Effects of Light Regimes on the Growth
of Cherrybark Oak Seedlings
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ABSTRACT. Light regimes vary significantly within small forest openings, ranging from full sunlight to
total shade, and they may affect the estahlishment and early growth of oak seedlings. We desighed
modified shadehouses to simulate the complex light conditions within forest openings and tested the
effects of daily photosynthetically active radiation (PAR), time of direct light exposure, and the ratio of
direct light to day length (direct-sunlight ratio) on height, diameter, and periodic growth of cherrybark
oak (Quercus pagoda Raf.) seedlings through 2 yr. Five treatments representing the time of exposure
to direct sunlight were created: NO, NOON, MORNING, AFTERNCON, and FULL. Treatments significantly
affected both the height and root-collar diameter of seedlings, especially during the second growing
season. The direct-sunlight ratio was linearly related to periodic height growth for the NOON treatment
but not related to height growth for the other treatments. However, periodic height growth in the
AFTERNOON and FULL treatments was highly correiated to mean daily PAR. Maximum periodic height
growth occurred at moderate daily PAR levels. This research showed that light conditions for maximum
growth of cherrybark oak seedlings change through time, with adequate shading being most favorable

during the early stages of establishment. For. Sci. 47(2):270-277.
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BTAINING ADEQUATE OAK REGENERATION iS a major
O concern in the United States (Loftis and McGee

1993). Extensive research has shown that advanced
oak reproduction must be established before overstory re-
moval for successful regeneration. Larger, well-established
seedlings are more likely to grow into crop trees. Loftis
(1990a) predicted that as basal diameter of northern red oak
(Quercus rubra 1..) seedlings increased at the time of over-
story harvest, the probability of seedlings becoming future
dominant or codominant trees increased.

Following acorn production and germination, successful
oak seedling establishment is highly dependent on adequate
light exposure. Oak seedlings are shade intolerant to interme-
diately intolerant (Smith 1992) and cannot grow well under
aclosed forest canopy. Lorimer et al. (1994) found that 70%
of planted white cak (Q. alba L.) and northern red oak
seedlings died within 5 yr under a closed canopy, and the
surviving seedlings showed a net decrease in total height.

QOak seedlings often die back to the root collar and resprout
(Crow 1988, Dickson 1991). If not released from intense
shade, most oak seedlings will perish or remain small for
years. Some seedlings, however, may eventually develop a
large taproot (Merz and Boyce 1956). Oak seedlings may
respond to improved light conditions resulting from repro-
duction cutting or understory/midstory removal. Lorimer et
al. (1994) reported that understory removal resulted in 90%
survival of northern red and white oak seedlings and 50-90%
increases in height. Similar increases in survival and height
growth were also observed after midstory removal by Janzen
and Hodges (1987} and Lockhart et al. (2000} for cherrybark
oak (Q. pagoda Raf.). Once released, oak seedlings may be
able to compete with faster growing species (Minckler 1957,
Bey 1964, Sander 1972, Johnson 1979).

Because of the clear importance of light to oak regenera-
tion, reproduction methods have been developed that create
adequate light regimes for oak seedlings, such as the
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shelterwood and group selection methods. Successes have
been reported for regeneration of northern red oak in the
southern Appalachians, but oak reproduction has not always
been successful in the same area (Loftis 1990b). The lack of
consistent success reflects the complexity of growth environ-
ments for oak seedlings. This complexity results from varia-
tion in light availability, species competition, and other
environmental factors. Hodges (1989) reported that heavy
shelterwood cuts encouraged development of the faster grow-
ing competitors of oaks. Brose and Van Lear (1998) found
that burning in shelterwood stands increased oak seedling
establishment. Burning controlled yellow poplar
(Liriodendron tulipiferq L.) and red maple (Acer rubrum1..),
giving oak sprouts time to achieve a competitive advantage.
If competing understory vegetation is controlled, light condi-
tions resulting from the stand’s canopy become the most
critical factor for oak seedling growth. Gardiner and Hodges
(1998) used shadehouses to study the effect of various light
conditions on cherrybark oak seedlings and found that height
of 2-yr-old seedlings was the greatest with 27% and 53% of
full sunlight. Roat-collar diameter showed a similar pattern,
except that it was greater with 53% of full sunlight than with
27%. Full sunlight exposure and 8% of full sunlight resulted
in much smaller seedlings. Similar results have been reported
by others (Kolb and Steiner 1990a, 1990b, Shumway et al.
1993, Gottschalk 1994),

