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ABSTRACT

Much of the upland forest of central New England consists of red
oak (Quercus yubra L.), red maple (Acer rubrum 1.), black birch (Betula
lenta L.), and other species. Such stands developed a definite vertical
canopy stratification when started from clearcutting or similar dis-
turbance. The few red oaks which ultimately occupied much of the
upper continuous canopy were present since stand initiation but
relatively inconspicuous at first. The more numerous maples,
birches, and other species which dominated at first lapsed into the
lower crown positions beneath the red oak after about the third
decade.

The stands are commonly even-aged even though the broad range
of diameters and crown classes developing after about 30 years gives
an all-aged appearance.

For best diameter growth on individual red oak trees and optimum
board-foot production per acre, it may be desirable to have only 45
well-placed red oak seedlings (or seedling sprouts) per acre in the
reproduction, relying on the more numerous red maples, black
birches, and other species to keep the red oaks pruned.
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INTRODUCTION

Northern red oak is a characteristic dominant over much of the
northern part of the eastern deciduous forest (Braun, 1950; Smith,
1962b). Nevertheless, when attempts are made to regenerate pre-
viously oak-dominated stands, the seedlings of this species seem
peculiarly sparse and unresponsive to efforts to stimulate their
growth. Most research has focused on stand developments soon after
cutting and the manipulation of old stands (White and Roach,
1971). This study links these two stages by tracing the development
of old stands backward in time. It tests the hypothesis that full,
dominant canopy cover of red oak results from emergence, at middle
age, of small numbers of well-distributed saplings which burgeon
while certain other species, initially dominant, lapse into the lower
canopy strata.

Silvicultural Problems with Red Oak Regeneration

When stands dominated by members of the red oak group are
subjected to various methods of regeneration cutting, the seedlings of
this group are almost invariably small in comparison to those of other
species (Smith, 1970; Clark and Watt, 1971; Roach, 1971). Clark
and Watt (197 1) reviewed a number of preharvest thinning regimes
designed to ensure adequate oak regeneration; Russell (1973) inves-
tigated a method of planting northern red oak at close spacing.
Trimble (1972, 1973, 1974) examined red oak regeneration and
early growth on various sites after the clearcutting of oak-dominated
mixed stands in West Virginia. He found that other species were
more numerous and generally taller than red oak on all sites five years
after clearcutting and sometimes 12 years later. He also found that in
these early stages red oak would not even show much growth acceler-
ation after release in cleanings.

Species Stratification in Central New England Deciduous Forests

Red oak often forms an essentially pure upper canopy stratum in
older mixed stands on moist, well-drained sites in central New
England (Goodlett and Zimmermann, 1973; Goodlett, 1974; and
Harvard Forest Records, 1974). On upper slopes, red oak occupies
the upper stratum in the moister drainages while black oak (Quercus
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velutina Lam.) and white oak (Quercus alba 1.) predominate on the
adjacent, drier ridges. White ash (Fraxinus americana L.) is found in
the upper canopy position where microsites in the upland soils are too
moist for red oak (Stout, 1952; Lyford, Goodlett, and Coates, 1963).
Red maple and black birch occupy the lower crown strata in
virtually all middle-aged or old stands. Other species, such as the
aspens (Populus species), the hickories (Carya species), black cherry
(Prunus serotina Ehrh.), eastern hemlock (Tsuga canadensis {L.} Carr.),
and eastern while pine (Pinus strobus L.), were also observed in such
stands. White birch (Betula papyrifera Marsh.) and gray birch (Betula
populifolia Marsh.) are also present and so frequently hybridized
(Remington, 1973, 1974) that they are referred to herein collectively
as white-gray birch. Sugar maple (Acer saccharum Marsh.) and yellow

birch (Betula alleghaniensis Britton) become more abundant with
increasing moisture.

Interpretations of the Size Distribution of Mixed Species Stands

The structure and development of mixed deciduous forests is
complex and even bewildering. Many species and a broad range of
individual tree heights and diameters can exist in small areas. Some
observers regard this wide variation in diameter and height as indica-
ting the all-aged condition or one which enables all-aged manage-
ment. Orthers maintain that such aggregations-are commonly
even-aged.

Withinasingle stand, tree heights vary considerably, with smaller
individuals existing beneath and between the crowns of the taller
trees. Segregation by species often occurs, with some occupying the
upper stratum and others, the lower strata. It was frequently
assumed that the smaller trees were younger, were of shade tolerant
species, and would eventually replace the taller ones in the upper
canopy (Jones, 1945; Braun, 1950; Daubenmire, 1968). According
to this explanation, a stratified stand of mixed species is constantly
recruiting new trees, thus creating an all-aged condition.

Mixed stratified stands often have a broad range of diameters
which, when arranged by diameter classes, may approach a reverse-J-
shaped distribution, especially when the smaller diameter classes are
not included in the sample. The explicit or implicit assumption that
tree diameter indicates age can lead to the interpretation that such
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-aged condition, with
hibit the all-aged or balanced uneven-age :
MM%MMMM&EW decreasing numbers of stems 1n mmnrﬁwpwnwnmmﬂ\é__u\ oEMM
: Stevenson, ; Worley a
1 Hough, 1932; Meyer and ens 3; Wor |
me MW&GAM 1; %ﬁm and Zillgitt, 1953; Phillips, 1959; wEmM, .Gomm
Umwvm“:n::mv 1968; Minckler, 1974; and Mueller-Dombots an
, 1974). .
m:.mﬁwmmwm increasing evidence thata stratified SMOM% andfora Unoww
i istribution i ixed deciduous stand do not necessar
diameter distribution in a mixe _ lo not sarlly
it so exist in even-age
indicate an all-aged condition, but may mm pise In even-aged
hese cases the new stand may develop
mﬁw%mmm Muﬁmo%mmmmv new seedlings, or all in combination after ntoww_.
mﬁ. the mnmiocm stand (Raup, 1964; Smith, .Hoowm.w Johnson, 1972;
Drury and Nisbet, 1973). “The plants dominant :w nﬂm _wnmn.mnmmmm
essi t either from the beginning, or
[of secondary succession} were present : ginning, ¢
. Their inconspicuousness 1n y
at least from a very early stage T :  che ca
of their slow growth and/or their
stages appears to be a consequence s
ion by other species (and to some extent, .
Mp%% n%mm mmwmw:wmnm with the dominant species)” (Drury and me_um?
1973). In such stands, the subordinate-layer species have smaller
%mBm.nmnm but are of essentially the same age as ﬁwﬂmmcw@%mwmw .mcm
ive i i release -
The effective stem age is dated from time mo se of the sup,
dlings living near the forest floor after overstory
Muw\mwm%m mmwaw.mwncmor 1974). By even-aged it _mrsg Bmm:nm that ww
et in preci hat the range of ages 1
cart in precisely the same year, but that
M_n.mwwmnwawmn%& to the life expectancy of the major noamomm:wm.
Wilson (1953) showed that an even-aged, second-growth, :om
thern hardwood stand in New Hampshire had the 8<Qmm..u-mrmﬂw
djameter distribution generally associated with m:-mmmmrmﬁ: .
Putnam, Furnival, and McKnight Qomov. mem:R& data which, on
w:m_v\mwmu show the J-shaped diameter mannvcﬂon mﬂcmzw being
, i i - thern bottom-
developed in even-aged than in uneven-aged sou
Whmﬂmm\io%m stands. By following mmno:&-m%w\mwvﬂ_x&mrw:“mwﬂm
i i Olson ound ev
stands in Connecticut for 30 years, 3) found o e
ting that dominant trees were nOt NECESSartly 0X¢
| MMWWMMEN associates. Gibbs (1963) no:n_c.mmm that %&Boﬁ.nn M%wm a
poor indicator of tree age in mixed deciduous stands in West
<_%m_wﬂwm8€8ﬁmao: of the reverse-J-shaped diameter distributions
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is crucial to the silvicultural manipulations of mixed hardwood
stands. Minckler (1973; 1974) contended that this distribution is a
sufficient precondition for uneven-aged selection management.

