging, reduced soft year. Among 10 open-grown trees observed for
moisture related to soil compaction from log- 9 years in central Pennsylvania, nine produced
ging, and increased temperatures on the forest acorns each year but not eqflally (Sharp 1958).
floor related to reduced overstory density Of those nine trees, one-third produced heavy
{Starkey et al. 1989). Because highest mortality acorn crops each year, but no individual tree
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produced a heavy crop in consecutive years. In 1600
the southern Appalachians, northern red oak

tended to produce above-average or "bumper" 1400

acorn crops at 5-year intervals during a 12-year _" --

study, with 2 years of failure and 2 years of cam1200moderate yields in intervening years (Beck

1977). In northeastern Wisconsin, bumper _ 1000 _----
crops occurred on the average at 7-year inter- ,,, i
vals during a 21-year study. But some bumper '"rv
crops occurred as few as 2 years apart (Godman _- 800 - -rv /

and Mattson 1976). Those observations tend to '"el_ /

support the view that there is less year-to-year _ 600 _ --z
variation in acorn production within a local rv
population of northern red oaks than within a O 400O
local population of white oaks (Tryon and <_
Carvell 1962). From a silvicultural perspective, 200 I

inherent variation in acorn production and ]
apparent sensitivity of flowering and fruiting to 0 !
unpredictable weather events represent essen-
tially random elements in the prediction of 10 14 18 22 26 30 34
seedling establishment. The problem is further D, B.H. (INCHES)
confounded by damage to acorns from insects,
fungi, freezing, and consumption by birds and Figure 4.--Annual production of northern red oak
mammals (Beck 1977, Christisen and Kearby acorns averaged over 7 years in the southern
1984, Downs and McQuilkin 1944, Goodrum et Appalachians in relation to tree diameter

aL 1971, Korstian 1927, Krajicek 1960, Marquis (adapted from Downs 1944).
et al. 1976, McGee 1988, Mignery 1975, Myers

1978, Olson and Boyce 1971, Scholz 1964, canopy forests (Sharp 1958, Sharp and Sprague
Sluder et al. 1961, Tryon and Carvell 1962). 1967). Exposed crown areas of northern red
Despite the numerous confounding factors, oaks in Michigan produced five times more
there nevertheless is evidence that inherent acorns per unit of crown area than shaded
periodicity in red oak acorn production occurs crown areas (Verme 1953). We might therefore
at 4-year intervals (Sork eta/. 1993). expect some of the variation in acorn-producing

potential among trees to be related to variation
Downs and McQuilkin (1944) observed acorn in stand density. Stocking, a relative measure
production of dominant and codominant north- of stand density, can vary greatly even among
ern red and other oaks by diameter classes in stands with closed canopies, i.e., canopies above
southern Appalachian stands. Based on 7 years B-level stocking (fig. 3). As stocking increases,
of observations, their sample of 42 red oaks the average area of individual tree crowns
showed that annual acorn production peaked in decreases, which in turn reduces the average
trees 20 to 22 inches d.b.h. (fig. 4). 5 The acorn acorn production per tree.
producing capacity of an oak stand, and correla-
tively the rate of seedling input, thus changes Thinning and consequent crown expansion thus
with stand size and age. Neither young trees have the potential to increase acorn production,
nor old senescent trees produce large acorn especially ff good seed producers are reserved.
crops. The positive effects from thinning also increase

the likelihood that oaks in the residual stand

For oaks of a given inherent acorn-producing will survive gypsy moth defoliation and thus
capacity, those growing in the open produce recover acorn production after outbreaks of the
more acorns than those growing in closed- insect have subsided. Nevertheless, even

moderate defoliation can reduce acorn produc-

5However, 70 percent of trees 22 inches d.b.h, and tion, and severe defoliation may cause nearly
larger (20 trees) that Downs and McQuilkin sampled complete loss of production (Gottschalk 1989).
were categorized as "overmature and decadent" (data Reducing stand density also has the potential to
onfile, Southeastern Forest Experiment Station, reduce acorn production ff many of the good
AsheviUe, NC). acorn producers are inadvertently cut in the
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process. However, this problem can be largely small canopy gaps (Crow 1988, Ehrenfeld 1980),
averted by thinning from below, which concen- they have the potential to do so if advance
trates removals on the smaller trees that are reproduction of sufficient size is present. For
unlikely to be significant acorn producers, example, 10-foot-tall northern red oak advance

reproduction captured canopy gaps of one-
Seedlings and Seedling Sprouts twentieth acre in a southern Wisconsin maple/

oak stand (Lorimer 1983).
Large numbers of new red oak seedlings occur
as unpredictable population waves associated Although red oak reproduction may accumulate
with bumper acom crops. Seedling growth and over successive acorn crops in xeric ecosystems,
survival in the understory are subsequently it is not as physiologically adapted there as
influenced by light, soft moisture, nutrients, and black oak, white oak, scarlet oak, chestnut oak,
other factors. Reducing overhead shade can and other xerophytic oaks and tree species
increase light intensity and thereby increase (Abrams 1990, Bourdeau 1954, Wuenscher and
seedling survival and growth (Beck 1970; Crow Kozlowski 1971). Red oak therefore is usually a
1992; Loft.is 1988, 1990a). But small trees, minor component oft/hose ecosystems. Repro-
shrubs, and ground cover also can effectively ductton of the more xerophytic oaks neverthe-
reduce light levels at seedling height (Beck less may accumulate in the understory for
1970, Loft.is 1990a, Scholz 1955). Variation in decades (Merz and Boyce 1956) because of its
those factors are associated with 5-year seedling drought tolerance and a favorable light environ-
sttrvlval ranging from less than 20 percent to ment (Abrams 1990, Bourdeau 1954). This
more than 80 percent (fig. 5). Other factors that "auto-accumulation" of oak reproduction on the
can reduce oak seedling survival and growth drier sites occurs throughout the Eastern
include animal browsing, insect defoliation, United States (Johnson 1993). Much of the lore
drought, and frost (Crow 1992, Gottschalk of oak regeneration is derived from studies and
1988, Hanson et 02. 1987, Korstian 1927, observations made in such ecosystems.
McGee 1988). Moreover, the mlcrosites that
favor initial establishment of oak seedlings may Oak seedlings become seedling sprouts after
not favor their persistence (Harrison and Wemer dying back and resprouting one or more times.
1984). Cool, moist northeast-facing slopes favor Dieback and resprouting are important pro-
initial seedling establishment, while the more cesses in the life of oak reproduction in the drier
southerly or neutral slopes, where competition ecosystems because they facilitate the develop-
is less intense and light levels are higher, favor ment of large root:shoot ratios and root mass,
long-term survival and growth and thus the which in tum effect rapid shoot growth after the
accumulation of reproduction (Carvell and overstory is harvested or destroyed by natural
Tryon 1961, Sander eta/. 1984, Walters 1990). forces (Johnson 1979, Sander 1971). The