Field studies relating quantified light conditions with oak
establishment and growth had been rare until Buckley et al.
(1998, 1999) reported photosynthetically active radiation
(PAR) in pine and oak stands in northern Michigan and
related it to early northern red cak establishment and growth.
Most studies, however, related forest opening size or residual
overstory basal area to oak seedling growth. For instance,
Minckler and Woerheide (1965), Sander and Clark (1971),
and Smith (1980, 1981) reported that oak seedling growth in
the center of forest openings with diameters as small as one
or two times the height of surrounding trees was similar to
that in clearcuts. In the field, however, quantifying the light
regime of seedlings is difficult. Direct sunlight may reach
seedlings during certain times of the day, but seedlings may
be fully shaded at other times. A complex light regime with
fluctuating periods of direct and indirect sunlight is difficult
to mimic but may strongly affect seedling establishment and
growth.

Quantifying the sunlight received at any spot within forest
openings is crucial to evaluating the effect of that light regime
on the growth of oak seedlings. Marquis (1965) proposed a
method to predict light conditions in small forest openings,
making it possible to compute daily and seasonal light con-
ditions. Similar research was also conducted by Satterlund
(1983) and Dai (1996).

We hypothesized that timing and amount of direct sun-
light exposure and daily PAR affect the growth of cherrybark
oak seedlings. To test these hypotheses, we built a nontradi-
tional type of shadehouse to simulate the light conditions
occurring within small forest openings. Each shadehouse had
sections that had no shade cloth on top, which allowed direct
sunlight to reach seedlings during different times of day.

Applying the methods of Marquis (1965) and Satterlund
(1983), we calculated the length of time seedlings were
exposed to direct sunlight and tested the hypothesis that the
ratio of direct sunlight to total sunlight affected oak seedling
growth. In addition, since small forest openings result in a
complex light regime, we tested the hypothesis that exposure
of oak seedlings to direct sunlight during different times of
day would affect seedling growth. Cherrybark oak was used
in this study because of its importance in the regional forest
ecosystem and economy,

Materials and Methods

The study site was located in Drew County, Arkansas
(91°50°W and 33°37°N) in the West Gulf Coastal Plain. The
soil is an Amy silt loam (Typic Ochraquults). Site index for
cherrybark oak is about 26 m at age 50. Before the study was
established, the area was an open field, but native vegetation
is classified as mixed pines and hardwoods (Larance et al.
1976). Annual precipitation averages 134 cm, with most
occurring in the winter and early spring.

The statistical design was a split plot with a completely
randomized block layout and three replicates. The main plot
was the regimes of direct sunlight, and subplot was parent
trees. With the long axis of the shadehouses oriented toward
north, the main plot was divided into five treatments based on
when direct sunlight occurred: mostly in the morning (MORN-
ING), around noon (NOON), mostly in the afternoon (AF-
TERNOON), all day (FULL), and at no time (NO). The
treatments were intended to represent the light conditions
occurring within a small forest opening: FULL at the center
of a large opening, NO at the south end, MORNING at the
western edge, AFTERNOON at the eastern edge, and NOON
at the center and northern edge of smaller openings.

The dimensions of the shadehouses for the NOON treat-
mentwere 2.4x 3.7 X 2.4 m, while the dimensions for the NO
treatment were 2.4 X 2.4 X 2.4 m (Figure 1). Shade for the
MORNING and AFTERNOON treatments came from the
vertical walls of the NOON treatment. All shade cloth pro-
vided 20% of full sunlight, which is equivalent to the light
transmittance in an oak stand with a basal area of 21 mZha~!
based on equations of Buckley et al. (1999), The shadehouse
for the NO treatment had shade cloth on the top and all sides
except for the lower half of the north side. The NOON
treatment only had vertically oriented shade cloth on the
north, east, and west sides.