Orthers (Marquis, 1973) stated that m<m:.ﬁmmm& stands are difficult to 3
convert to the uneven-aged condition even if the diameter distribu-

tion is of reverse-J-shape.

Previous Observations of Red Oak Growth

There has been evidence that red oaks maintain rapid diameter
growth for more years than many associated species. This indirectly
implies that eventual dominance in mixed stands does not necessarily
depend on dominance in youth. In mixed hardwood stands in Con-
necticut Olson (1965) found that the proportion of basal area contrib-
uted by northern red oaks increased from age 40 to 70 even though
the absolute number of them decreased. Karnig and Stout (1969)
found:that the diameter growth was much greater on red oak trees of
larger diameter classes than smaller diameter classes in mixed forests
of southern New York. Similar observations have been made of black
oak in Missouri (Buchanan et al. , 1962).

Late acceleration in diameter growth of northern red oak has also
been observed in Wisconsin (Scholz, 1948) and at the Harvard Forest
(Yoder, 1941; Hoisington and Carr, 1949).

Northern red oak grows more slowly in height than its associated
intolerant species during its first four or five years (Minuse, 1912;
and Beck, 1970). Scholz (1952) attributed its presence only in
even-aged patches in Minnesota to its lack of shade tolerance. Tryon
and Carvell (1958) showed initial growth of oak regeneration beneath
canopies to be closely correlated to the amount of sunlight incident
on the forest floor. Seedlings of northern red oak grew taller and
leafier with progressive increases of light from 8 to 100 percent of full
sunlight (McGee, 1968).

There is evidence that the oaks which later dominate can first live
as intermediates in the upper crown canopy. Scholz (1952) concluded
that red oaks could develop into trees of sawtimber size under
conditions of considerable crowding as long as they were not per-
manently overtopped. Ward (1964) also showed that they endured
somewhat crowded conditions.

Later in stand development, when general height growth has
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slowed, Stephens and Waggoner (1970) found the crown canopy Mvm
mixed ‘hardwood stands in Connecticut to become increasingly
dominated by oaks. At this time northern red oak individuals seemed
either to gain dominance in the stand or to die.

PROCEDURES

It was first necessary to test the view that a m.oB.m:ono Om. B&%M-
aged stands by red oak was a common and predictable mw,wmm in mﬁmwpw
arising after very heavy cuttings or severe Eoémoé:mw R is M.Mm fone
by analysis of a systematic sample of a typical central New Eng

t. .
rmnMMMMM WQMOMMWW dominance at middle age had been <onmmm.. 9.@ rest
of this study involved reconstruction of the common mmmﬂmm _Mﬁmmm
actions which led to this condition. A series of E&&m-mmm an oo:
even-aged stands was examined; these were Qm_n.& ommﬁ mm nont
condition, dominated by red omw. mom had originate ﬁmm &SHMN
cutting or blowdown. The distributions of species by age mn& _M -
eter were determined to verify that the stands were m<m:-wmn m:m 10
test the hypothesis that the red oaks z.mcm_? became ﬁmmn han
common associates of equal age Ammwnn_m:%. red maple an : mm
birch). Incidental to this was the nvmmgmzom &Mﬁ .ﬁrmmm Bw%m %
even-aged stands could have tree diameter m_mmn_msccnm .mwm Xk
mating the reverse-J-shaped curve often interpreted as indicativ.
n-aged condition. .
nrm/%%wm mmnmw_m tree groups containing red oak dominants .QMM
maples, black birches, and other species were dissected n% recons ruct
the growth patterns leading to R.& omw. dominance. No oB_mﬂ: re
oaks were found in this study which %mw not show a pattern of having
i uch dominance at middle age. o
mBAWnWmMﬁ“M%MMm of very young mmm:m.m by others in similar monmmMm :mMM
suggested that red oak is not prominent in the early stages o MMM:
development. Dead stems and stem remnants émmo systema ; mw_
located and identified by species on several plots of varying age
i verify this.

nr_mmw_ﬁwwu nMoBEmWS and detailed dissections were made of a red A_UM_M.
and all of its associates on a plot believed to be the most typica

those previously observed. .
HT% study was undertaken on the Yale Forest in northeastern
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Hmwasbmmancm QSmNmn and Plusnin, 1945) and the Harvard Forest in
ersham, (north-central) Massachusetts. These f;
tative of upland hardwood forests in cen New Englaygsen-
central New England.
Mnmwm Mmﬁ.n n%:mmmm.mo mw_m:m sites on sandy, bouldery m%m:m%wﬂwm
| fved prncipally from granite and schj S .
widespread in central New Eg l pass the well s 5
gland and encompass th 1l-drai
and moderately well-drajned Glouces i nton, Acenes
: . ter, Brookfield, P
and gooav:m.mm soils (Ilgen et al. 19606). Stands WBMMMMDMVW MMMM
Wmmm are mmmn:vwm by Westveld (1956) as being in the Transiti
ardwoods-White Pine-Hemlock Zone. en
mswrm study was further restricted to stands which arose from seeds
advance growth after very heavy cuttings such as the removal of

New England.

The study was compl i

. pleted over a two-year period beginning j
spring of 1972. For simplification all ages and &mBWMM_MM _MWMM

Reconstruction of Stand Histories

Much of the effort was conc
. entrated on reconstructing in i
few nmwnm.mm.smmn:\m stands by r_.mﬁoz.nm_-&g&ome:H m_.mmmmn_._wzawﬂﬁwm
WWM.ME Oﬂaﬁam ﬁ% %mm& stems (Stephens, 1955: Henry and mémom
» Oliver and Stephens, 1977). This m ru d u
alternative to the more common acti follawing ooy 2 a0
/e to th practice of following th
.nrm:%mm In initially young stands over a long Q.Bm.mﬁrmm %MNMMM

the white pine were mowed
: : » pushed over, or damaged
Mm_tmn vm the pine cutting (Patton, 1922; McKinnon %M_. mwwwwvnomm
o s MMB _v& MmB:m:G of Ai.:ﬁm pine logs in the forest floor ,:22 S.Q.m
quently found near points of early damage to presently living

8

PROCEDURES

stems. The pine remnants indicated that these stems had been
advanced regeneration, and that pine cutting was the cause of
damage. Growth ring analyses indicated the time of the clearcutting.

Previous clearcutting of deciduous woodlots was deduced from
high frequency of multiple-sprout (coppice) stems initiated at the
same time (Frothingham, 1912), lack of a plow layer in the soil,
and/or the mound-and-pit microrelief characteristic of unplowed
soils in the area (Lutz, 1940; Stephens, 1956).

Blowdown by the 1938 hurricane was deduced from growth rings,
windthrow mounds, or remains of trees blown over by southeast
winds. Complete stand blowdown was obvious from the large num-
ber of windthrow mounds and parallel, blown-over stems (in the
plots studied the downed trees had not been salvaged). Where only
scattered trees were blown over, adjacent trees had expanded to close
the canopy, leaving little evidence of the hurricane except windthrow

mounds.
Patterns of Species Stratification

Thirty-five permanent point-sampling plots, located at random on
a systematic grid (Zai, 1957) throughout the 7,800-acre (3,159 ha)
Yale Forest, were reinspected to determine how commonly red oak
gained ascendency in species stratification in the older upland hard-
wood stands. Plots or quadrants of plots were accepted if no cutting
or silvicultural manipulation had occurred within the past 33 years
and the previously stated criteria of till soil and stand origin from
clearcutting or blowdown were met. Twenty-five of the 35 plots met
these criteria.

Sample trees on each plot were those over one inch (2.5 cm)
D.B.H. Each sample tree was described by species, D.B.H., and
canopy stratum.