xerophytic oaks may require two or more de-
In the drier ecosystems, populations of oak cades in the understory before they develop the
seedlings and seedling sprouts may accumulate root mass necessary for competitive shoot
over several acorn crops. This accumulation is growth after overstory removal (Merz and Boyce
one of the most important aspects of the regen- 1956; Sander 1971, 1979; Sander and Clark
eration ecology of oaks. Silviculturists call this 1971).
"advance reproduction" because, in the even-
aged management of oaks, it is present in In meslc ecosystems, the density of northern red
advance of final harvest. Its presence and oak advance reproduction fluctuates widely,
development largely determine the importance even where the species dominates the overstory
of oaks after natural or human-caused events (Carvell and Tryon 1961, Curtis 1959, Will-Wolf
destroy or remove the parent stand. Successful 1991). Abundant red oak reproduction is often
regeneration of oaks thus largely depends on an attributable to a single acorn crop (cohort).
accumulated population of advance reproduc- Because of low survival rates, most seedlings
tton that can rapidly capture growing space within a single cohort may die before the next
after stand disturbances. Whether the overstory good acorn crop occurs. The rapid rate of
is removed in small groups or over large areas, seedling disappearance largely results from red
the resulting spatial units of reproduction are oak's intolerance of shade and low light levels on
even aged. Although oaks generally are not the forest floor (Crow 1992, Hanson eta/. 1987).
recognized as species well adapted to capturing Low light levels, in turn, are caused by the high
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Figure 5.---Suwival curves for northern red oak seedlings originating from single acorn crops (cohorts).
(a) Under shelterwoods with and without a subcanopy of small trees in mesic forests in North

Carolina (adapted from Lofl_ 1988); (b) In four overstory /understory release treatments in mesic

forests in North Carolina (adapted from Beck 1970); (c) In clearcut, thinned, and unthinned stands

treated with an herbicide in dry-mesic forests in northeastern Wisconsin (adapted from Crow 1992);

and (d) Competing with three classes of ground cover under fuUy stocked mesic forests in southwest-

em Wisconsin (adapted from Scholz 1955). (Survival is expressed as a negative exponential annual

survival rate (K), from age 0 (germination) or age 1 year. Survival probability (P) = KY, where y =

years since initial population census, Le., years since P = 1 .)
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overstory basal areas and multiple subcanopy Stump Sprouts
layers that characterize most northern red oak
stands (Auclair and Cottam 1971, Braun 1967, Stump sprouts arise from the stumps ofhar-
Loftls 1990b, McGfll 1991). Under those condi- vestedoverstory trees. 6 They are an acceptable

tions, the species is usually limited to one form of oak reproduction with n_al decay
generation as a major stand dominant because risk when they originate within 1 inch of
the light envirom-nent does not favor the buildup groundline (Roth and Hepting 1969). In West
of red oak advance reproduction. Virginia, Lamson (1976) found that more than

80 percent of 8- and 12-year-old unthinned

Northern red oak reproduction therefore is at a sprout clumps of northern red oak contained at
competitive disadvantage in mesic ecosystems, least one potential crop stem. Estimated num-
Before overstory removal, it must grow under bers of stumps that produce sprouts can be
deep shade and in competition with shade used to comPensate for deficiencies in the
tolerant species; and after overstory removal, it regeneration potential of oak advance reproduc-
must grow with a myriad of preestablished tree tion (Loftis 1990a, Sander et aI. 1984). In
reproduction, fast-growing intolerant species Wisconsin clearcuts, the percentage of 70- to
originating from seed, stump sprouts, and other 120-year-old harvested red oaks with stump
competition (Beck and Hooper 1986, Crow sprouts ranged from 56 to 1 percent for trees
1988, Loftis 1983b). The enigma of northern from 8 to 26 inches d.b.h., respectively (fig. 6).
red oak thus is its exclusion from the xeric However, there was no apparent relation be-

ecosystems because of its drought intolerance, tween frequency of sprouting and parent tree
and from the mesic ecosystems because of its diameter in West Virginia where 93 percent of
shade Intolerance. In the absence of silvicul- 50- to 60-year-old trees sprouted (Wendel 1975).
tural Intervention, this leaves relatively narrow Those differences suggest that sprouting in

"windows of opportunity" for northern red oak to northern red oak is determined by both parent
regenerate itself. Some of these windows result tree size and age, similar to that observed in
from the auto-accumulation of red oak repro- white oak and black oak (Johnson 1977).
duction that is intrinsic to some dry-mesic Because of their rapid height growth and high

ecosystems. Elsewhere they may result from survival rates, a large proportion of stump
disturbances caused by humans or other sprouts attain early dominance and maintain
extemal forces that, by design or accident, that crown position (Johnson 1975, Johnson
result in reduced competition, increased light, and Rogers 1984, Sander et al. 1984). Never-

and the accumulation of reproduction, theless, contributions to stocking from red oak
stump sprouts will be a minor source of repro-

However, it is not by chance that northern red duction in stands managed on 90-year or longer
oak exerts its greatest influence in the more rotations, even in pure stands. Stump sprout-
mesic ecosystems. Although less efficient at ing also may be reduced in trees weakened by
coping with water stress than its xerophytic gypsy moth defoliation and oak decline
associates (Wuenscher and Kozlowski 1971), red (Gottschalk 1988, Oak et al. 1988).
oak is more shade tolerant (Curtis 1959, Sander