Acoms from four open-pollinated cherrybark oak trees in
Drew County, AR, were collected in November 1995, float
tested, and stored in a refrigerator at 4°C. Acorns were
stratified for 60 days and sowed in a peat-vermiculite mixture
in February 1996. Seedlings were allowed to grow for 2
months in a greenhouse before planting in the soil in April
1997. Six seedlings from each parent tree were planted in 0.9
X 1.5 m beds in each main-plot treatment (Figure 1). Seed-
lings were planted with a 0.3 x 0.3 m spacing and a 4 row by
6 column arrangement with parent trees randomized within a
row. A total ef 24 seedlings were planted in each plot for a
total of 360 seedlings in the study. During the first month after
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Figure 1. Design and layout of a shadehouse and the associated
seedbeds. Treatment names reflect when direct sunlight
occurred.
the planting, dead or damaged seedlings, averaging six seed-
lings per bed, were replaced by seedlings of the same parent
tree. Replanting was necessary due to a severe storm in early
May, which caused shoot damage and damage to roots by
burrowing crawfish.

A mulch of foliar litter from a mixed hardwood stand was
used to retard herbaceous plant competition within the beds,
and beds were periodically hand-weeded. Herbaceous veg-
etation outside of the beds was periodically controlled with a
foliar-applied herbicide. Seedling beds were irrigated to field
capacity weekly during periods of low summer rainfall.

Seedling height (m) and root-collar diameter (mm) were
measured four times in 1997 and seven times in 1998.
Because of minor variation in the length of measurement
periods, periodic diameter and height growth were standard-
ized to a 30 day basis. For the partially shaded treatments, the
length of time (hr) each planting space was in direct sunlight
at ground level was calculated for each day of a measurement
period by tracking the shadows cast by the shadehouse’s
walls. Solar declination was calculated from formulas given
by Satterlund (1983), and shadow lengths during each day
were calculated from formulas provided by Marquis (1965)
and Satterlund (1983). Day lengths (hr), the time between
sunrise and sunset, were obtained from the Time Service
Department, U.S. Naval Observatory, Washington, DC, for
each day of the second growing season. A ratio of direct
sunlight to day length (the direct-sunlight ratio) was calcu-
lated for each day of a measurement period and then averaged
for the period. A LI-190SA quantum sensor (LI-COR, Inc.,
Lincoln, Nebraska) was installed in each treatment of one
shadehouse. The calibrated sensors allowed determination of
mean PAR (umol - m=2 . s71) for each treatment. PAR was
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automatically recorded by a LI-1000 (LI-COR, Inc., Lincoln,
Nebraska) data logger at a 15 min. interval for 2 days a week
during the growing season. The average PAR at each interval
during a measurement period was calculated, and total daily
PAR (mol - m ?} was computed by adding all the measure-
ments for a day and calculating the mean total daily PAR.

Mean height, roct-coliar diameter, periodic height and
diameter growth, and percentage mortality of each parent in
aplot were analyzed by General Linear Models Procedure of
SAS (SAS 1990). We used the following model:

Y =u+p;+o;+v5+B; 0By +ey ¢)]

where Y ;jx = Meanresponse variable for each parent tree in a
plot; i = overall mean; p,=block (i = 1-3); o, = light regime
(j=1-5); V= block x light regime; B, = parent trees (k= 1-
4); (O:B)jk = light regime X parent trees; €4 = error term, To
test the effect of replanting, mean height and diameter of each
replanting class (replanted and nonreplanted) in a plot were
analyzed by Model 1, except B, = replant (k= 1-2). Means
were separated by the Ryan-Einot-Gabriel-Welsch multiple
range test at P = 0.05. Regression was used to relate periodic
height and diameter growth in 1998 to the following environ-
mental variables: average daily PAR, hours of direct sun-
light, and direct-sunlight ratio. There were 18 observations
for each regression (six periods with three replicates). We
used the following model:

Y, =by B X, + by X e, 2)

where ¥, = mean periodic height or diameter growth of a light
regime treatment in a block; X; = the specified environmental
variable; bo, bl, and by = coefficients determined by least
squares regression (SAS 1990); g, = error term. Terms were
dropped from the full model if their coefficients did not differ
from zero at P <0.05.

