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Abstract .

Canopy tree recruitment is inhibited by evergreen shrubs in many forests. In the southern Appalachian
mountains of the USA, thickets of Rhododendron maximum L. restrict dominant canopy tree seedling
survival and persistence. Using R. maximum as a model system, we examined available light under the
thickets and the photosynthetic responses of seedlings of canopy tree species. We tested the hypothesis that
the additional shading from under R. maximum drives carbon gain in seedlings below the threshold for
growth and survival. A reduction in light under the thicket was found where canopy openness (derived from
canopy photographs) under R. maximum was half the amount measured in forest without R. maximum.
R. maximum also reduced direct radiation by 50% and diffuse radiation by 12-29% compared to forest
without the shrub layer. Mean mid-day PPFD (photosynthetically active photon flux density between 1000
and 1400 h) under R. maximum (obtained from quantum sensors) was below 10 ymol m™2 s~ on both
clear and overcast days and the amount of sunflecks greater than 10 ymol m~2 s™! PPFD was only 0—
20 min per day. In contrast, forest without R. maximum received a mean PPFD of 1825 ymol m™2 s~ on
clear days and a cumulative sunfleck duration of 100-220 min per day in all sky conditions. Consistent
with light availability between the sites, daily carbon gain in Quercus rubra L. seedlings was lower in forest
with R. maximum compared to forest where the shrub was absent. The presence of the shrub layer also
significantly suppressed average mid-day photosynthesis of both Q. rubra and Prunus serotina Ehrt.
seedlings on 8 out of 11 measurement dates. However, parameters derived from light response curves
between seedlings growing in forest sites with or without a thicket of R. maximum was significantly different
only in Apyax (maximum photosynthetic rate), indicating a lack of further acclimation to the deeper shade
under R. maximum. While the additional shade cast by R. maximum is sufficient to prevent the regeneration
of tree seedlings under this shrub, there was sufficient heterogeneity in light under the thicket to imply that
deep shade only partially explains the complete inhibition of regenerating canopy trees under R. maximum.

Introduction carbon gain and survival of regenerating forest
seedlings and saplings (Canham et al. 1994; Lei
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from the canopy to the forest floor. Temporally,
light in the forest understorey exhibits a dynamic
daily pattern of persistent shade and occasional
sunflecks (e.g., Chazdon and Fetcher 1984; Chaz-
don 1988) and a seasonal pattern associated with
the turnover of canopy foliage. Even in a mixed
boreal forest, light transmission can increase from
5.9% during the summer to 22-59% in spring and
autumn (Constabel and Lieffers 1996).

The presence of subcanopy plants, such as the
evergreen shrub Rhododendron maximum L.
(R. maximum), can impose a further reduction in
light availability for regenerating tree seedlings. R.
maximum is a dominant understorey shrub in the
forest of the southern Appalachian mountains of
eastern United States. The additional shading
created by R. maximum could reduce available
light to levels below the light compensation point
for photosynthesis (LLCP), lead to seedling mor-
tality and disrupted forest regeneration. Similar
effects on forest regeneration have been observed
in other evergreen understorey layers such as
Kalmia latifolia in eastern U.S.A. (Monk and
Day1985), Rhododendron ponticum in Europe
(Cross 1981), and Quercus myrsinaefolia (Take-
naka 1986) and Sasa bamboo in Japan (Lei and
Koike 1998). Shading by R. maximum on tree
seedling survival could serve as a model system in
understanding the processes regulating forest
regeneration in areas where a dominant subcano-
py shrub layer presides.

The influence of low light intensity on photo-
synthetic capacity of canopy tree seedlings has been
investigated for species from ecosystems such as
northern hardwood (Ellsworth and Reich 1992),
tropical (Chazdon and Field 1987), Virginia pied-
mont (Groninger et al. 1996), European deciduous
(Johnson et al. 1997), and coastal plain forests
(Jones and Mcleod 1990). All of these studies con-
clude that among all environmental factors mea-
sured, photosynthetic capacity of understorey
canopy tree seedlings is most highly dependent
upon light intensity. However, these and other
studies have not investigated the effects of the very
low PPFD caused by a subcanopy shrub layer on
the photosynthetic capacity of young tree seedlings.