Four canopy strata were recognized, similar to those distinguished
by Richards (1957): Emergent (A-stratum), B-, C-, and D-strata. A
reproducible, objective method of distinction between crown strata
was developed as described in detail in the Appendix. Essentially, the
B-stratum formed a relatively smooth, continuous upper canopy
surface with a few protruding “bumps” of taller, A-stratum trees.
The C-stratum and even lower D-stratum tree crowns were either
partially covered or completely overtopped, respectively, by taller
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trees. The C- and D-strata generally had less continuous upper
surfaces than the B-stratum.

Special attention was given to the relative canopy positions of red
oak and its common associates, red maple and black birch. The taller
species was noted whenever a sample tree of one species overlapped at
least one tree of the other species for more than one-half of any crown
radius. This overlapping is defined herein as “interacting.” Each
interacting species would assume the higher position SO percent of
the time if there were only a perfectly random pattern in the
interaction.

A large dominant, ring-porous tree (usually an oak) was aged at
one foot (30.5 cm) height with an increment borer in each sample

plot to determine the range of ages of dominant trees in the entire
25-plot sample.

Intensive Study of Mixed Stands
Seléction and Aging of Stands

The red oaks were quite consistently in the upper canopy in these
stands. The next step was to reconstruct the patterns of stand devel-
opment which led to the dominance by red oaks. The age distribution
of the dominating oaks from several stands was first studied; then the
relative ages and developmental history of the trees which had grown
in their immediate vicinity were determined.

The six stands selected for this analysis were between 33 and 107
years old. The 107-year-old stand (Stand VII) was at the Harvard
Forest and arose after a hardwood clearcutting. The other stands were
at the Yale Forest. The 33-year-old stand (Stand VI) arose after 1938
hurricane blowdown; and all others began after white pine clear-
cuttings. Stand V was 45 years since clearcutting; stand IV was 74
years; and Stands I, II, and III were 60 years old. The 50-year heights

of dominant red oaks (determined from stem analysis) in Stands -]V
ranged from 55 to 66 feet (17-20 m) and averaged 60 feet (18 m).

All seven stands were typical of the general stratification pattern
found in such stands from the previous systematic sample, and met
the stated criteria of soil and stand origin. Most intensive analyses
were done in 60-year-old stands, since this age seemed within the
rotation age of forest management, and since red oaks seemed to have
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reached the upper crown stratum by this age. OEQ and younger
stands were examined less intensively to help clarify ovmm.?mm_o.:m. N
Initially only B-stratum red oak ages were determine _M Hﬁ:mv
stands. The three stands 60 years of age Amﬂmam.m I, II, an )
contained B-strata composed largely of red oaks, 459. lower ,Mmmﬁw M
red maples, black birches, and many of the other species foun mE t _m
initial 25-plot inventory of upland stands. Sixty-three ran owd y
selected B-stratum red oaks were cored at breast height in nwwmn t .Hmm
stands to determine diameter growth and age patterns. The pit M
were not reached in 28 of the trees after repeated corings vmnmm__wm o
the commonly eccentric growth pattern (Sorensen mm& ./x\_ mo:m
1964). Consequently, 35 trees were used for age maﬁmDBEmﬁomm an
all 63 were used to document diameter growth patterns. Crown
projection maps of a wcvmmBﬂM of _Nu red omwamwom known age were
comparison with basal area growth. .
B%Mmmmmwmwﬂmé mmwﬂurwm of the B-stratum nm.m oaks were taken in &%
other four stands. Three red oaks were aged in the E-%mm?&& wﬁmow ;
seven oaks were aged in the 45-year-old stand; and five each in the 33-

and 107-year-old stands.

Selection and Analyses of Plots

lots were selected in the seven stands for more intensive
mncmﬁw“ HMM Mrm pattern by which red oak attained ascendency M<Mm :M
associates. All of these plots had red maple and/or blac :nm
beneath the red oak. The oaks in the plots chosen all had ages m:_
diameters near the center of the range of values of the wnmx_%:wm
sampled B-stratum red oaks from the same stand. Plot areas differe
because of variations of crown sizes and degrees of stratification at

i ages.

&_MMMMM Mwwwmm émnm established in the three 60-year-old stands (Plots
I-1, I-2; II-1, II-2; and III-1, III-2, and III-3); three plots MQM
located in the 74-year-old stand (plots IV-1, IV-2, and IV-3). Eac
plot was the area vertically beneath the crown of a chosen w-m:mn%ﬂ
red oak. Plots of one-fiftieth acre (0.008 ha) were randomly locate w:
younger stands; two in the 45-year-old (Stand V) and one in the

-year-old Stand VI.
ww%ﬂwnwwon m:»nrm 107-year-old stand at the Harvard Forest (Stand

11
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VII) consisted of a B- i
ugat ol a B-stratum red oak overtopping a black birch and a
All stems within the 60-, 74
: -, -, and 107-year-old pl
MMM@WMM M:.m sectioned at one foot (0.3 m) and vwgmn rm_.mmnomn MMMM
lameter growth analyses, except for th 1
107-year-old plot, which w : by climbing choren the
/-yea , as sampled by climbing th
corng it at four-foot intervals to 16 fi Fhe sallose ol
: eet (4.9 m). The tall
MMMMW MD_.M W_MMA vwnnr wnmmm_nﬁ the upper canopy red oak Mommhﬁwmm
elec uals were also analyzed for height gro .nr b
MMMMW.M@MM% %MM every four feet (1.2 m) to the 8% vm%.n_unm mmvwmwmﬂm
. . - taesections were then aged and measured, as descr;
Wmmwrm Appendix. The positions of all forks, vam&a, Pwnmmmhw an
no:mmn es Monm@ recorded. By this method, height-age .Q:dmm Sma
const MMMHM or ﬂrm stems. Less detailed height-age curves were
obtair moonoﬁnomnwmmaw WM hwm_uAm- Ewm ww -year-old plots by aging each tree
: . reast height and finding i i
Fifty-two trees were studied withj ? ot e o
hin the seven plots i
old stands. Three trees were died 07 yemeal e
studied in the 107-year-old ;
trees on three plots in the 74 i e o 26
-year-old stand; 43 trees j {
the 45-year-old stand; and 28 trees in asingle plot o wz s
fhe plot in the 33-year-old
~€Mo~&Mnﬁanam if trees beyond the oak crowns behaved differentl
o Wmmnw M% W M Mﬁﬁﬁ-o% mnﬂzm were extended beyond the crown Mw
: -stratum red oak to beneath the crowns of th
MWWMM“WW%MM%EQM trees. Vertical crown projections émwm M,_Mwwwm
0g b-stratum trees (all were red oak
B-stratum tree of each of th o collan oo central
3-S two plots. Root coll iti
living trees were also ma , . atom anals ol
pped. Suppl
meMn%ﬂ& on all trees not @R,\_.ocm_%w%:mﬂmmw_ prem snalyses were
I Emmm“._a information on the relative height growth of com-
mn :W er %m s, red maples, and black birches was obtained from
Imwd ol mm ata collected by E. P. Stephens (Stephens, 1955) at the
05 o_nmmm. between GMH and 1955. His study was on a 0.89 acre
nim %:Mv p MM__ﬂ‘m.mmmzm with species and soils similar to the o.nroa of
y. tving trees on the plot had been mapped, sectioned
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Development of an Individual Red Oak and Its Associates

More intensive study was undertaken on a typical individual red
oak and its substratum associates in a 60-year-old plot. Plot I-2 was
used because it characterized developments observed on other plots.
All living stems beneath and extending beyond the central oak crown
periphery were mapped. Stems that died since the clearcutting of the
old-field white pine (to be discussed in more detail later) and stumps
of the cut pines were also mapped and identified. Living branches of
the central red oak were mapped in three dimensional space by means
of triangulation with surveyors’ transits. This oak was then cut down
and sections were taken every four feet (1.2 m) along its stem and
major branches to determine the ages. All trees of other species

within the plot were similarly analyzed.