1990). Also, where conditions are favorable, red RF__ENERATION METHODS

oak seedlings have the capacity for rapid growth
(Farmer 1975, 1980) that is less dependent on Natural Regeneration

the presence of a large root system than the
more xerophytic oaks. Moreover, the basic site The clearcutting method
resources required to effect this growth--
nutrients and soil moisture--are available in the Clearcutting has been widely used to regenerate
mesic ecosystems. So, where light is not a oaks in the relatively xeric oak-hickory forests of
limiting factor, the long regeneration establish- the Central States and elsewhere where oak
ment periods of a decade or more required by advance reproduction auto-accumulates
the dry-site oaks may not be necessary (Jacobs (Johnson 1993, Roach and Gingrich 1968,
and Wray 1992, Johnson et al. 1989). The

silvicultural challenge in mesic ecosystems is to SAlthough the definition of overstory varies, it refers
modify the light and competition environment so here to trees > l.6 inches d.b.h. (Gingrich 1967) or>_2
that the establishment and growth potential of inches in ground line diameter (Sander and Clark
red oak reproduction can be realized. 1971).
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by itself, usually accelerates succession toward
50 1---_ shade-tolerant hardwoods on those sites

_" ] (Abrams and Nowacki 1992). Even when there

Z
m is abundant red oak advance reproduction, it is
©

50 -- usually suppressed by the growth of non-oak
uu sprouts and other competition after overstoryEL

removal (Beck 1970, McGee and Hooper 1975).U3

_ 40 .................. Exceptions may occur where a large proportion
O of overstory red oaks sprout (Johnson 1975,

Wendel 1975), or where competition is notEL

o9 severe or is controlled (Jacobs and Wray 1992,
® 30 Johnson et al. 1989).Z
>

Alternatives to the "reproduction accumulation"
I 20 ' model for regenerating red oak by clearcutting

have been proposed for the Driftless Area of
southwestern Wisconsin and adjacent States09

EL ] 0 (Bundy et aL 1991, Jacobs and Wray 1992,
Johnson et al. 1989). There, the site index of

o_ red oak in the more mesic ecosystems typically

0 ranges from 65 to 70 (Gevorkiantz 1957,

5 ] 0 ]5 20 25 30 Gevorkiantz and Scholz 1948). On those sites,

PARENT TREE D.B.H. (INCHES) thousands of red oak seedlings per acre may
become established in a single year following a

Figure 6.--Percent of northern red oak stumps good acorn crop (Johnson 1974, Scholz 1955).
with sprouts in 4- to 23-year-old clearcuts in Moreover, those numbers can be increased by
Wisconsin in relation to parent tree d.b.h, mechanical soil scarification (Scholz 1955).

(Sprouting percent = 57.3 - O.O032(D.B.H.). 3 Scarification also can reduce competition and
Ages of parent trees range from approxi- thus increase the growth of red oak seedlings
mately 70 to 120 years. From Johnson (Bundy et aL 1991). After overstory removal, the

growth of red oak reproduction on productive
1975.) sites can be rapid (Farmer 1975, 1980) and less

dependent on the development of a large root
Sander 1977). However, northern red oak is system and a long establishment period than
unlikely to be a major component of those the more xerophytic oaks. Thus, large numbers
stands because it is not as well adapted to dry of red oak seedlings and a favorable post-
sites as the more xerophytic oaks (Wuenscher harvest growth environment can combine to
and Kozlowski 1971). But red oak is often effect successful regeneration even when the

important in the dry-mesic segment of the probability of an individual seedling surviving to
moisture gradient, i.e., sites that are neither attain dominance is relatively small. Unlike
extremely xeric nor mesic (Curtis 1959, Nowacki stands in many other mesic ecosystems, the
et al. 1990). In those ecosystems, the accumu- density of competing trees in Driftless Area
lation of red oak reproduction may be sufficient stands is relatively low and often comprised of
for stand replacement after clearcutting. The species such as black cherry, paper birch
success of the method usually depends on a (Betula papyrifera Marsh.), elms (U/mtts spp.),
long reproduction establishment period lasting a and hickories (Carya spp.) (Johnson 1976,
decade or longer (Sander 1971, 1977; Scholz Martin et al. 1992). After clearcutting, the rapid

1952). For some regions, there are guidelines dropout rates of those species from the main
for evaluating the regeneration potential of oak canopy are similar to the non-oaks in young red
stands before they are clearcut (Loftis 1990b, oak stands in New England (Hibbs and Bentley
Marquis et al. 1984, Sander et al. 1984). 1984, Johnson 1976, Oliver 1978).

In the more mesic ecosystems, clearcutting Soil scarification has been used in the Driftless

generally has not been successful in regenerat- Area to effectively reduce competition and
ing northern red oak (Johnson 1976, Loftis simultaneously prepare a patchy seedbed of
1988, McGee and Hooper 1975). Clearcutting, mineral soil (Bundy et oL 1991, Jacobs and
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Wray 1992). One technique involves the use of The shel_ method
a tractor blade set 6 Inches above ground
during a good acorn crop. The treatment Probably the most frequently cited method for
results in mechanical breakage of low vegeta- regenerating oaks is the shelterwood method
tion, including tree reproduction and shrubs, (Beck 1991, Hannah 1987, Jacobs and Wray
while simultaneously affecting only moderate 1992, Korstian 1927, Sampson etaL 1983,
soil disturbance. In one trial, the method Sander 1979, Scholz 1952, Smith 1986). The

increased the height and leaf area of red oak method is potentially suited to regenerating
reproduction two growing seasons after treat- northern red oak where the species most fre-
ment (1 year after clearcutting) (Bundy et al. quently occurs--In the troublesome mesic
1991). A similar treatment that consists of ecosystems where it is difficult to obtain the