To assess carbon gain of regenerating seedlings,
it is necessary to first determine the heterogeneous
light environment in the forest understorey
(Fladeland et al. 2003). Quantum sensors and

hemispherical photographs allow comparisons of
daily light patterns in multiple sites and dates
(Rich 1990; Mitchell and Whitmore 1993; Jennings
et al. 1999). Light factors derived from hemi-
spherical photographs are correlated with seedling
and sapling growth in the tropical (e.g., Turner
1990; Clark et al. 1993; Oberbauer et al. 1993;
Whitmore et al. 1993), temperate and boreal (e.g.,
Easter and Spies 1994; Constabel and Lieffers
1996) forests. And in some cases, differences in
height and diameter growth of plants among sites
were associated with light factors derived from
hemispherical photographs (i.e., direct, diffuse or
total; Anderson 1964; Clark et al. 1993). There is
generally a good correspondence between light
parameters estimated from hemispherical photo-
graphs and direct measurements taken with
quantum sensors (Chazdon and Field 1987; Rich
et al. 1993; Easter and Spies 1994; Roxburgh and
Kelly 1995, but see Machado and Reich 1999).

Within the prevailing understorey light envi-
ronment, seedling regeneration depends on a net
positive carbon gain over the growing season.
Shade adapted leaves of temperate woody species
require 2—15 umol m~2 s~! PPFD to achieve LCP
(Larcher 1995). Therefore, the energetic balance
and survival of regenerating tree seedlings depends
heavily on the spatial and temporal distribution of
PPFD reaching below the R. maximum shrubs and
on the LCP of those regenerating seedlings. Al-
though other factors such as allelopathy (Nilsen
et al. 1999), mycorrhizal association (Walker et al.
1999) and below ground resources (Nilsen et al.
2001; Beier et al. 2005) may contribute to seedling
mortality under R. maximum, we hypothesize that
light limitation is having an overriding effect. To
test this hypothesis we made detailed measure-
ments of spatial and temporal light patterns using
both hemispherical photographs and quantum
sensors in forest sites with and without thickets of
R. maximum. To relate the available light level to
carbon gain, we made in situ gas exchange mea-
surements in seedlings of several common tree
species. An estimation of seasonal carbon gain
based on photosynthetic response patterns of the
seedlings allowed us to test whether light avail-
ability was an overriding factor limiting canopy
tree regeneration under this evergreen shrub
compared with forest sites without an understorey
of the evergreen shrub.




Methods and materials
Site description

This study was conducted at Coweeta Hydrologic
Laboratory, a 2185 ha US Forest Service experi-
mental station. Coweeta Hydrologic Laboratory is
a member site of the Long Term Ecological
Research (LTER) network, located in the Nanta-
hala Mountains of the Blue Ridge Mountain
physiographic province near Otto, North Carolina
(35°02" N, 83°24" W; Swank and Crossley 1988).
Vegetation has been described as northern hard-
wood, cove hardwood, oak, and oak-pine com-
munities (Day et al. 1988). The site was situated on
a north facing slope at an elevation of 1000 m (asl)
dominated by a northern red oak forest with pat-
chy thickets of R. maximum in the understorey.
Thickets are known to occur more widely in cove
forests and on north-facing slopes (Monk and Day
1985; Lipscomb and Nilsen 1990; Dobbs 1995).
The canopy of R. maximum was 3—4 m and the
forest canopy 12-15 m. The regional climate is
classified as marine, humid with cool summers,
mild winters, and adequate rainfall during all
seasons (Swank and Crossley 1988).

Experimental design

Six localities with the same NE aspect and 26°
slope were randomly selected and one plot
(approximately 25 m x 25 m) was established in
each locality. Three of the plots were within the
thickets of R. maximum and three plots were in
forest without R. maximum. In each plot, fifteen
2x 2 m experimental subplots were placed in a
regular design with a 2 m buffer around each plot.