Analysis of Initial Species Stocking

To determine the initial species composition of stands, estimates
were made of the total number of stems of each species which had
been present since stand initiation on five plots in three stands of 60,
45, and 33 years of age (Stands I, V, and VI).

Two of the 60-year-old plots (Plots I-1 and I-2) were enlarged to
include the area within the vertical projection of the crown periphery
of a B-stratum red oak and extending outward from this for one-half
the distance to the vertical projections of the crown peripheries of the
immediately surrounding B-stratum trees. In this way any part of the
stand area could conceivably be divided into a number of unequal
sized plots.

The L and F soil horizons on two 60-year-old plots, (plots I-1 and
I-2) were carefully removed. Stumps, stump holes, dead stems, and
other evidence of previous trees were mapped. The species were
identified from wood or bark samples; the diameters and extent of
decay of the stumps were noted. The harvest of the previous old-field
stands of white pine had been very complete, as observed elsewhere

by McKinnon et al. (1935). Except for the large rot-resistant stumps
of the cut white pines, it is very probable that all stem remnants -
indicated trees which had been part of the present stand. All living
stems in the 13 original plots, ranging from 33 to 107 years of age,
were found to have started either from released advance growth or

13
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Mrm Aw\om wm.:&omm_m placed one-fiftieth acre 0.00
0d V-2) in the 45-year-old stand and one one-t
: . ~tenth acre (0.04
Mﬂm was established in Em.ww-%mm?o_& stand concentric anwmom <M~ wv
ving and dead stems in these plots were identified by species .

RESULTS AND DISCUSSION

Pattern of Species Stratification

Examination of the broad sa .
. mple of 25 permanent inve
MM AH..MM*HM_@ wﬂnmmm.ﬁ:mmm that there was a definite bﬁ%”ﬂn%%www
ent leading to dominance by red oak id
stand ages of thjs sample ran cacs e B, The
. ged from 33 t0 100 ye
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Red oak occupied the B-stratum either as a single species, along
with other oak species, or with maples, birches, and hemlocks where
they were free of oak competition.

The diameter distribution of all trees in the 25-plot sample is
shown in Figure 1. Figure 2 shows the diameter distribution by
strata. Red oak was in the larger diameter classes, while red maple
and black birch were found with increasing frequency at smaller
diameters. Trees of larger diameters were found in the B-stratum, or
upper continuous canopy, with the exception of hemlock. Progres-
sively smaller trees were relegated to lower canopy strata. Red oak
accounted for over 40 percent of the stems in the upper continuous
canopy (B-stratum) although it comprised less than 8 percent of all
stems. Red maple and black birch, on the other hand, were found
primarily in the lower (C- and D-) strata. Seventy-five percent of the
red oaks found in the lower two strata were subordinate to other red
oak trees, and not to other species.

Age and Diameter Distributions in Stratified Stands
Age Distribution of B-stratum Red Oaks

The B-stratum red oaks in the stands studied were found to begin
(probably from advanced regeneration) soon after the disturbance
initiating each stand. Of the 35 red oaks aged at breast height in the
three 60-year-old stands, all but 5 had reached breast height within 7
years of the disturbance. Four of these five had reached breast height
within 10 years and the fifth was about 12 years younger (at breast
height) than the disturbance.

The four additional stands represented a wide range of ages (33 to
107 years) and originated from three forms of disturbance (old field
white pine clearcutting, hurricane blowdown, and deciduous forest
clearcutting). Examination of the red oaks in these stands indicated
that they had originated and developed in the same way as those of the
60-year-old stands.

The three 60-year-old stands (Stands I, II, and IH) contained
B-stratum red oaks which had diameters and ages whose means were
not significantly different by analysis of variance (5 percent level).
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Age and Diameter Distributions of All Strata

Frequency distributions by diameter and age classes of all trees in
the combined seven 60-year-old plots are shown in Figure 3 (A and
B). The other trees, as well as the B-stratum oaks, essentially began
soon after the disturbance. In the two plots extended to determine if
trees beyond the oak crowns behaved differently, all studied trees
were divided into two groups: those whose stems originated outside
the projected crown of any B-stratum tree, and those trees within the
projected crown area. Student’s t-distribution analysis showed no
significant difference (at the five percent level) between the ages of
trees growing beneath and beyond B-stratum oak canopies.

Diameter and age distributions for the 74-, 45-, and 33-year-old
stands are shown in Figures 4, 5, and 6. For the 107-year-old plot, all
three trees were the same age (106 years at one foot) although the red
oak was 19.2 inches D.B.H. (48.8 cm); the black birch, 7.9 inches
(20.1 ¢m); and the sugar maple, 6.1 inches (15.5 cm).

All of the mixed species stands studied had a vertical stratification
of crown canopies by species and all approached the reverse-J-shaped
diameter distribution so often assumed to be indicative of the all-aged
condition. However, the breast-high ages were narrowly distributed
about a mean age slightly younger than that of the time of initial
disturbance rather than being disturbed in the reverse -J -shaped
manner. The total number of trees per unit area became fewer as the
stands became older, but the essentially even-aged condition was
maintained.

The largest of the few trees of each species which attained breast
height much later grew less in diameter than could be explained
solely on the basis of their younger age. The disadvantage of compe-
ting with earlier established vegetation for limited soil and light
resources may explain this slow growth of slightly younger trees.
Similarly, the competitive disadvantages of younger vegetation may
explain why there was not a continuous recruitment of young trees,
leading to the all-aged forest.

Small disturbances, primarily the 1938 hutricane, occurred in
some of the plots. These did not create a new age class as a permanent
component of the stands, but only increased the growth rate of the
remaining older trees.
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Physiognomic Development of Mixed Species Stands

As shown above, the mixed, even-aged stands that arose after
clearcuttings or similar disturbances developed a vertical species
stratification with red oaks in the upper stratum. Growth histories of
several of the oak-dominated stands of the present study were recon-
structed to determine their patterns of development and to shed some
light on the oak regeneration problem.

Sequential Development of Typical Stand

Many of the data were consolidated into a composite diagram (Fig.

7) to show the development of a typical stand. The schematic was
constructed from the height-age curves, plot maps, and data on stem
branching and forks; this consisted of the B-stratum oaks of the seven
60-year-old plots (Plots I-1, -2, II-1, II-2, III-1, III-2, III-3) and
the tallest associated red maples and black birches as well as other red
maples and black birches. The diagram shows development at 15-
year intervals beginning in 1911. Height growth, relative spacing of
trees within each plot, and positions of branches, forks, and irregu-
larities in the trunks are 2/l to scale and based on direct measurements. The
plots were not all contiguous as implied in the figure. Only living
stems along narrow transects within each plot are shown; other living
red maples and black birches and other species were present. Many
trees and species such as gray birches and aspens which died before the
forest was G0 years old are not shown.

Development of an Individual Red Oak and Its Associates

Figures 8A-H show a reconstruction of the development of a
typical red oak and its associates (Plot I-2) as viewed from the south at
10 year intervals from 1901 to 197 1. The stems shown in Figure 8H
were living in 1971 and are depicted in their measured dimensions.
The additional trees shown in Figures 8B-G represent the probable
growth patterns of the stems for which only a root collar and possibly
a fallen or standing dead stem were found. The size obtained by these
stems and the time of their death is estimated from height-age curves
of similar living trees analyzed throughout this study, as well as from
the size and extent of decay of the dead stem remnants. Figure 8A,
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PLOT NUMBER

Figure 7. Growth of even-aged composite stand consisting of seven B-stracum red
owwm (dotted crowns) and tallest red maple (plain crowns) and/or black
Eanr (horizontally striped crowns) and other red maples and black
birches with stems beneath vertical projection of crown of B-stratum red

oak. Person (see arrow) is six feet (1.8 m) tall and holds a stick ten feet
(3.1 m) long.
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based on stump remnants, shows what the previous old field white
pine stand probably looked like before clearcutting.