Results

Environmental Conditions

Daily direct sunlight, direct-sunlight ratio, and average
daily PAR were all affected by the light regime treatments.
Direct sunlight exposure at ground level in the NOON treat-
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Figure 2. Effects of light regimes on {a} direct sunlight, {b) direct-
sunlight ratio, and {c) daily PAR.
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ment ranged from 3.6 hr-day~! in May to 2.7 hr-day™! in
October (Figure 2a). MORNING and AFTERNOON treat-
ments received more direct sunlight than those in NOON
treatment, averaging 8.5 hr-day~! in May and 6.9 hr-day ! in
October. Day length, which was represented by the direct
light exposure of the FULL treatment, varied from 13.6 hrin
May to 11.2 hr in'October (Figure 2a). Direct-sunlight ratio
ranged from zero for the NO treatment to one for the FULL
treatment, and this ratio appeared to be a good relative
expression of a seedling’s light regime (Figure 2b). Direct-
suntight ratic for the NOON treatment ranged from 0.23 to
0.26 during the second growing season, while the ratios for
the MORNING and AFTERNOON treatments ranged from
0.63 t0 0.65. For a specific treatment, the slight variation in
the ratio during the growing season reflected seasonal
changes in solar position. Average daily PAR also varied
greatly, ranging from: 6.6-10.9 mol-m™2 for NO, 20.0-24.3
mol-m~2 for NOON, 25.2-34.7 mol-m~2 for MORNING,
28.2-37.1 mol-m—2 for AFTERNOON, and 36.3-45.8
mol-m 2 for FULL (Figure 2c).

Exposure to direct sunlight increased as seedlings grew
taller because the distance between the top of the
shadehouse and the seedling’s height diminished. For
instance, direct sunlight in the NQOON treatment increased
from 3.6 hr-day~! at ground level to 4.4 hr-day~! at 0.5 m
in May, or an increase of 0.8 hr-day~!. At 1.5 m above
ground, the direct sunlight was 7.3 hr-day~! (Figure 3).
Increases in the MORNING and AFTERNCON treat-
ments were not as pronounced as in the NOON treatment.
At ground level, direct sunlight in the MORNING treatment
was 8.5 hr-day ! and 10.3 hr-day ™! at 1.5 m above ground in
May, The increase of 1.9 hr-day ! was half of the increase in
the NOON treatment. The pattern in the AFTERNOON
treatment was similar to that of the MORNING treatment
(Figure 3).

Seedling Survival and Mean Size

Seedling survival averaged 91.4%, and most mortality
occurred during the first growing season. There was no
significant treatment effect for mortality (P = 0.71). Re-
planted seedlings did not differ in height (P = 0.86) and
diameter (P = 0.60) from the nonreplanted seedlings in
September 1997 and in following measurements (P ranged
from 0.44 1o 0.86).
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Figure 4. Effects of light regime on mean height of cherrybark oak
seedlings during the first (1997} and second (1998) growing
seasons. Bars with same letter or no letter in the same cluster are
not significantly different at P = 0.05.

At the end of the second growing season, mean height of
cherrybark oak seedlings in the NOON treatment was signifi-
cantly taller than seedlings in other treatments except the
AFTERNOON treatment (Figure 4). Mean height for the NO
treatment was significantly the shortest, but there was no
significant difference among the MORNING, AFTERNOON,
and FULL treatments. Seedlings in the NOON treatment
averaged 34, 28, and 21 cm taller than seedlings in NO,
FULL, and MORNING treatments, respectively. Mean root-
collar diameter in the NO treatment was also smaller than
those with the other treatments at the end of the second
growing season, butno significantdifferences occurred among
the other treatments (Figure 5).