To assess the effect of R. maximum on the
microclimate of the forest floor, PPFD was as-
sessed using quantum sensors and canopy photo-
graphs. Quantum sensors (Li-Cor model 190s,
Lincoln, Nebraska, USA) were installed at fixed
locations 20 cm above ground at two of the six
main sampling blocks (one sensor in each forest
type). Quantum sensors recorded PAR at 1 min
intervals, and stored the minimum, maximum, and
mean at 10-min intervals in a datalogger (Camp-
bell Scientific, Inc., model 21X microdatalogger,
Logan, Utah, USA). This time interval was chosen
to capturs the. necurrence -of sunflecks.(Chazdon
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and Fetcher 1984) while allowing extended
recording periods. Shorter than 1 min sunflecks
can be a significant portion of the total number of
daily sunflecks but may not necessarily change the
total daily PPFD received by understorey plants
(e.g., Chazdon 1988). The spatial variability in
light level in the forest understorey was assessed
using an array of 8 equally spaced gallium arsenide
photo-diodes within a 7.2 m diameter circle
(Hamamatsu Co., Bridgewater, NJ, USA) posi-
tioned 50 cm above ground. The photo-diodes
(calibrated to a LI-190s quantum sensor) showed
close correspondence with quantum sensor read-
ings (data not shown) indicating that the light
levels recorded by the quantum sensors were rep-
resentative of the general light condition at the two
locations.

Hemispherical canopy photographs were also
used to evaluate the spatial and temporal variation
in light environment. In 1996, images were taken
repeatedly at the center of each of the 90 plots.
Images were recorded using a Nikon 8 mm fisheye
lens attached to a Nikon FM2 camera and Kodak
Tri-X film at +1 and +2 stops above the light
meter setting to increase the contrast. The top of
the lens was 0.78 m from the forest floor. The lens
was leveled and aligned with magnetic north.
Exposures were made on overcast days or during
morning and evening hours when the sun was
obscured by the landscape. Images were developed
using Kodak Microdol-X developer and scanned
with a Polaroid SprintScan 35 Film Scanner to
convert images to BMP graphical files. The BMP
images were analyzed for standard direct and dif-
fuse site factors using a software program devel-
oped by M. Ishizuka (FEW 4.0; personal
communication). We used the same setting for
transmissivity (0.65) for all images (Gates 1980).
Errors introduced by the hemispherical photo-
graphs, particularly at very low site factor values
(Rich 1990), had been minimized by using photo-
graphs taken on overcast days and by maintaining
a consistent contrast and sky/foliage pixel sepa-
ration for all images during the analysis. Clark
et al. (1993) estimated that the error in their pro-
cess was +0.5% of the proportion of the total
radiation under a plant canopy relative to an open
sky (Rich 1989).

Photosynthetic rates of 2-yr-old Quercus rubra
L. (Fagaceae) and Prunus serotina Ehrhart. (Ros-

aceae) ceedlings wers measured o osffwousing o
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portable gas exchange system with an attached
LED light source (LiCor 6400, LiCor, Inc., Lin-
coln, Nebraska, USA). Seedlings of these two
dominant overstory tree species were established in
the experimental plots by planting seeds collected
from nearby parent trees. These species were se-
lected to represent an intermediate (Quercus rubra)
and an intolerant (Prunus serotina) species. LCP
was derived from light response curves where
leaves were first allowed to reach photosynthetic
steady state at 1200 umol m™2 s™' PPFD, photo-
synthesis was then measured by reducing light
intensity in a step-wise fashion until darkness.
Between 6 and 10 plants of each species in each
forest type were measured. By applying the best fit
quadratic function to each response curve (using
Sigma Stat, SPSS Inc, Chicago, IL, USA), the light
compensation point was determined.

Results
Light environment

Quantum sensor data revealed that while sunflecks
were scarce under either canopy cover, they were
more frequent and brighter in forest sites without a
thicket of R. maximum (abbreviated as F hence-
forth) compared to sites where R. maximum was
present (abbreviated as F+R henceforth). We
defined “sunflecks” as pulses of light above
10 ymol m™2 s™' PPFD following that used by
Chazdon (1988) where weak direct radiation is
distinguished from shade light. The site differences
in light dynamics were apparent across the entire
growing season (Figure 1). In early spring, for
about a month before canopy closure, light con-
ditions under both canopy types were favorable
for carbon assimilation by oak seedlings whose
leaves show positive photosynthesis beginning in
late April (data not shown). After canopy closure
in late May, the duration of sunflecks in the 10—
300 umol m™2 s™! PPFD in F+R sites was less
than 50 min per day and about 4 h per day in F
sites. Higher intensity sunflecks were virtually ab-
sent after canopy closure in both forest types
(Figure 1). Since sunflecks were measured using
ten 1-min averages over a 10 min period, we were
not able to differentiate between intervals con-
sisting of several shorter sunflecks and those with a
continuous sunflock