Red Oak Crown Development

Figure 9 shows the development, as seen from above, of the central
red oak of Figure 8H, the red oaks which eventually became contig-
uous to it in the B-stratum, and the remnants of dead red oaks found
within the area. The only branches analyzed were those living in
1971; branches dead before then may have made the crowns wider
and deeper during the early years.

Discussion

The stands shown growing in Figures 7, 8, and 9 originated after
old field white pine clearcutting of about 1910. Many of the trees
initiating growth after the cutting arose from new seeds or from
seedlings existing beneath the previous white pine stand. Not all
trees started immediately after the clearcutting, but most did so
within a short time.

What eventually became a stand with red oaks in the upper
stratum and more numerous red maples and black birches in the
lower strata began as an even-aged stand after a disturbance. The oaks
ascended to dominant positions without any further disturbance by
cutting, fire, or grazing. The red maples and black birches did not
lose their position by dying; instead they simply lapsed into the lower
strata. This result is not what would be anticipated from studies such
as those of Clark and Watt (1971) and Roach (1971), of early
developmental stages.

If the stands of this study had been examined during the first 25
years as they appeared in the stages shown in Figures 8B and 8C, it
would have seemed very unlikely that the limited numbers of red
oaks would ever dominate the main canopy as shown in Figure 8H.
Not only were they vastly outnumbered by red maples, black birches,
and other species, but their comparatively low stature would also lead
one to infer that they were more likely to be suppressed than toascend
to dominance.

The lowest lateral branch still alive on the central red oak at 60
years (Fig. 8H) appeared to have started just as the tree began to
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emerge. The lowest living branches on seven 60-year-old B-stratum
red oaks (in Plots I-1, I-2, II- 1, I1-2, ITI- 1, IT1-2, and I11-3) in similar
stands ranged from 30 to 41 feet (9.2 to 12.5 meters) above the
ground and averaged 36 feet (11.0 meters). The long lateral (or
“scaffolding”) branches seen also in Figures 8 and 9 produced the
broad, flat-topped, irregular shape of the typical red-oak crown.
They may also have been instrumental in suppressing the lower trees
by wind-whipping terminals of maples and birches protruding into
these crowns. :

The hurricane of September 2 1, 1938, blew down a hemlock and a
red oak shown in Figure 8. These trees were adjacent to large rocks
which did not permit adequate root anchorage on the windward
sides.

When viewed from above (Fig. 9), the crowns of the widely spaced
oaks are at first isolated among other species but eventually joined
into a pure upper canopy stratum. Where red oaks grew close
together, they segregated into the conventionally recognized domi-
nant, codominant, and intermediate positions within the same
canopy stratum. (Note the oaks in the southwest quadrant of Fig. 9.)
This crown differentiation among closely spaced upper-stratum oaks
is slow. Closely growing oaks each occupied a part of the canopy space
with virtually no overlap of foliage between crowns. Where red caks
were more widely spaced, there was more room for the crowns of an
individual tree to spread. Where oaks were in lower strata it was
mainly because other oaks had excluded them from the B-stratum.

The suppression of oaks primarily by other oaks is supported by the
observation made during the study of the permanent sample plots on
the Yale Forest that 75 percent of the red oaks not found in the upper
canopy were beneath the canopies of other red oaks. Few red oaks in
the stands over 33 years old lived in the suppressed state. Only seven
per acre (17 /ha) were found alive below the upper continuous canopy
stratum compared to an average of 23 per acre (57/ha) in the upper
continuous stratum.

Three oaks depicted in Figure 9 died before 1971. The 1938
hurricane blew over one (in Fig. 8); another (not in Fig. 8) was
apparently suppressed by adjacent oaks to its southwest; there is no
clear explanation for the death of the third (in Fig. 8).

26

FIGURE 8.
(A-H)

Legend.

Reconstruction of development of a typical stand after clearcutting,
about 1910, of old-field white pine. Diagrams show sequential
stages in Plot I-2 viewed from south edge. Arrows point to
trees still living in 1971. Tree "A" is red oak which ultimately
predominated and is central tree of Plot I-2.
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It is probably easier silviculturally to grow northern red oaks, and
perhaps other oaks, in mixture with other hardwood species than to
attempt to create pure oak stands. Species such as maples, birches,
and hemlocks may keep the oak stems well pruned. The emergence of
the red oaks into the upper stratum and the submergence of the other
species, coupled with the initial paucity of oak regeneration, induces
a natural thinning effect. If one could create a pure oak stand with
hundreds of oaks per acre, very intensive artificial thinnings would be
required to produce a similar result.

Height Growth and Species Stratification

Early height growth of red oak is governed by the size (and hence
physiological condition) of the root system from which it developed
(Sander, 1971). Similarly, early height growth of red maple (and
probably other species) varies with such factors as size of root system
and time of release (Wilson, 1968).

For each of the nine plots in 60- and 74-year-old stands and nine
plots from Stephens’ study (described in the Procedures), height of
the red oaks at each five-year interval following stand initiation was
compared with the simultaneous height of the tallest surviving red
maple and/or black birch. There were 12 comparisons between red
oak and red maple, and 10 between red oak and black birch. A paired
variates test (Student’s t-distribution) was used to compare height at
each five-year interval between red oak and red maple or black birch
within the same plot.

Mean height growth patterns of 18 red oaks, 12 red maples, and
10 black birches representing the tallest tree of each species found on
each plot are shown in Figure 10A. The t-statistic of differences
between paired variates (red oak-red maple and red oak-black birch)
are shown in Figure 10B. For the red oak—red maples comparison,
t g5 = 2.201 (df = 11); for the red oak—red maples comparison,

The red maple stems may actually have been taller than the red
oaks for the first ten years of growth. (Note that the t-statistics of Fig.

10B for red oak-red maple comparisons are negative until the tenth
year.) The same relationship was observed for other red maples of the
present study as well. Arend and Scholz (1969) also found red oak
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regeneration to be shorter than associated species immediately fol-
lowing cutting in southern Wisconsin. These early years before
crown stratification have been referred to by Gingrich (1971) as the
“brushy” stage. The slow early height growth of oaks during this
stage has sometimes led silviculturists examining only young stands
to infer that the oaks would not survive. Between the ages of 20 and
25, the tallest red maples decelerated in growth, becoming very
significantly (one percent level) shorter than the associated red oaks
by 25 years. After this they tended to grow relatively little in height,
becoming relegated to the lower canopy strata.

Black birches did not exhibit the rapid early height growth of the
red maples but maintained a steady rate fora longer period (Figs. 10A
and 10B). The tallest black birches eventually reached a height
plateau slightly above the red maples.

Similar patterns of relative height-growth were found for these
three species in the younger and older plots, where it was not unusual

“to find that either red maples or black birches had been taller than red

oaks during the first 25 years. As observed earlier, the growth of red
oaks over red maples and black birches seems to be consistent on the
broad range of till sites in central New England.

Diameter Growth

A study of the breast height diameter growth rates of the 63 upper
canopy red oaks from three 60-year-old stands (Stands 1, II, and I1I)
revealed two growth patterns: (1) an essentially linear diameter
growth with slight acceleration or, more often, slight deceleration
with increasing age; and (2) an abrupt increase in growth during or
shortly after 1939. The remains of trees blown down by the 1938
hurricane were found beside all but one of the 15 oaks that showed the
abrupt diameter increase after 1938. Upper-canopy oaks of the 45-,
74-, and 107-year-old stands also exhibited similarly the two diam-
eter-growth patterns.

Empbhasis in this study was placed on those trees which did not
show growth acceleration after release by the 1938 hurricane. The
sustained rapid and uniform diameter growth of unreleased oaks in
these mixed stands probably resulted from the emergence of oaks
from surrounding competition. Early in their lives the oaks were
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Figure 10. A. Cumulative height growth patterns of northern red oak, red maple,
and black birch. B. T-statistic of paired variants for mean height of red
oak and red maple (dotted line) and red oak and black birch (dashed line)
for each five-year interval. T-statistic is positive when red oak is taller.
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subjected to intense crown competition. The oak crowns expanded as
they emerged above other species, enabling a rapid late growth rate
(Holsoe, 1948) which, when put on over larger surface areas in the
outer rings, caused the annual rings to be of approximately equal
radial thickness.