Parent trees affected the height and root-collar diam-
eter of seedlings significantly, but did not interact with
light regime. At the end of the second growing season,
seedlings from Parent Tree 2 were significantly smaller in
both height and root-collar diameter than those from the
other three parents. The difference was over 20 cm for
height and 2.2 mm for diameter. No difference was found
forroot-collar diameter among the other three parent trees,
but height varied significantly. Height of seedlings from
Parent Tree 1 averaged 141 cm, compared to 124 cm for
Parent 4, 119 ¢cm for Parent 3, and 99 cm for Parent 2.
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Figure 5. Effects of light regime on mean root-collar diameter of
cherrybark cak seedlings during the first {1997) and second
(1998) growing seasons. Bars with same letter or no letter in the
same cluster are not significantly different at P = 0.05.
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Periodic Growth

Periodic height growth in the NO treatment was sigmfi-
cantly lower than in the other treatments for August and
October (Figure 6a). In contrast, seedlings in the NOON
treatment usually had the greatest periodic height growth
during the second growing season, except for August when
seedlings in the MORNING and AFTERNOON treatments
had greater growth. Although periodic height growth in the
AFTERNOON and MORNING treatments occasionally sur-
passed the NOON treatment, seedling height at the end of the
second growing season was best for the NOON treatment.
Seedlings in the MORNING, AFTERNOON, and FULL
treatments had similar rates of periodic height growth.

The smaller root-collar diameter of seedlings in the NO
treatment reflected a decrease in periodic diameter growth
during the second growing season (Figure 6b). At the end of
the first growing season, root-collar diameter in the NO
treatment was not different from the other treatments (Figure
5). However, during the second growing season, periodic
diameter growth in the NO treatment was frequently lower
than that in the other treatments. Periodic diameter growth in
the other treatments was similar during most of the second
growing season, except in August when growth in the AF-
TERNOON treatment was greater than the other treatments.

Periodic height growth in the NOON treatment was lin-
carly related to the direct-sunlight ratio with an adjusted
coefficient of determination of 0.53 (Figure 7). Periodic root-
collar diameter growth in the NOON treatment and diameter
and height growth in the MORNING and AFTERNOON
treatments were not significantly (P ranged from 0.21 to
0.29) related to the direct-sunlight ratio. Regressions for the
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Figure 7. Relationships between periodic height growth and
direct-sunlight ratio for cherrybark seedlings in the NOON
treatment during the second growing season (1998). ¥ =-114.2
+ 514.74X, adjusted R2 = 0.53.

FULL and NO treatments could not be conducted because the
direct-sunlight ratio was always 1 for the FULL treatment
and always ( for the NO treatment. Although pericdic height
and diameter growth in the AFTERNOON treatment was not
related to the direct-sunlight ratio, sirong relationships oc-
curred for mean periodic PAR with adjusted coefficients of
determination of 0.89 and 0.70, respectively (Figures 8d and
9d}. Pertodic height growth in the NO and FULL treatments
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Figure 8. Relationships between periodic height growth of the
cherrybark oak seedlings and mean periodic daily PAR during the
second growing season (1998) for the tested light regimes.
Regression models were: (1) for the FULL treatment, Y=-781.48
+ 39.31X - 0.48X2, adjusted R? = 0.55; (2) for the AFTERNOON
treatment, ¥=-1146.57 + 71.81X-1.09X2, adjusted R2=0.89; and
(32) for the NO treatment: Y= -94.47 + 20.85X — 0.99X2, adjusted
R+==0.68.
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was also related to mean periodic PAR with adjusted coeffi-
cients of determination of 0.68 and 0.55, respectively (Fig-
ures 8a and 8e). These relationships showed that periodic
height growth maximized at moderate levels of mean daily
PAR, except for the NO treatment because its maximum
mean daily PAR was below the minimums of other treat-
ments, As indicated by periodic growth, the optimum PAR
occurred in August when day length averaged 13.4 hr com-
pared to 14.3 hr in June and 14.2 hr in July.