We also found, based on quantum sensor data,
that during the growing season the mean daily
PPFD reaching the forest floor in F+ R sites was
only 12-20% of that in F sites on either overcast
or clear days (Table 1). Similarly, the percentage
of total PPFD received that was above
10 umol m™2 s™! in F+R sites was 19% less than
that found in F sites. Maximum PPFD in F+R
sites was 20-35% of that in F sites on overcast

days, and was much lower on clear days '

(Table 1).

Comparisons of the light environment using
canopy photographs taken at the 90 plots showed
a similar pattern to those derived from quantum
sensors, i.e., the amount of direct sunlight reaching
the forest floor was generally greater in F sites
than in F+ R sites (Figure 2). In July, the range of
canopy openness at all sites was 0.8 -2.4%. With-
out the canopy foliage (in December), canopy
openness increased by 20-30 fold (to 25%) in F
sites and by 10 fold (<20%) in F+R sites. In
May when the forest canopy was still relatively
open, the amount of direct radiation passing
through canopy gaps overlapped substantially
between F (0-101.4 mol m~2 month™') and F+R
sites (0—73.3 mol m~2 month™!). The same mea-
surements taken in July after canopy closure
was 1-58.8 mol m™> month™ for F sites and
0.4-37.4 mol m™ month™' for F+R sites. The
calculated percentage of light penetration (i.e., the
percentage of full sun reaching the forest floor) in
July was 0.89-1.93% in F sites and 0.87-1.53% in
F +R sites (Table 2). The amount of diffuse light
reaching the forest floor is proportional to canopy
openness and is calculated using the standard
overcast sky (SOC) algorithm (Anderson 1964).
Although there was significant among site varia-
tion in the light level, SOC for F + R sites was 71%
(in May) and 88% (in July) that of F sites. Similar
to the direct light factor, there was also a broad
overlap in diffuse light factor between F+ R and F
sites where, in May they were 1.6-8.0% and 1.2—
9.4%, respectively, and in July they werel.4-3.9%
and 1.2-4.5%, respectively.

Light level was highly heterogeneous even
within the same forest cover. While it was gen-
erally brighter in F sites, some F sites (e.g., 5g)
were shadier than some F+R sites (e.g., 3p+r,
Table 2). This may be related to high densities of
understorey tree saplings in Sg which intercepted
more Neht than some patchesin B+ Rosttes fo |
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Figure 1. The daily duration of sunflecks in the range between 10 and 300 umol m™2s™' (upper panel) and greater than
300 pmol m™2 s™! (lower panel) during the growing season in 1996. Data collected using quantum sensors positioned in one forest site
without a thicket of Rhododendron maximum (F) and one adjacent site with a thicket of R. maximum (F+ R) recording at 10 min
intervals. Arrows represent the onset and conclusion of leaf out in the spring, and the onset of leaf fall in the autumn.

Table 1. Measurements using quantum sensors placed on the
forest floor on 7 selected days between June 12 and August 27,
1996.

Light parameter F F+R
Mean PPFD (umol m~2s™)
Overcast days : 10.3-12.0 1.3-1.6
Clear days 18.3-63.2 2.0-10.4
% PPFD > 10 ymol m™2 57!
Overcast days 67-71 0-8
Clear days 42-92 0-8
Maximum PPFD (umol m~2 s7!)
Overcast days 15.5-34.7 1.9-6.9
Clear days 163.0-799.0 6.7-162.0

F = forest sites without a thicket of Rhododendron maximum;
F+R = forest sites with a thicket of R. maximum. Values are
10-min averages between 1000 h and 1400 h EST.