Breast-height diameters at S-year intervals for 10 red oaks, 8 red
maples, and 6 black birches—all representing the largest of each
species on 10 plots in the 60-, 74-, and 107-year-old stands—are
shown as means in Figure 11A. None of the red oaks were ones that
showed abrupt release after 1938 or at any other time. As with the
comparison of height, the paired variates test was applied to differ-
ences in diameter between red oak and the other species. Best
estimates of the standard deviations of the populations of differences
between paired variates are shown in Figure 11B. For the red oak—
red maple comparison, tgs = 2.365 (df = 7); for red oak—black
birch comparison, tgs =2.571(df = 5).

"Red maples generally remained smaller in diameter than their oak
competitors (Figs. 11A and 11B), although the maples may have
been taller (Fig. 10A) for the first few years. Red oaks were highly
significantly (one percent level) larger in diameter than the red
maples by the time the stands were approximately 15 years old. Black
birches were at first smaller in diameter than both the red maples and
red oaks. They soon grew larger than the red maples and maintained a
high diameter growth rate for about 45 years. Similar diameter
growth patterns were found in both the older and the younger stands
studied. As with early height growth, it was not unusual for either
red maples or black birches to be larger in diameter than the red oaks
during the first 25 years.

Red oaks did not attain a dominant position in the stands until
approximately 25 years after stand initiation. At that time red oaks
were 30 to 45 feet (9 to 14 m) tall and four to six inches (10 to 15 cm)
in diameter. Before 25 years, it would have been easy, without
knowledge of subsequent events, to conclude that the young (0- to
25-year-old) stands would not develop a red oak B-stratum.

Initial Species Stocking and Changes with Time

The observed numbers of living stems by species in each inten-
sively reconstructed stand and the detectable numbers of dead stems
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Figure 11. A. Cumulative diameter-growth patterns (based on 5-year increments)
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line) and red oak for red maples (dashed line) for each five-year interval.
T-statistic is positive when red oak is larger.
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are shown in Table 1. The sum of these values is the minimum
number of trees present in each stand initially, exclusive of those dead
ones for which no remnants remained. The greatest number of red
oaks detected in any stand for any past time was 152 per acre
(375/ha), or about 10 percent of a total stand comprising 1,631
saplings of all species per acre (4,029/ha). Red maples comprised 21
t0 49 percent of the total saplings and black birches had varied from 8
to 35 percent of the total. At age 60, red oaks forming a pure
B-stratum averaged only 97 stems per acre (242/ha), or 17 percent of
the currently living stems.

The observed numbers are consistent with those reported by
others. McKinnon et al. (1935) studied hardwood reproduction
following old field white pine clearcuttings in central New England.
Excluding red maples and aspens, they found an average of 689 “crop
trees” per acre (1,702/ha) on the better till soils five years after the
clearcut (slightly fewer on the poorer soils). Red oaks averaged 241
trees per acre (595/ha) on better soils and 139 per acre (343/ha) on
poorer soils immediately after clearcutting. Here, too, they observed
oaks dominating as the stands became older. In the same circum-
stances, Patton (1922) observed 3,800 hardwood stems per acre
(9,386/ha) at age 13; only eight percent of these were red oaks.
Trimble and Hart (1961) observed several thousand stems per acre
arising after clearcutting northern Appalachian hardwood stands and
only a small fraction were northern red oaks. Similar conditions in
young stands have led observers such as Clark and Wart (1971) and
Roach (1971) to doubt whether red oaks would ever become promi-
nent. It seems clear from the present study that northern red oaks do
have the capacity to assume ultimate dominance over many other
species after “clearcutting” or similar disturbances provided they are
initially present as advance growth. This will occur even though the red
oaks remain in a subordinate position for two decades or more.

Red oak saplings have a low mortality rate compared with many
other species. For example, in Stand I, 75 percent of all red oak
initially present were alive after 60 years, compared with 55 percent
for red maples; 20 percent for black birches, and 44 percent for all
species combined.
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Table 1. Minimum estimates of living (197 1) and dead trees per acre present
since stand initiation in three stands of different ages. Numbers per hectare

are in parentheses.

Stand age 60 years 45 years 33 years
Species #/acre (ha) #/acre (ha) #facre (ha)
Northern red oak
~total 129(319/ha) 152 (375) 150 (370
-living 97 (240) 134 (331) 130(321)
Red maple
nmnoS_ P 645 (1593) 565 (1396) 390 (963)
-living 355 (877) 377 (931) 360 (889)
Black birch
-WMS_ 323 (798) 578(1428) 150 (370)
-living 65 (161) 270 (667) 40 (99)
Other
-total 226 (558) 336 (830) 1170(2890)
-living 64 (158) 258 (637) 790(1951)
All species
-nonmm_u 1323 (3268) 1631(4029) 1860(4594)
-living 581 (1435) 1039(2566) 1320(3260)
No. of plots 2 2 1
Plot area
acres 0.031 0.40 0.10
hectares 0.012 0.162 0.04
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Silvicultural Considerations of Stocking and Volume Growth

Emergent red oaks have relatively broad, flat-topped crowns with
a thin layer of foliage along their upper surfaces and essentially no
lower layers of foliage. Therefore, the surface area of a vertical
projection of a crown periphery on a horizontal plane-—an approxi-
mate index of a red oak’s photosynthetic surface area—would be
expected to be closely related to the accumulated basal area of the tree
stem where there had been relatively little disturbance. A close
relation has been found between basal-area growth and crown projec-
tion area by Holsoe (1948) in red oaks and white ashes, by Berlyn
(1962) in eastern cottonwoods (Populus deltoides Bartr.), and by Stout
(1962) in a larger number of deciduous and coniferous species.

Basal areas and areas of crown projections of 25 trees in the three
stands (Stands I, II, and III) of approximately 60 years age were
measured. There was no evidence of stand disturbance except for the
1938 hurricane, which had caused acceleration in diameter growth of
some trees. There was a close correlation (r?2 = 0.83) between basal
area and crown projection area for these trees as shown in Figure 12
and expressed by the equation:

BA = (0.0013 xSA) + 0.0718
where BA = basal area per red oak in the upper canopy stratum at 60
years age; and SA = surface area of a vertical pro jection of the red oak
crown on a horizontal plane. A very similar relation was found by
Patton (1922) and Stout (1962). :

On a crown map of a stand with a B-stratum of red oaks, the
intercanopy area was divided equally among adjacent B-stratum
crowns. A low correlation (r2 = 0.335) was found between crown size
and amount of ascribed intercanopy area; this area averaged 60.2

.square feet (5.6 centares) per tree and varied lictle with crown size.

By adding this 60.2 square feet (5.6 centares) of intercanopy area
to the horizontally projected surface area of each upper canopy tree,
the number of trees of any given average diameter which can be
grown on an acre can be approximated. Figure 13 shows graphically
the estimated change in basal area (BA) per tree and DBH of each
B-stratum red oak with the change in number of individuals in a
uniform, square spacing.

44

RESULTS AND DISCUSSION

BASAL AREA AT BREAST HEIGHT
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Figure 12. Relationship of basal area to the area of crown surface, projected to a
horizontal plane, in red oak trees.
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Figure 14 shows the board foot volume per red oak for all red oaks
per acre forming a pure B-stratum. These values are based on Figures
13 and 12 and the International V4 - inch scale (Form Class 78; Forbes,
1955). It also assumes two logs (32 feet; 9.8 m) of merchantable
timber per tree—an assumption derived from the earlier observation
that the height of the lowest living branch of seven sampled 60-year-
old red oaks averaged 36 feet (11 m).