mechanical uprooting of low vegetation during accumulation and development of oak advance
logging, or in a separate operation before or after reproduction. The essential feature of the
logging, also has been proposed (Jacobs and shelterwood method is a reduction in stand
Wray 1992). Experience has shown that oak density in one or more steps near the end of the
advance reproduction survives the treatment rotation to encourage establishment and/or
because of its deep tap root and capacity for growth of reproduction (Smith 1986). Normally,
sprouting after top injury. The recommended the final overstory removal is made when estab-
time to apply the treatment is in the fall during lished reproduction is deemed adequate for
a good seed year before acorns drop. Timing the replacing the parent stand. The shelterwood
treatment with acorn fall can Increase numbers can even be maintained until a two-aged, or
of seedlings as well as reduce competition. "irregular," shelterwood develops (Beck 1991,
Applying herbicides to the understory before Smith 1986).
clearcutting and concurrently with a good acorn
crop also can facilitate regeneration of red oak. Although the shelterwood method has not
Even though the herbicide kills the oak advance always been successful In regenerating northern
reproduction, one trial resulted in about 1,000 red oak (Martin and Hix 1988, Walters 1990),
red oak stems per acre 0.5 Inches d.b.h, and when effectively applied it provides the light
larger 11 years after clearcutting; about 27 required for the growth of reproduction without
percent were codominant or larger (Johnson et stimulating the competition. In mesic ecosys-
a/. 1989). Strategies for regenerating northern terns, successful application of the method also
red oak in the Driftless Area are discussed In requires coordinating overstory density control
more detail by Jacobs and Wray (1992). with competition control and, in some cases,

acorn production. Moreover, the required
In New England and the Lake States, northern timing and intensity of those operations and the

red oak sometimes regenerates under pine length of the shelterwood period may vary
stands if there is a nearby red oak seed source among ecosystems.
(Cline and Lockard 1925, Crow and Isebrands

1985). When the pine is harvested, the oak Relative light Intensities under unthinned

advance reproduction then may capture the site hardwood stands range from about 1 to 10
(Sampson et al. 1983). Such pIne-to-oak suc- percent of that In the open (Allard 1947,
cessions may be facilitated by the dispersal of Gatherum 1961, Gottschalk 1985, Hanson et al.
acorns by animals. Small mammals disperse 1987, Pubanz and Lorimer 1992). At the lower

red oak acorns up to about 60 feet (Sork 1984), end of that range, light is Insufficient to sustain
and blue jays (Cyanocitta cristata) disperse them rates of photosynthesis that counterbalance
up to 2.5 miles (Johnson and Adkisson 1986). losses to respiration in northern red oak seed-
Although most dispersed acorns are consumed, lings (Hanson et al. 1987). Nevertheless, red
even the small surviving proportion of blue jay- oak seedlings require only a moderate amount
dispersed acorns can produce significant num- oflight. Gottschalk (1985) reported maximum

bers of oak seedlings because of the large height and diameter growth of red oak seedlings
numbers of acoms that are dispersed and the at all relative light intensities above 20 percent.
favorable germination and growth environments A light intensity 15 percent of that in a new
they are dispersed to (Johnson and Webb 1989). clearcut was observed under an oak

shelterwood in Missouri thirmed to 60 percent
stocking based on Gingrich's (1967) stocking
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equation (Crunkilton et al. 1988). Pubanz and residual basal areas are 60, 65, and 70 percent

Lorlmer (i 992) reported that under two mixed of initial basal area, respectively. Reducing
hardwood shelterwoods in Wisconsin reduced to stand density below these limits increases the

86 percent crown cover, light intensities were 7 establishment of yellow-poplar seedlings to
to 9 percent of that in the open, in contrast to 1 densities that are incompatible with regenerat-
percent under stands not receiving shelterwood ing red oak. Recommendations are to make the

cuts. Based on the carbon budget model of initial shelterwood cut at least 10 years before

Hanson and others [ 1987), even those modest the end of the rotation. Applying this prescrip-
increases in light intensity would sustain the tion can substantially increase the survival rate
growth of red oak seedlings. Nevertheless, the (fig. 5a) and growth of red oak seedlings. The
greater root growth that occurs at higher light method also is compatible with minimizing risks
intensities (Gottschalk 1985, Kolb and Steiner from oak decline because it causes minimal site

1990) supports the case for maintaining light disturbance and overstory canopy reduction.
intensities under shelterwoods as high as

practical. Marquis (1973) concluded that the A predictive model for estimating "dominance
practical light range for shelterwoods in Allegh- probabilities" facilitates quantitative expression
eny hardwoods extends upward to 60 percent of of the regeneration potential of red oak repro-
full light, duction under shelterwoods in the Appalachian

region (Loftis 1990a). A dominance probability
According to a study in the southern Appala- is the probability of an advance reproduction
chians, reducing overstory density by up to 40 stem being dominant or codominant 20 years
percent by thinning from below can increase red after shelterwood removal. Probabilities in-

oak seedling diameters up to three times that of crease with increasing basal (groundline) diam-
seedlings under unthinned stands (Loftis eter and decreasing site index. On site index

1990b). Similar increases in the size of oak 70, probabilities range from 0.01 for reproduc-
reproduction were observed under thinned oak tion 0.1 inch in basal diameter to 0.46 for

stands in the Boston Mountains of Arkansas reproduction 1.6 to 2 inches in diameter; on site
(Graney and Rogerson 1985). The latter study index 90, probabilities range from 0 to 0.34 for

also showed that the optimum residual stand the same range of diameters (table 2). In appli-
density for the development of oak reproduction cation, the expected future numbers of domi-

is about 60 percent stocking based on nant and codominant red oaks per unit area
Gingrich's {1967) stocking equation. Shelter- can be calculated by multiplying the observed
woods thus can increase both survival and number of seedlings in each of several basal
growth of oak reproduction before final overstory diameter classes by the dominance probability
removal. Studies in Wisconsin also have shown for each class and summing those products
that the number of red oak seedlings can be across all diameter classes.
increased by shelterwood cuttings when com-

bined with understory competition control Although there may be 1,000 to 2,000 northern
(Pubanz and Lorimer 1992). red oak seedlings per acre under red oak stands

in Appalachian forests (Loftis 1983b, Tryon and

A prescription for applying the shelterwood Carvell 1958), the seedlings may average only
method has been developed for productive sites 0.2 inch or less in basal diameter (Loftis 1988).