Discussion

In our study, we attempted to simulate the light conditions
in different locations within forest openings. The NO treat-
ment represented light conditions under the crowns of bor-
dering trees along the southern edge of openings. The lower
half of the northern side of the NO treatment, which did not
have shade cloth, allowed additional diffuse light to reach
seedlings, and this would simulate the light transmission
between the bottom of trees’ crown and the ground. The
NOON treatrent simulated light conditions of center and
northern edge of smaller forest openings. At the beginning of
the study, the NOON treatment simulated the 9.1 marea in the
center and northern part of small rectangular openings with a
width of 24.4 m and with surrounding trees as tall as the
opening’s width, MORNING and AFTERNOON treatments
simulated light conditions of western and eastern edges of
openings. The FULL treatment represents seedlings growing
without any shade, which would only occur in clearcuts.
However, oak seedling growth in the center of forest open-
ings with diameters as small as one or two times the height of
surrounding trees was reported to be simnilar to thatinclearcuts
(Minckler and Woerheide 1965, Sander and Clark 1971,
Smith 1980 and 1981).

The treatments of our study only partially simulate the
complex light conditions in forest openings. Tree crowns do

not transmit fight in a constant rate, such as 20% of full
sunlight provided by the shade cloth used in this study.
Seedlings in the NO treatment did not have underground
competition from overstory trees, which is common in field
conditions. Additionally, environmental variables other than
light may also be affected by the shadehouses, such as wind
and temperature. These factors are moderated by the more
protected locations represented by the NO and NOON treat-
ments, and they probably vary within small forest openings
in a similar manner. Another issue is that partially shaded
seedlings in this study received extra sunlight as their height
increased in proportion to the vertical walls of the shadehouses,
Despite these shortcomings, shadehouses provide a simpli-
fied way of studying the complex light regimes occurring in
stands.

Height and diameter growth during the first growing
season was low, and there was only a minor effect of the
different light regimes. Because seedlings were transplanted
and in an establishment stage, this slow growth is understand-
able and seems to be a characteristic of cherrybark oak
(Gardiner and Hodges 1998). Light regimes during the first
growing season affected seedlings differently than in the
second. During the first growing season, seedlings in the NO
treatment did not differ in height and diameter compared to
the NOON treatment. Although not significantly different,
seedling height in the NOON and NO treatments was greater
than that in other treatments throughout most of the first
growing season. Crow (1988) indicated that northern red oak
seedlings need protection from direct sunlight for optimum
establishment, but need more light for maximum growth
once established. The growth pattern of the first growing
season in this study seemed to confirm that observation.
During the first growing season, the NOON and NO treat-
ments provided more protection for seedlings from excessive
direct sunlight than other treatments. However, when more
light was needed in the second growing season, sunlight
within the NO treatment was too low to support growth at its
full potential. At the end of the second growing season, for
example, average daily PAR of the NO treatment dropped to
less than 7 mol-m~2, while other treatments had daily PAR of
20 mol-m or ahove. At 7 mol-m2 daily PAR, seedlings
grew little in height in the NO treatment, but seedlings in the
other treatments grew 10 cm-30 days™! or more in height,
Seedlings in the NO treatment apparently needed a daily PAR
of 9 mol-m2 or greater to support good height growth, but
reduced day length and light intensity late in the growing
season did not satisfy this requirement. Consequently, the
effective growing season for the NO treatment was short-
ened, Moreover, light intensity for the NO treatment never
seemed to be enough to support growth at its full potential,
and both height and diameter growth always lagged behind
that in the other treatments during the second growing sea-
son. In contrast, the optimum light conditions were provided
by the NOON treatment, which ranged in direct-sunlight
ratio of 0.23 to (.26 or about 50% daily PAR of the FULL
treatment at ground level (exposure of seedlings to direct
sunlight increased with time because they were taller and,
thus, in the shadows of the shadehouse for less time). When
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the direct-sunlight ratio increased to .63-0.65 or daily PAR
of 75-80% of the FULL treatment, height growth was re-
ducedinthe MORNING and AFTERNOON treatments. This
phenomenon indicates that moderate light conditions may be
important for maximum height growth of cherrybark oak
seedlings during thetr first few growing seasons, whether by
sunlight alone or in combination with associated factors.
Gardiner and Hodges (1998) also reported that moderate
light regimes promote the best early growth in oak seedlings
for cherrybark oak.