Given these simple assumptions, the best board foot volume
obtainable at 60 years is with not more than 45 upper canopy red oak
stems per acre (111/ha). This also assumes that the oak component
had been at this density since age 30. The other portion of the stand,
perhaps amounting to 1500 stems per acre (3,672/ha), would be of
other species and subordinate to the oaks. Somewhat higher oak
stocking may, however, result in greater board foot volumes and
better quality material than might be inferred from Figure 14
because competition between the oaks would cause higher pruning
and hence longer merchantable boles (Patton, 1922; Gevorkiantz and
Hosley, 1929).

This study shows that it is not only unnecessary but undesirable to
have large numbers of red oaks in mixed stands. The capacity of the
red oaks to emerge after two decades above most associated species
results in the same effect as thinning, provided that the red oaks in
the mixed stands are not so close together that they compete with
each other. The optimum number of red oaks is indeed so small that
they are not readily obvious to casual observation among the more
numerous associated species during the early stages of stand
development.

GENERAL DISCUSSION AND CONCLUSIONS
Possible Causes of Delayed Oak Dominance

Root Systems of Associated Species

The average depth of woody lateral roots growing in a deciduous
forest follows a pattern of stratification by species, with oaks in the
deepest strata (Stout, 1956; Lyford, 1974). The generally deep root
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SPACING IN FEET BETWEEN RED OAK FORMING PURE B-STRATUM
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Figure 13. Diameter and basal area expected from northern red oak at 60 years
when forming a pure B-stratum if thinned to given spacing (or number
per acre) at no later than 25 years.
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GENERAL DISCUSSION AND CONCLUSIONS

SPACING
N FEET BETWEEN RED OAKs FORMING PURE B-STRATUM systems of red oak seedlings compared to red maples and black
: birches may account for their slow initial growth and sustained later
30 %30 20 X 20 X , growth. Red oak growth may be directed at the development of a
35X 35 | 25X 25 : deep root system during its early stages rather than ar fast shoot
2504 growth. Later, the well-developed root system may allow oak to
maintain steady height growth longer than its more superficially

rooted competitors.

Relative Size of Xylem Vessels

The observation that species such as red maple are tolerant of shade
and red oak is intolerant may lie in the relative sizes of the xylem
vessels. Ring-porous red oaks have much larger xylem vessels than do
the diffuse-porous red maples and, because of embolization, must
add new vessels each year to maintain evapotranspiration flow to the
leaves (Zimmerman and Brown, 1971). Diffuse-porous maples can
utilize older vessels for more years. Therefore, for red oaks to live they
must produce enough net photosynthate each year to add an entire
new complement of xylem vessels. Since these vessels are larger than
the diffuse-porous maple and birch vessels, the net photosynthate
needed to maintain an oak is greater. This larger requirement of dry
matter for annual xylem formation may exclude the red oaks from
living in the lower strata even though red oaks leaves may be no less
efficient than red maples in net photosynthesis at low light inten-
sities. Red maples were observed in this study living in the under-
story with annual radial xylem increments of less than 0.0016 inches
150 250 400 (0.04 mm). Evenina dying red oak the smallest such increment was
0.0083 inches (0.21 mm).

The ascendance of the oak may also be triggered by the attainment
of a certain diameter since the volume of oak xylem transport, being
restricted primarily to the outer ring, would probably be closely
. influenced by the tree’s diameter.

Figure 14. mOm.a woon volume (International 1/4 inch rule, Form Class 78) per tree Also, the oak vessels may be instrumental in their more efficient
(solid line and scale on left) and per acre (dashed line and scale on right) height growth. The larger red oak vessels allow transport in the
of vary ing numbers of well-spaced red oaks in pure B-seratum when not xylem to occur at a more efficient rate than the small-vesselled maples
thinned since 25 years. Based on Figures 12 and 13, and birches (Zimmerman and Brown, 1971).

200+

04 a¥vosg

~ |

~
~

b.f. vol.

per acre

50

b. f. vol.
per tree

BOARD FOOT VOLUME PER RED OAK TREE
»
o)
o]
S
4OV ¥3d SHYO g3y NI 3WNTI0A 10

0 ——

40 60

80 100

NUMBER OF WELL-SPACED RED QAK
STEMS/ACRE FORMING PURE B-STRATUM

48 49




DEVELOPMENT OF RED OAK IN MIXED STANDS

Terminal Growth Patterns

apical control. Height-age curves indicated a decline of temporary
hiatus of height growth at about the time of the terminal death. From
studies of the extent of xylem rot at the point of the crook, the
terminal death occurred when the red maple and black birch twigs
were generally less than 1.5 inches (3.75 cm) in diameter. These
deaths were extremely common; but it was not clear whether they
were the result of sporadic episodes of acute damage (such as severe
wind or glaze storms or insect outbreaks) or if they were a quite
regular, chronic phenomenon.

Times of breakage could be dated from height-age curves to within
approximately three years. The approximate date of each injury to
each red maple and black birch sectioned for height in the 60- and
74-year-old stands are shown in Figure 15. The frequency of injuries
by years showed the injuries to have occurred on a quite regular basis.
Even years of severe windstorms-— 1938, 1950, and 1954 —showed
no apparent rise in number of breakages.

Incidence of breakage was chronic rather than limited to a few
specific years, but was greatest in the early life of the stands. Part of
the chronic breakages may be caused by a combination of wind action
and the frequent, minor glaze storms of the region. Red oaks, even
with their stronger limbs, may suffer from this injury; however,
another bud would more readily assume the terminal growth position
than in the cases of maples and birches because the oak terminals
assert less apical control than do the others (see Kozlowski, 1971;
Zimmerman and Brown, 1971). .

The relatively thin branches of birches and maples were observed
to batter against the stout lateral branches of oaks when blown about
during windstorms and during ordinary glaze storms accompanied
by winds. Such batterings probably contribute to the injuries to the
stems observed in this study. The relatively weak apical control of red
oaks allows them to develop large, strong lateral branches which
might act to inhibit the height growth of competing vegetation
while protecting the terminal buds of the oaks from similar such

injury.
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Figure 15. Frequency of black birch and red maple stem injuries for each year in
trees sectioned in 60-year-old stands.

Another factor possibly contributing to the terminal breakages in
maples and birches is the occasional seed setting and concurrent
die-back or growth decline which has been observed in these species

(Mello, 1974).

Stratification of Other Species

There also seemed to be a distinct pattern in the temporal .m:m
spatial stratification of other species within the stands studied.
Height-age curves were developed only for red Bﬁuﬁm and black
birches in their relation to red oaks; however, observations of other

species suggest certain patterns. . .
Aspens seem to make rapid early height and diameter growth but

do not live long. o .

One form of the white-gray birch complex maintains height mnm
diameter growth characteristics similar to red oak for a longer period
than do red maple and black birch, as was also observed by McKinnon
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et al. (1935). Another form seemed to behave like an early pioneer
and die in the first 20-30 years.

Hickories were not very prominent in these forests but seemed to
be emerging into the B-stracum and competing with the red oaks in
the 107-year-old stand.

“Hemlock, generally relegated to the lower strata, responded to
disturbances in the overstory by temporarily increasing its diameter
growth rate, as was also found by Marshall ( 1927) and Lutz (1928).

Sugar maple behaved very similarly to red maple, often accom-
panying it or even replacing it on the bertter sites. More than any
other species, sugar maple seemed able to germinate and survive at
much later times during the life of the stand than other species. These
younger saplings grew extremely slowly if not released.

Conclusions

In the m<mn-m~w.& stands of this study, oaks predominated from age
30 to age Hoo. in the larger sizes and superior canopy positions.
Although continuously present and relatively few in number, oaks

regeneration has been unsuccessful. In a mixed stand oaks did not
have as high rate of mortality as the associated species studied.