3p+r and 4g.g). The evergreen foliage of R.
maximum prevented light from penetrating the
thickets even in winter when the canopy was
leafless (Figure 2). To estimate the amount of
additional shading cast by R. maximum, we ap-
phed suntracks {the-paths of the sun.agross the

sky constructed from zenith and azimuth angles
over the day based on a given latitude on given
days of the year) for July on hemispherical
photographs taken in December for F+R
sites (Table 2). We found thickets intercepting
approximately half of the light reaching the shrub
layer (i.e., F sites received 34% of PPFD as sun-
flecks, and in F + R sites it was only 15%). In July,
these values were reduced to 1.6% in F sites and
1.3% in F+R sites (the difference between sites
was significant at p=0.05, ANOVA). Between
December and July, the duration of daily sun-
flecks greater than 10 gmol m™2s™' PPFD de-
creased by 97% from approximately 300 min d~!
to 10 min d~! in F sites, and by 92% from
125min d™' to 10min d™' in F+R sites

(Table 2). When the canopy was leafless, the

duration of sunflecks in F sites was about 3 times
longer than that in F+R sites but this difference
between sites disappeared in July.

The relationship between canopy openness in F

and F+ R sites using ranked dats shows thatn
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Figure 2. Canopy openness (%) of the 90 locations in Coweeta in July and December, derived from hemispherical photographs. Due to
the evergreen shrub cover, the 45 locations located in forest with a thicket of Rhododendron maximum (F + R, solid circles). were less
open in December than those located in forest sites without a thicket of R. maximum (F, open circles). While F sites were generally
more open than F + R sites in July, plots in some forest locations (open triangles) were noticeably dimmer than many F + R locations.

Table 2. Direct light parameters in forest with and without a thicket of Rhododendron maximum at Coweeta. Each parameter was
estimated from hemispherical photographs taken in July (+ canopy) and December (-canopy) using the same July suntrack input.

lg 2p S5k 3p+Rr 4p+r 6F+R

Sunfleck duration (min d™') + canopy 125+£2.6 9.7+£28 7.5+£1.9 14.1£3.0 94 +29 53+1.0
—canopy  297.3%123 331.7+14.5 2849+18.0 1150+13.0 133.2+20.6 126999

Sunfleck PPFD (mol m™d™') +canopy  0.53+0.10 0.46%0.16 0.22+0.08 0.46+0.10 0.35+0.12  0.20£0.05
~canopy 8.54+£0.51 11.03+£0.63 9.23+0.78 4.26+046 467+£0.79 4.35+0.44

% PPFD as sunflecks + canopy 20404 1.7£0.6 0.9+0.3 1.7+£0.4 1.3+£04 0.7+0.2
. —canopy 31.5+1.9 40.7+2.3 34.0+29 15.7£1.7 17.2+29 16.0+1.6
% light penetration + canopy 1.93+£0.27 1.81+0.44  0.89+0.13 1.53+0.25 1.184+0.22  0.87x0.16

Sunfleck parameters were derived from a single day: July 10. The six blocks, three with R. maximum shrub present (subscript F+R)
and three without (subscript F), are randomly selected within the forest approximately 500 m between centers of adjacent blocks.

Seasonal canopy photographs were taken at 15 marked locations (plots) within each block.

December, canopy openness in F+R sites was
reduced consistently by 20% due to the evergreen
foliage of the shrub layer (Figure 3). The plateau
in canopy openness of F sites in December indi-
cates that woody structures alone imposed an
upper limit in maximum canopy openness of ca.
47%. Minimum values in the lower part of the
December plot suggest that, even under a leafless
canopy, canopy openness can be as low as 7-10%
under both forest types. Under a closed canopy (in
July), the difference between the sites was much
smaller with F sites only marginally brighter than
the F+ Resd fgmre % dnsetl

ces

nzleyele TMay IR 19960 showed 2 S-foldd

Photosynthetic responses of Q. rubra and
P. serotina

To assess the effect of the prevailing light environ-
ments on regenerating tree seedlings, we first
examined typical diel patterns of photosynthesis for
Q. rubra. Measurements were determined on sunny
days using randomly chosen naturally occurring
seedlings within both forest types (Figure 4). As
expected, seedling photosynthesis fluctuated with
light intensity during the daylight hours. Average
total daily carbon gain from a representative diur
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Figure 3. The distribution of canopy openness between forest sites without a thicket of Rhododendron maximum (forest) and forest
sites with a thicket of R. maximum (forest + Rhododendron maximum) in July (inset) and December. Ranked values were used to
demonstrate the effect of the R. maximum thicket on canopy openness when the forest canopy was open (December) and closed (July).