(site index 70 to 90) in mixed stands in the If the above shelterwood prescription were
southem Appalachians (Loftis 1983b, 1990a, applied, relations among seedling survival,
1990b). These stands have dense subcanopies growth, and dominance probabilities indicate
of tolerant hardwoods that typically comprise 15 that 1,000 well-distributed seedlings per acre
to 30 percent of total stand basal area. The should produce 10 to 40 dominant and codomi-
prescription calls for a two-cut shelterwood in nant red oaks per acre 20 years after final
which stand basal area is reduced to 60 to 70 overstory removal across the site index range of
percent of average maximum stand basal 90 to 70, respectively. Even though these

density, depending on site index. This is accom- estimates are hypothetical and remain to be
plished by removing stems from below using an verified by long-term field tests, they neverthe-
herbicide, which also prevents their sprouting, less indicate the potential for maintaining red
The method thus eliminates the subcanopy and oak as a component of regenerated stands. But
thereby increases light near the forest floor success in maintaining the species largely
without creating large gaps in the main canopy, depends on site quality, stand density, and
On site indexes of 70, 80, and 90, recommended competition control.
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Table 2.mTwentieth-year dominance probabilittesa for northern red oak ad-
vance reproduction in the southem Appalachians

Basal diameter b of Oak site index c
advance 70 80 90
reproduction
(inches)

.......... Probability ..........

0.1 0.01 0 0
0.2 0.02 0.01 0
0.3 0.04 0.02 0.01
0.4 0.06 0.03 0.01
0.5 0.09 0.04 0.02
0.6 0.13 0.06 0.03
0.7 0.17 0.09 0.04
0.8 0.21 0.12 0.06
0.9 0.25 0.15 0.08
1.0 0.29 0.18 0.11
1.1-1.5 0.38 0.29 0.19
1.6-2.0 0.46 0.41 0.34

aThe probability that a stem of red oak advance reproduction will be dominant or codomi-
nant 20 years after overstory removal (from Loftis 1990a).

°Measured at groundline.
CHeightin feet at an index age of 50 years based on the curves of Olson (1959).

The documented successes in applying the for building up oak advance reproduction under

shelterwood method in mesic ecosystems a shelterwood. Such bums are not likely to
emphasize the importance of controlling compe- damage the overstory or sites. In contrast, high-
tition, including interfering herb, shrub, and intensity head fires may cause excessive over-
tree layers (Crow 1992, Horsley 1991, Jacobs story mortality from flames that reach into tree
and Wray 1992, Johnson et al. 1989). Herbi- crowns. Site damage also could result. How-
cides probably provide the most efficient method ever, even when mortality of overstory trees is
of Competition control, but opposition to their avoided, fire injury can reduce the economic
use has prompted evaluation of other methods, value of stands (Loomis 1973, Rouse 1986).
And scarification, especially on steep terrain, Although oaks in general are relatively fire
may not always be feasible or environmentally resistant because of their thick bark, the resis-
acceptable, tance of northern red oak ranks behind that of

bur oak (Q. macrocarpa Michx.), black oak, and
Fire, often associated with the origin of many white oak (Lorimer 1985).
oak forests, also may have a place in the appli-

cation of the shelterwood method (Abrams 1992, Prescribed burning nevertheless has the poten-
Lorimer 1985, McGee 1979). Preliminary tial to promote the accumulation of red oak

results from prescribed bums under shelter- reproduction. This occurs in at least three ways
woods suggest that competition can be effec- by: (1) eliminating or reducing the number of

tively reduced with two fires spaced 2 to 3 years frre-sensitive understory competitors, including
apart (Nyland et al. 1982). In contrast, single shrubs and shade-tolerant trees; (2) reducing
low-intensity bums are not likely to be effective overstory density by killing trees with thin, fire-

in controlling competition (Johnson 1974, Loftis sensitive bark; and (3) killing back the tops of
1988, Nyland et cd. 1982, Will-Wolf 1991). oak reproduction, which increases the

Based on a review of literature and other consid- root:shoot ratio and ultimately the root mass of
erations, Van Lear and Waldrop (i 988) con- those that survive by resprouting. The first two
cluded that frequent low-intensity back fires factors increase light on the forest floor, which
with low flame heights would be the most useful in turn creates conditions more conducive to the
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accumulation of oak reproduction. The _d between groups, the method preserves some of
factor increases the probability of rapid height the characteristics of a mature forest (Marquis
growth after overstory removal. Northern red and Johnson 1989). Recommended opening
oak is well adapted to surviving fwe because of size ranges from one-tenth to one-half acre (Law
the concentration of dormant buds near the root and Lorimer 1989, Marquis 1989, Roach 1963).
collar. These buds often remain an inch or Larger opeInngs should be referred to as patch

more below the soft surface where they are cuts or clearcuts ff the objective is to perpetuate
protected from lethally high temperatures these as even-aged units through successive
(Korstian 1927). rotations (Marquis 1989). All of the potential

regeneration problems and solutions common to
The seed tree method the clearcutting method also apply to the group

selection method.

The seed tree method is an even-aged method
that provides for seed production after most of A disadvantage of the group selection method
the parent staid has been harvested. A typical where timber quality is important is the large
application leaves 10 or fewer seed-producing ratio of perimeter to opening area that results
trees per acre (Smith 1986). However, the from small canopy openings. For example, ten
method generally has not been recommended 1/3-acre circular openings (3.3 acres) create 3.2
for regenerating oaks because the seed trees are times more perimeter (forest edge) than a single
likely to contribute too little too late to a stand's 3.3-acre circular clearcut. Forest-grown oaks
regeneration potential. In the few reported are prone to develop epicormic branches when
cases where the method has been applied to oak exposed to the high light intensities occurring
stands, the seed trees had little or no effect on along forest edges, which, in turn, reduce their

regeneration (DeBell eta/. 1968, Johnson and bole quality and value (_-knble and Seegrist
Krinard 1983). The method nevertheless may 1973). However, light intensity along opening

be useful in some ecosystems ff combined with edges is a function of opening diameter and
competition control, as discussed for clear- other factors (Fischer 1981, Minckler et aL
cutting. It also has the potential to provide for 1973). Another disadvantage of the group
substantial acorn production if good seed selection method is the increasing difficulty of
producers are retained. However, identifying fitting new openings among older ones (Marquis
seed producers requires long-term records on and Johnson 1989).
the acorn production of individual trees
(Johnson 1993). Although the crowns of some A variation of the group selection method is the
seed trees may degenerate from crown dieback group shelterwood method (Coder et aL 1987,
resulting from their sudden exposure (Smith Smith 1986). In this method, groups are re-
1986), the snags that ultimately develop may moved where oak advance reproduction has
provide valuable cavities for wildlife and the accumulated either by design or chance. Be-
standing dead wood essential to preserving cause oak reproduction tends to occur irregu-
biodiversity (Franklin et aL 1989, Hansen et al. larly in time and space, the resulting groups are
1991). Seed trees can be converted to dead likely to be similarly irregular. In some cases,

snags by girdling, once it is determined they these patches of reproduction can be enlarged
have little or no value for acorn production or by gradually removing the overstory around

other purposes. The method also creates more their perimeter. However, a disadvantage of this
structural diversity, and to some, more visual procedure is that it tends to follow rather than

appeal than a clearcut, guide the development of reproduction (Smith
1986). The method nevertheless has potential