The tallest seedlings in this study were 31 cm taller than
those in a Mississippi study (Gardiner and Hodges 1998),
although root-collar diameter was similar. In both studies,
seedling height maximized at a similar percentage of full
sunlight at ground level—the NOON treatment in this study
and at 53% of full sunlight in the Mississippi study. If
genotype and/or site conditions did not account for the
difference between the studies, the partial exposure to direct
sunlight provided by the NOON treatment of our study might
have stimulated the extra growth when compared to the more
constant shade levels provided by traditional shadehouses.
On the other hand, because seedlings in field openings are not
likely to receive the extra light as the seedlings with the same
height in this study, height growth of field seedlings may
have different patterns from this study.

Cherrybark oak is characterized as intolerant of shade, and
seedlings supposedly need full sunlight for optimum devel-
opment (Belanger and Krinard 1990). However, full light
exposure of the cherrybark oak seedlings in the Mississippi
study (Gardiner and Hodges 1998) drastically reduced height
and diameter growth. This reduction was attributed to in-
creased moisture stress and higher vapor pressure deficit. In
this study, seedlings in the FULL treatment had one of the
greatest root-collar diameters but were about 30 ¢m shorter
than seedlings in the NOON treatment. More carbohydrates
might have been allocated to diameter or oot growth, as
evidenced by the greater root-collar diameter growth in the
FULL treatment. These results suggest that under similar
environmental and site conditions, seedlings on eastern and
western edges of forest openings may display higher rates of
height growth than those in the middle of large openings.
Cherrybark oak seedlings may initially have greater height
growth in the center of the smaller forest openings, which
would receive direct sunlight similar to that of NOON treat-
ment in our study.

An interesting finding was the linear relationship be-
tween periodic height growth and direct-sunlight ratio in
the NOON treatment. Draily PAR was not related (o peri-
odic height growth in the NOON treatment, but daily PAR
was strongly related to periodic growth of the AFTER-
NOON and FULL treatments. Apparently, a majority of
the daily PAR was contributed by direct sunlight in these
treatments. Direct sunlight in the NOON treatment seemed
never to exceed a level that would restrict seedling height
growth. Direct sunlightin the MORNING, AFTERNOON,
and FULL treatments must have been over the optimum
level since height growth was less than that in the NOON
treatment, except in August for the AFTERNOON treat-
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ment. The reason that direct sunlight in the NOON treat-
ment was not related to periodic height growth was due to
the relatively long direct sunlight exposure in May but the
associated low growth. When adjusted by day length,
however, direct-suniight ratio showed a better fit for
periodic height growth. Environmental factors, such as
temperature, PAR, and soil moisture are likely related to
direct sunlight and day length, especially under the con-
trolled conditions in this study.

In summary, light conditions were important for the
early growth of cherrybark oak seedlings, although seed-
ling survival was not affected. A daily direct sunlight
exposure of 3—4 hr at ground level and 20% of the full
sunlight in the remaining time resulted in the greatest
height growth through 2 yr. Increasing direct sunlight
exposure to $-9 hr-day ! or to full sunlight reduced height
growth. Without any direct sunlight and about 23% of the
total daily PAR, both total height and diameter were
significantly reduced compared to the NOON treatment. A
limited but sufficient direct sunlight exposure seemed to
be important for seedling growth of cherrybark oak. The
implication of this finding is that if understory competi-
tion is controlled, proper size of forest canopy openings is
important for adequate direct sunlight exposure of seed-
lings. Finally, selection of trees for acorn collection or
retention of seedtrees is also important for producing
seedlings with a high growth potential. Results from our
study showed that a difference of as much as 40% in height
growth over 2 yr could result from different parent trees.
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