The diagonal lines represent 1:1 relationships.

between F (8.38+0.49 mmol m~2) and F+R sites
(1.96£0.11 mmol m™?). Seedling dark respiration
was similar between forest types (Figure 4). The
mean mid-day photosynthetic rates for all Q. rubra
seedlings on all dates in 1996 measured in F sites
(2.1£0.1 g mol m™2 s™') was 62% higher than that
of all seedlings located in F+R sites (1.3+£0.1 u
mol m™2 s™"). Mean mid-day photosynthesis for Q.
rubra seedlings in F + R sites was significantly lower
than that for Q. rubra seedlings in F sites on three
out of four measurement dates in 1996 (Table 3).
Mean mid-day PPFD incident upon seedlings lo-
cated in F sites (32.3+8.1 umol m™2 s™') was 355%
higher than the incident PPFD experienced by
seedlings in F+R sites (7.1+1.7 umol m™2 s7").
These light levels are similar to those recorded by
quantum sensors (Table 1). Similar to 1996, the
seasonal mean mid-day photosynthetic rate for
1997 was 183% higher in F sites (1.7+0.2
pymol m™2s™') than those in F+R sites
(0.6+0.1 umol m™2 s7!). The seasonal mean PPFD
experienced by Q. rubra seedlings located in F sites
during photosynthetic measurements (100+16.9
umol m™2 s™!) was 257% higher than the seasonal
mean PPFD incident upon seedlings in F+ R sites
(28+5.1 umol m™2 s™'). Two-way analysis of
wagance of midsday photassathesis for O mde

seedlings in 1997 (after natural log transformation
to meet normality) found a significant effect of date,
forest type and their interaction (Table 4). There-
fore, mid-day photosynthesis of Q. rubra seedlings
was significantly lower in F + R sites than F sites in
1997 allowing for the significant effects of date.
For P. serotina seedlings, the mean mid-day
photosynthesis in 1997 was highest in F sites
(0.7 umol m™? s™' + 0.1) while plants located in
F+R sites exhibited a negative mean mid-day
photosynthetic rate, (—0.1uymol m™2s~! + 0.1).
Mean mid-day photosynthesis for P. serotina
seedlings in F+R sites was significantly lower

than that for P. serotina seedlings in F sites on

two out of three measurement dates in 1997
(Table 3). Seasonal mean incident PPFD experi-
enced by P. serotina seedlings in F sites
(18 +1.5umol m™2 s™'), was 67% higher than the
seasonal mean incident PPFD experienced by P.
serotina seedlings in F+R sites (10.8+24
pmol m~2 s7h).

Light-dependent photosynthetic response

To determine whether further physiological accli-
mation tothedecper shadeunder R muaxivpor v
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Figure 4. A representative diel (24 h) curve of photosynthesis (circles) for Q. rubra seedlings located iﬁ forest without (open symbols)
and with a thicket of R. maximum (closed symbols) in the subcanopy. Bars represent PPFD incident upon the leaf when photosynthetic
measurements were logged. Data represent mean * 1 standard error (»=>5 plants). Solid line at top of graph indicates the time of day

used for mid-day photosynthetic measurements.

Table 3. Mean mid-day photosynthesis (+ 1 standard errors of
the mean) for Quercus rubra and Prunus serotina seedlings
growing in forest with (F+R) or without (F) a thicket of
Rhododendron maximum in the subcanopy.

Year Species date F F+R

1996 Q. rubra May-7 0.90 £0.068 1.16+£0.179
June-20 2.28+0.051* 1.86+0.085

July-21 2.08+£0.063* 1.14+0.081

August-22  3.28+0.236*  2.26+0.161

1997 P. serotina  May-2 0.01£0.127 -0.47+0.079
June-10 0.59£0.033* -0.09+0.039

July-16 1.49+0.096* -0.12+0.062

Q. rubra May-10 1.73£0.190*  0.04+0.008
June-14 2.18+0.125 2.27+0.227

July-16 0.48+0.045* 0.06+0.011

August-21  2.34+0.156* 1.2430.192

Significant differences (¢-test) are denoted by asterisk
(*),o = 0.05.