The group selection method application in sustaining timber production
where other values including aesthetics are

The group selection method is an uneven-aged important and an even flow of wood products is

system that also is potentially suitable for not critical. It is compatible with preserving
regenerating northern red oak. The method diversity and aesthetics near sensitive recre-
requires creating small openings in the main ation, scenic, and other areas that are not
canopy to provide the conditions necessary for regulated for timber production. The method
the establishment of new reproduction and/or also can be used to remove groups of dead or

the growth of advance reproduction. When dying trees impacted by gypsy moth, oak de-
single-tree selection is used to remove trees cline, or other agents. However, such salvage
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cuttings may intensify crown dieback in trees direct seeding has produced acceptable initial
that border group openings (Kessler 1992). stocking of new seedlings, subsequent survival
Murphy and others (1990) concluded, based on and growth generally have not been acceptable.
theoretical considerations, that the proper In contrast, direct seeding of inherently fast-

application of the group selection method is growing bottomland oak species has succeeded
unlikely to produce dysgenic effects. Neverthe- when used in conjunction with intensive site
less, the method has the potential to create preparation that completely removes competing
such problems, as discussed below for the vegetation and thus rodent cover (Johnson and
single tree selection method. Krinard 1985). Although direct seeding in

combination with effective competition control

The sing/e tree se/ect/on method may have potential application to regenerating
northern red oak on some uplandsites, planting

The single tree selection method generally is is now the more reliable method.
considered inappropriate for regenerating oak
forests (Hibbs and Bentley 1983, Sander and Planting
Clark 1971). Canopy openings the size of
individual trees generally do not provide ad- Northern red oak can be successfully planted on

equate light and space for the recruitment of red forest sites, despite numerous reported failures
oak reproduction into the overstory. The (e.g., Hilt 1977, Loftis 1979, McGee and Loftis
method also encourages the development of a 1986). However, opportunities for planting vary
tolerant understory of trees and shrubs, which by region and among the many kinds of ecosys-
tends to offset any regeneration advantages tems within regions. Probably the best opportu-
resulting from reduced overstory density nities occur within the site index range of about
(Auclair and Cottam 1971, DeUa-Bianca and 60 to 70, where site quality meets the growth
Beck 1985, Loucks and Schnur 1976, requirements of northern red oak but where

Schlesinger 1976, Trimble 1970). Moreover, the competition is not too severe. Outside this site
method is regarded as a practice with potentially index range, it may be difficult to justify plant-

dysgenic consequences (Smith 1986, Zobel and ing for ecological and economic reasons.
Talbert 1984). Howe (1989) proposed that the
method can avert those effects only if: (i) the In this setting, planting can be used to supple-

defined age classes are narrow, (2) the oldest ment natural reproduction and thereby reduce
and largest trees within each age class are cut, regeneration costs by minimizing the number of
(3) outstanding phenotypes in younger age planted trees needed to attain a given future
classes are not cut, and (4) poor phenotypes in stocking goal (Johnson and Rogers 1985). To

each age class are removed in each cutting that end, the reciprocals of estimated domi-
cycle. He further emphasized that meeting the nance probabilities of planted trees are useful
above standards essentially requires knowing expressions of the numbers of trees that must

the age of each tree, but questioned the practi- be planted to obtain one "successful" tree.
cality of determining such. Those consider- Estimated dominance probabilities are available
ations emphasize the need for careful imple- for trees planted in shelterwoods and clearcuts
mentation of the selection method, especially in the Missouri Ozarks (Johnson 1989, 1992).
where the method is invoked in the name of Because of the large number of planting trials

biodiversity or other worthy environmental now underway, dominance probabilities may

objectives, soon be determined for other regions and
regeneration schemes. Guidelines and models

Artificial Regeneration for evaluating the natural regeneration potential
of oak stands are available for several regions

Direct seeding and can be used to complement planting pre-
scriptions (Loftis 1990a, Marquis et aL 1984,

Results of direct seeding trials with northern red Sander et al. 1984, Waldrop et aL 1986).
oak have ranged from unsuccessful to uncertain

(Krajicek 1960, Marquis et aL 1976, Mignery Shelterwoods provide a favorable environment
1975, Russell 1971, Scholz 1964, Sluder et al. for the initial establishment of planted red oak
1961, Zaczek et al. 1993). A major problem has seedlings. Under a shelterwood, seedlings can
been animal predation of acoms and the lack of recover from planting shock before they encoun-

practical methods to prevent it. Even when ter the surge of competition that develops after
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overstory removal. For bare-root nursery stock, where site quality is favorable for the growth of
this recovery period is critical because the planted trees and where the regeneration
physiological disruptions resulting from lifting, potential of oak advance reproduction is most
handling, and planting ("planting shock") delay often deficient (Sander et a/. 1984). A prescrip-
root elongation, and reduce leaf and root surface tion for planting northern red oak under
area the first few years after planting (Johnson shelterwoods on those sites calls for: (1) con-
1988, Johnson et aI. 1984, Struve and Joly trolling woody understory vegetation with an
1992). Results from a Missouri study indicate herbicide before planting, (2) thinning from
that retaining the shelterwood for 3 years allows below to create a shelterwood at 60 percent
a sufficient recovery period (Johnson 1984). stocking based on Gingrich's (1967) stocking
However, red oak can persist under shelter- relations, (3) spring underplanting of 1+ 1 or
woods for many years. For example, 11 years undercut 2+0 nursery stock averaging at least
after planting, 86 percent of red oaks under 0.5 inches diameter (1 inch above the root
thinned jack pine (P/nus banksiana lamb.) collar) that have been top-pruned 6 to 8 inches
stands in Ontario were still alive and 76 percent above the root collar, and (4) removing the
of those were vigorous stems averaging 10 feet shelterwood three growing seasons after plant-
in height (Stroempl 1987a). ing (Johnson et al. 1986). If this prescription is

applied, about 60 percent of planted trees are
Although the optimal shelterwood density for predicted to be dominant or codominant 5 years
underplanting may vary among ecosystems, after the shelterwood is removed (Johnson
results from several studies indicate that some 1989).