If the management ob jective is to produce 60-year-old or older red
oaks, they can be grown in even-aged stands. These oaks do not need
to be grown in pure stands. In fact, it will simplify intermediate
silvicultural operations such as thinnings and prunings if one simply
has a density and spacing of oaks approximating the desired rotation
density and spacing (plus an insurance factor of perhaps 33 percent).

The combination of a few large red oaks and the larger numbers of
smaller subordinate trees of other species in the even-age stands
studied exhibited a reverse-J-shaped curve of diamerer distribution
similar to that often ascribed only to all-aged stands.
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Species Stratification in Extensive Areas of Mixed Forests

Four crown strata were recognized, similar to those recognized by
Richards (1957):

A stratum (Emergent crown class): those trees with one half of their
live crown length above the height of the upper continuous
crown canopy (B stratum). They do not form a continuous
crown canopy and they are not close enough to have contact
between lateral branches of other “outstanding” trees.

B stratum: those trees which are neither overtopped by nor subor-
dinated by any tree except emergents. (Definitions of “over-
topped” and “subordinated” are listed below. )

C stratum: those trees which are subordinated by at least one other
tree, but are not overtopped by any.

D stvatum (Overcopped crown class): those trees which are over-
topped by at least one other tree.

A tree was defined as interacting with sample trees chosen by the
point-sampling (prism) inventory method if the sample swbordinated
it, overtopped it, was subordinated by it, ot was overtopped by it. Over-
topping was defined as the situation in which the horizontal crown
projection of one tree completely covered the crown of another.
Subordination referred to situations in which trees of lower status were
not overtopped but more than half of the horizontal distance from the
center to the edge of the crown, along any radius, was covered by the
horizontal projection of the upper crown.

Determination of Tree Ages

Age was determined, with adjustments as described below, by
counting the number of annual rings in each disk under a dissecting
microscope. For ring-porous hardwoods, except for occasional razor
cuttings, it was not necesary to smooth surfaces cut with a chain saw.
Conifer and diffuse-porous hardwood sections were prepared by
sanding with progressively finer sandpaper and sometimes steel
wool. Where necessary, petroleum jelly was used to make the rings
more visible. The width of each annual ring was then recorded by
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measuring each ring along an average radius using an Addo-X tree
ring counter.

Rings or parts of rings may disappear near the basipetal portion of
the trunk of suppressed trees (Larson, 1956; and Bormann, 1965). To
determine more accurately the age near the base of the suppressed
trees which were sectioned every four feet for their entire height, the
following method was developed:

1. For each'section measured, the radial width of each annual ring
was plotted on the vertical axis; and the number of rings
(roughly the age) away from the present cambium was plotted
on the horizontal axis (Fig. 16).

2. Graphs of consecutive sections were placed above the next

. lower ones on parallel horizontal axes, and with the zeroes

(cambial ring) of the horizontal axes in a vertical line, as can be
seen in Figure 16.

3. Beginning with the uppermost section, patterns of large and
small annual radial growths were observed. These patterns
were traced to the next lower section, where the outer portions
were less distinct. Patterns from inside rings not even present
in the higher sections were found and traced to the lower
sections where the outer patterns had become obscure. The
number of years lost in counting because of small or disap-
peared rings could be traced from the top (where the outer rings
were present) through progressively inward patterns. An
example of four sections from a tree thus traced is shows in
Figure 16.

For those stems sectioned only at one foot and 4.5 feet, the ring
patterns were compared between the two sections.

Relation of Diameter Inside Bark to Diameter Outside Bark
for Each Species Studied

For each species, trees were sectioned and measured inside and
outside of the bark. Regression analyses of the natural log of the
outside bark diameter (y) versus the natural log of the inside bark
diameter (x) were performed to generate equations to be calculated in
millimeter units.
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Figure 16. Example of method of determining age from sequential sections of a
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Number  Range

in of
The equations followed the form: Species A E Sample  DIB (mm)
y = AxE, Ash, white
(Fraxinus americana 1..) 1.2049 0.9846 138 6.4-94.0

where A and E are as shown in the following table for each species
studied. The lowest value of r2 for any of the species was 0.988 and
the standard errors of the residuals, expressed as percentage of the
means, ranged from 0.4 to 1.3%.

Aspen, Big tooth
(Populus grandidentata Michx.) 1.6119 0. 9203 52 10.7-230.1

Birch, black
(Betula lenta 1..) 1.2050 0.9781 159 14.2-254.1
H.HHmHﬂ>‘HACHﬂm OHHmU meﬁTu grey NDQ paper
(Betula populifolia Marsh.

and Betula papyrifera Marsh.)  1.2381 0.9689 99 4.3-164.5
Arend, John L., and Harold E. Scholz. 1969. Oak forests in the Lake

States and their management. USDA For. Serv. Res. Pap. Birch, yellow

NC-31. 36 pp. (Betula alleghaniensis Britton)  1.2762  0.9601 99 7.3-164.0
Beck, D.D. 1970. Effects of competition on survival and height Ch black

: . ) erry, blac

Wﬁwﬁr of red oak seedlings. USDA For. Serv. Res. Pap. SE-56. (Prunis serating Eheh.) 1.1822 0.9803 116 6.8-113.8

Berlyn, G. P. 1962. Some size and shape relationships berween tree
stems and crowns. lowa State Journal of Science 37: 7-15.
Bormann, F. H. 1965. Changes in the growth pattern of white pine

Hemlock, eastern
(Tsuga canadensis (1.) Carr.) 1.2594 0.9692 69 8.1-347.2

undergoing supptession. Ecology 46: 269-277. Hickory (Carya spp.) 1.2167 0.9833 148  17.9-80.2
Braun, E. Lucy. 1950. Deciduons forests of eastern North America.
Blakiston Co., Philadelphia. 596 pp- Maple, red (Acer rubrum L.) 1.1896 0.9748 354 5.6-286.0
Bromley, Stanley W. 1935. The original forest types of southern
New England. Ecological Monographs 5:61-89. Maple, sugar
Buchanan, W.D., F.C. Liming, and W. Harrison. 1962. Diameter (Acer saccharum Marsh.) 1.1418 0.9887 112 8.0-277.5
mwﬁ%\ﬂr patterns of black oak trees. Journal of Forestry 60:352- Ok, black |
Carvell, Kenneth L. 1971. Silviculrural aspects of intermediate (Quercus velutina Lam.) 13609 0.9596 o1 7-8-340.0

cuttings. In Oak Symposium Proceedings. USDA For. Serv. Upper

Oak, h d
Darby, Pennsylvania. Pp. 60-64. o e xe

| o (Quercus rubra L.) 1.2821 0.9676 263 7.5-463.8
Clark, F. Bryan, and Richard F. Wae. 1971. Silvicultural methods
for regenerating oaks. In Ogk § ymposium Proceedings. USDA For. Oak, white
Serv., Upper Darby, Pennsylvania. Pp. 37-43. (Quercus alba 1.) 1.5348 0.9279 65  28.6-218.0
Core, Earl L. 1971. Silvical characteristics of the five upland oaks. In
Oak Symposinm Proceedings. USDA For. Serv. Upper Darby, Pine, eastern white
Pennsylvania. Pp. 19-22. (Pinus strobus L.) 1.404 0.9458 86 7.1-154.7
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Daubenmire, Rexford. 1968. Plant communities: a textbook of plant
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Drury, William H., and Ian C.T. Nisbet. 1973. Succession. Journal
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Forbes, Reginald D. 1955. Forestry Handbook. Ronald Press, New
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Forest Bulletin 13. 83 pp.
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4 pp.
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stands. In Oat Symposium Proceedings. USDA For. Serv., Upper
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Goodlett, John C., and Robert C. Zimmerman. 1973. Distribution
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England. Unpublished manuscript, Harvard Forest, Peter-
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Goodlett, John C. 1974, (Unpublished data on file.) Harvard Forest,
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Harvard Forest Records. 1974. (Unpublished data on file.) Harvard
Forest, Petersham, Massachusetts

Henry, J.D., and J.M.A. Swan. 1974. Reconstructing forest
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