measured photosynthetic responses of Q. rubra and
P. serotina seedlings to light and found little dif-
ference between forest types. Among the parame-
ters derived from light response curves (Figure 5),
i.e., light compensation point (I.), apparent quan-
tum yield (®y,), light saturation point (/) and 4,ax,
only Anmax Was significantly higher (p <0.05) for Q.

rubra seedlings located in F sites compared with -

those in F + R sites (Table 5). No significant effect

of forest rype oo these pasameters was found

P. serotina seedlings (Table 5). Characteristic of
shade grown plants, the light compensation point
was extremely low for both species growing in ei-
ther forest type. Dark respiration rates derived
from light response curves on Q. rubra was
0.5 ymol m~2 5!, similar to the nocturnal respi-
ration rates measured during diel cycles (Figure 4).
The light compensation point of both species was
between 3 and 5 ymol m™ s™' PPFD (Table 5).
Comparing to the Mean PPFD reported in
Table 1, assimilation by seedlings of both species in
F+R sites were below their light compensation
point on overcast days and only reaching their
compensation point on most clear days.

Discussion

Light level in mid-summer (July) determined by
both quantum sensors and hemispherical photo-
graphs clearly indicated an overall higher cumu-
lative PPFD in forest locations without R.
maximum in the understorey: 15.5 (F) and
3.0 mol m™ month™ (F+R; quantum sensors);
20.7+29 (F) and 9.3+1.7 mol m™ mo-
nth™'(F+R; total site factor derived from hemi-
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Table 4. Results from two-way analysis of variance for natural log transformed, mid-day photosynthesis of Quercus rubra seedlings

growing in a southern Appalachian forest.

Source of variation df SS MS F P

Date 3 158.7 529 62.5 <0.0001
Forest Type 1 "39.3 39.291 46.4 <0.0001
Date x forest type 3 343 11.42 13.5 <0.0001
Residuals 161 136.3 0.847

Total 168 404.7 2.409

Effects evaluated were date (julian day of measurement in 1997) and forest type (forest with or without a subcanopy thicket of R.
maximum) and their interaction. Significance of the effects was determined by Student—Newman Keuls test.
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Figure 5. Representative light response curves measured during 1997 on Quercus rubra and Prunus serotina seedlings locate in forest
with (closed symbols) and without (open symbols) a thicket of Rhododendron maximum in the subcanopy.

from hemispherical photographs assumed clear
skies, thus, represented the potential maximum
irradiance, while quantum sensor measurements
were actual values including overcast days.

The percent direct light penetration in July
(derived from hemispherical photographs) in the
six sites ranged between 0.9 and 1.9% (Figure 2).
This is similar to the.1-2% full sun Chazdon and
Fetcher (1984) found in a tropical forest under-
storey. Clark et al. (1993) also found late succes-
sional species regenerating in a tropical forest
understorey at-1.9--2.4% direct Hght. The averace

PPFD of 12 ygmol m s~ and 0.5 mol m™2d™!
under an intact rain forest understorey (Chazdon
and Fetcher 1984) are also comparable to our
study where F sites had values marginally higher
than F+R sites (Tables 1 and 2). These results
suggest that the light environment under R. max-
imum thickets in the southern Appalachian forest
is generally dimmer compared to the understorey
of an intact rain forest.

Canopy openness estimated for December
(Figure 3) indicated that even without canopy
leaves, at least halfof the skvwas obscared-by the
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Table 5. Derived parameters from- all light response curves generated during 1997 on both Quercus rubra and Prunus serotina

seedlings.
Species parameter Q. rubra P. serotina

F F+R F F+R
Apparent quantum yield (®y) 0.06 +0.006 0.05+0.006 0.05 +£0.004 0.06 +0.004
Light compensation point () 2.8+0.3 52+1.3 52+1.21 4.6+0.85
Light saturation point (J;) 400+68.1 360+53.6 1924239 211 £24.3
Light saturated rate (4max) 5.2+0.35*% 3.5+£0.25 3.0+0.54 3.7 £0.38

Significant differences in means between forest with a thicket of Rhododendron maximum (F+ R) in the subcanopy and forest without a
thicket of R. maximum (F) in the subcanopy. Significant differences (i-test) are denoted by asterisk (*),x = 0.05. Units: Apparent

2

quantum yield =umol CO, assimilated/umol photons absorbed; Light compensation point=pumol m™>s~'; Light saturation