reduction in overstory density is necessary for
satisfactory growth of planted trees. Residual It also may be feasible to underplant northern
stand densities near 60 percent stocking or 75 red oak without the use of herbicides if antici-

to 85 percent crown cover often have provided pated losses to suppression from competition
the requisite conditions (Gottschalk and Mar- are compensated by modest increases in the
quis 1982, Lorimer 1989, Pubanz and Lorimer number of planted trees (Johnson 1992) (table
1992, Teclaw and Isebrands 1991). Even 3). With or without weed control, the number of

though thinning below those levels risks en- planted trees required to obtain, on the average,

couraging the growth of competitors at the one future dominant or codominant tree de-
expense of planted trees, one study on a dry- creases rapidly with increasing initial seedling
mesic site (red oak site index 61 ft) in northern diameter (table 3). Planting large nursery stock,

Wisconsin demonstrated that 25 percent crown although more expensive than small stock, is
cover may be better than 0 or 70 percent less costly per "successful" planted tree
(Teclaw and Isebrands 1993). On those sites in (Johnson 1989). Investment analysis of manag-

that northerly region, a light shelterwood may ing for oaks versus allowing stands to succeed

provide effective protection against late spring to sugar maple showed that oak underplanting
frosts, and yet not stimulate the competition may be a viable economic alternative in Iowa

enough to seriously impede the growth of and Missouri forests (Countryman and Miller
planted trees. But in many other ecosystems, 1989).
controlling low shade !_rom shrubs, small trees,
and herbaceous vegetation may be at least as Red oak also can be planted in clearcuts, but

important as controlling high shade (Horsley dominance probabilities are lower there than
1991, Lorimer 1989, Pubanz and Lorimer 1992, under shelterwoods, other factors being equal.
Teclaw and Isebrands 1991). Control of under- For example, predictive models estimate that 37

story vegetation with herbicides provides the percent of 1+ 1 transplants 0.5 inches in initial
dual advantages of increasing light during the diameter will be competitively successful 8 years
shelterwood period as well as reducing competi- after planting in Missouri clearcuts in contrast
tion after shelterwood removal. The shelterwood to 61 percent of those that remain under a

thus should be removed as soon as possible shelterwood for 3 years (Johnson 1989). Better
after treatment to minimize the reestablishment results were observed in a West Virginia

of competition, clearcut planting where at least 50 percent of
bare-root seedlings were judged successful 5

In the Missouri Ozarks, good opportunities for years after planting (Wendel 1980).

planting red oak under shelterwoods occur on
north- and east-facing slopes, which also are

51



Table 3.reNumber of 1+ 1 transplants or 2+0 undercut seedlings that must be planted to obtain one
dominant or codominant tree 5 years after shelterwood removal with and without herbicide treatment

Planted trees needed to obtain one

initial shoot diameter a dominant or codominant tree

(1116 inch) Treated with herbicide b Not treated with herbicide

..... numberC .....

4 3.42 5.52
5 2.58 3.95
6 2.11 3.08
7 1.83 2.55
8 1.64 2.20
9 1.51 1.96
10 1.42 1.78

aMeasured 1 inch above the root collar.

bBased on the application of Tordon RTU 7 to cut wood understory stems >0.5-inches d.b.h, and to
stumps of overstory trees removed in the shelterwoocl and f'mal harvest cut.

CNumbers are the reciprocals of estimated planted tree dominance probabilities, i.e., probabilities

of attaining dominance or codominance within 5 years of shelterwood removal. (From Johnson 1989,
1992).

Red oak also has been successfully planted in intact stems act as a respirational drag and a
one-twentieth and one-tenth acre openings in sink for the modest amounts of photosynthates

red pine (P/nus resinosa/kit.) plantations in produced under the low light intensities of
Ontario (Stroempl 1987b). After 10 years, shelterwoods (Crunkilton et al. 1988).

survival of planted trees was 98 percent, and 61
percent of those averaged 10 feet in height and For a given initial seedling size, container-grown
were of good stem quality. Old fields also can be seedlings outperform bare-root seedlings in
planted either as pure stands or in mixture with clearcuts but not in shelterwoods (Johnson
other species such as red pine (Stroempl and 1984, Zaczek et al. 1993). The better perfor-
Beckwith 1978, von Althen 1979). Success in mance of container-grown seedlings may be

planting old fields, like planting on forest sites, related to their intact roots, and the correlated
largely depends on effective site preparation and after-planting advantages of rapid initiation of
seedling quality (von Althen 1979). However, root and shoot growth, development of large leaf
unfavorable physical, chemical, and biological areas, and maintenance of favorable internal

soil properties associated with abandoned water status (Crunkflton et aL 1988, Johnson et
farmland can hinder the growth of planted red aL 1984, Struve and Joly 1992). However,
oak (Carmean et al. 1976). container-grown seedlings of the requisite size

are expensive to produce, and the marginal

Unlike seedlings planted under shelterwoods, advantages in field performance may not justify

top pruning did not benefit trees planted in their higher cost (Johnson 1989, Zaczek et al.
clearcuts in Missouri (johnson 1989) and 1993).

Pennsylvania (Zaczek et al. 1993), and de-
pressed the growth of trees planted in West Placing plastic tree shelters around planted red
Virginia (Wendel 1980). The physiological cause oaks can accelerate their growth (Lantagne
of such differences in response to top pruning is 1991, Mintner et al. 1992, Teclaw and Isebrands
unknown. However, for seedlings planted under 1991) and also protect them from animal dam-
shelterwoods in Missouri that were not top age such as deer and rabbit browsing. Thus,

pruned, mortality increased with increasing tree shelters also could be used in conjunction
: seedling diameter. In contrast, mortality of top- with direct seeding and natural regeneration.

pruned seedlings neither increased nor de-
creased with increasing diameter (Johnson 7Mention of trade names does not constitute
1988, 1989). Those relations suggest that large endorsement of the products by the USDA Forest

Serv/ce.
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However, the high cost of tree shelters may strata including the main tree canopy, tree
detract from their biological advantages. Such subcanopy, shrub, and herbaceous layers.
shelters nevertheless may make it biologically Where several strata are present, the species

feasible to regenerate red oak on some highly usually is restricted to one generation in the
productive sites and perhaps other sites that absence of disturbance or silvicultural interven-
would otherwise be unfeasible to plant, tion because red oak reproduction will not

persist under the prevailing deep shade. Many

Undercutting seedlings in the nursery is a of today's red oak stands originated during the
relatively inexpensive way to improve field 19th century, a period of frequent and wide-
performance. Advantages result from increased spread grazing and burning across much of the
"plantable" root mass and number of large species' range. Those events often created
lateral roots from which new roots arise after conditions favorable for the establishment and

field planting (Johnson 1988, Schultz and growth of red oak at the expense of competitors.
Thompson 1991). Schultz and Thompson
(1991) recommend planting only seedlings with Available tools for managing established stands
six or more first-order lateral roots 1 mm or include general management guides, growth

larger in diameter. For trees planted in Missouri and yield models, stocking charts and equations
clearcuts, dominance probabilities were up to for controlling stand density, site index curves

0o 12 higher for undercut than for not undercut and predictive equations based on soft and
seedlings, depending on initial seedling diameter topographic factors, and in some regions,
(Johnson 1988). However, undercutting also ecological classification systems. Guidelines

reduces seedling growth in the nursery, which also are available for minimizing damage and
necessitates a 2-year nursery production period mortality from gypsy moth defoliation, oak
to realize the dual benefits of large size and decline, and associated secondary organisms

increased root fibrosity. Although there is and effects, which are serious problems in some
evidence that the best field performance can be areas.

obtained by planting large seedlings with nu-
merous large lateral roots, seedling size is Timing and intensity of intermediate cuttings
probably the more important factor (Kaczmarek will depend on the natural stand dynamics of
and Pope 1993). the ecosystem where they are to be applied. For

example, maximizing bole quality in red oak

Reducing nursery bed density to 6 to 8 seed- stands in New England is facilitated by main-
lings per square foot can increase the proportion taining maximum stand densities rather than
of seedlings with acceptable numbers of large thinning during the first 40 years. This ap-
lateral roots while simultaneously increasing the proach to early stand management is feasible in

average size of seedlings (Schultz and Thompson that region because survival and growth rates of
1991, Teclaw and Isebrands 1991). Other young red oaks are high relative to those of the
factors also can affect the field performance of predominant competitors, red maple and birch.

planted red oaks, including seed source, seed In other regions, early crop tree release may be
quality, nursery fertilization, irrigation, soil necessary for red oak to attain and maintain
management, seedling lifting, and storage dominance, especially ff the competition is
practices (Buchschacher et al. 1991, Johnson yellow-poplar, sugar maple, or beech. But even
1989, Schultz and Thompson 1991, Teclaw and where competition is severe, recommendations
Isebrands 1991, Webb and von Althen 1980). are to defer thinning until crop trees are at least

25 feet tall. Exceptions include red oak stump
SUMMARY sprouts, whose growth and quality can be

increased by thinning clumps to one stem as

Northern red oak can be managed as even-aged early as age 5 years. To ensure bole quality, the

or uneven-aged stands and regenerated by safe lower limit for residual stand density is
several silvicultural methods. Success in using usually "B-level" stocking percent as defined by

a given system or method will depend on its stocking charts and equations. Stands older
compatibility with the dynamics of the ecosys- than about 60 years should not be thinned.
tem where it is to be applied. Although red oak Rotation lengths for sawtimber range from

occurs in moderately dry to mesic ecosystems, about 80 to 120 years depending on manage-
best growth occurs in the mesic ecosystems, ment objectives, site quality, and other factors.
which are characterized by several vegetative
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Regeneration is probably the least well under- In general, the current status of northern red

stood facet of northern red oak silviculture, oak silviculture ls characterized by: (1) the
Regeneration uncertainties largely result from predominance of even-aged management; (2)

unpredictable acorn crops and thus initial great variation in cleaning and thinning sched-
establishment of seedlings. Subsequent devel- ules, which depend on regionally variable
opment of reproduction largely depends on light, economic and ecological constraints; (3) the

soft moisture, and competition relations beneath failure of clearcutting, by itself, to regenerate the
the parent stand. Adequate numbers, size, and species in many ecosystems; (4) the potential to
spatial distribution of this "advance reproduc- increase regeneration successes through appli-
tlon" usually are essential to regeneration cation of the shelterwood and clearcutting
success in the absence of pre- or post-harvest methods when those methods are used in

competition control. Unfortunately, northern conjunction with competition control coordi-

red oak advance reproduction is often absent or nated with acorn production; (5) difficulty in
scarce, especially in mesic ecosystems. Where regenerating red oak on the most productive
advance reproduction is adequate, northern red sites (i.e., site index >70); and (6) uncertainty in

oak can be regenerated by clearcutting or by the maintaining the species at its current range-
group selection method. If the latter method is wide level of importance because of the com-

used, group openings should be at least one- bined effects of regeneration failures and un-
third acre. In the Driftless Area, preliminary known long-term impacts of the gypsy moth and
evidence suggests that red oak can be regener- oak decline. Despite problems, current silvicul-
ated by clearcutting even when advance repro- tural knowledge can be used to effectively
duction is absent if the final harvest ls coordi- manage and successfully regenerate northern
nated with a good acorn crop and competition red oak in many ecosystems.
control.
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Our job at the North Central Forest Experiment Station is discovering and
creating new knowledge and technology in the field of natural resources and
conveying this information to the people who can use it. As a new generation
of forests emerges in our region, managers are confronted with two unique
challenges: (1) Dealing with the great diversity in composition, quality, and
ownership of the forests, and (2) Reconciling the conflicting demands of the
people who use them. Helping the forest manager meet these challenges
while protecting the environment is what research at North Central is allabout.
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