-2~

point = ymol m™* s™'; Light saturated rate = umol CO, m™2 s™!. Mean values were based on 6—10 measurements.

woody tissue of canopy trees even in F sites. Also, if
we assume a similar amount of woody tissue in the
canopy above R. maximum thickets, then the
evergreen foliage of R. maximum will intercept an
additional 2/3 of the light passing through the
forest canopy. The actual quantum sensor data
from July, however, indicates a much smaller dif-
ference in available light between F and F + R sites,
which we attribute partly to the higher abundance
of deciduous understorey saplings of the forest
without R. maximum thickets (F sites) than forest
with a thicket of R. maximum (Lei, personal
observation).

Availability of sunflecks

The growth and survival of shade-adapted late
successional species depends more on sunflecks
than the same amount of light at low diffused levels
over longer periods (Watling et al. 1997). This
observation highlights the critical importance of
the difference in sunfleck duration in the 10—
300 pmol m™2 s~ range between F and F + R sites.
During the months of June—August, the total
duration of sunflecks of this intensity range in F
sites was about 4 h per day, but it was only 18 min
in F+R sites. Furthermore, plants growing in
F + R sites received 0 min of sunflecks on 45% of
the days during June—August (Figure 1). Analysis
of light response curves in seedlings indicated that
light saturation of photosynthesis occurred at
approximately 10% full sun for P. serotina seed-
lings and 20% full sun for Q. rubra seedlings
(Figure 5). Given the rarity of these light levels at
Cowesta, the observed differsnces in intensitv and

duration of sunflecks between F and F+R sites
could mean the difference between having some
seedlings persisting in the F sites and none in F+R
sites. Since the presence of seedlings and saplings
resident (advance regeneration) are critical to for-
est regeneration associated with episodic distur-
bance events (Bazzaz 1979; Canham 1985, 1989,
1990), this could lead to different patterns of
regeneration between forest sites with and without
a understorey of R. maximum.

Availability of diffuse light

The availability of diffuse light, in conjunction with
the high rates of precipitation (2000 mm yr™') in
Coweeta, would have a significant impact on the
carbon budget of regenerating seedlings and their
survival. Diffuse light greater than 4 mol m™? -
month™! in July at the 90 plots was detected in 44%
(63% if excluding the usually dim 5g) of F site plots
and only 20% of the F+R site plots. Quantum
sensor data showed PPFD in F+R sites falling
below the LCP of 3—-5 umol m™2 s™! on overcast
days and was only marginally above the LCP on
clear days (Tables 1 and 3). These LCP values are
very similar to the 5 yumol m™2 s™! of two Japanese
Quercus species grown under 2% full sun
(Takenaka 1986).

Carbon gain of regenerating tree seedlings

In 1996, virtually all measured CO, assimilation
ratee of (. rubre seedlings at mid-day were positive




(>92% for both F and F+R sites) and, in 1997,
only 69% of the measured CO, assimilation rates
were positive in F+ R sites versus 99% in F sites.
Prunus serotina seedlings maintained positive
photosynthesis less frequently in general, i.e., 77%
in F sites and 62% in F+ R sites in 1997. There-
fore, it is clear that seedlings of both species had a
greater chance of experiencing irradiance near or
below the light compensation point for photo-
synthesis in F+ R sites than in F sites. Consistent
with the observed carbon gain at these light levels,
mortality of P. serotina seedlings in Coweeta
(> 90%) was much greater than Q. rubra (50%, Lei
et al. 2002) over 2 years. While our findings of the
greater shade tolerance of Q. rubra over P. serotina
agree with Farrar (1995), Canham et al. (1994)
found higher sapling mortality over 5 years in Q.
rubra (81%) than P. serotina (31%). Perhaps the
discrepancy arose from an ontogenetic difference
in shade tolerance between seedlings and saplings
of the two species. Also, our data indicate that
two-year old Q. rubra seedlings are likely to have
lower photosynthetic rates than one-year old Q.
rubra seedlings and suggest an increased risk of
mortality in older seedlings. These data provide
clear evidence that light limitation under R. max-
imum thickets inhibits carbon gain of forest tree
seedlings and the inhibition becomes greater as
seedlings age.

Acclimation to the deep shade under Rhododen-
dron thickets

The greater attenuation of light under the thickets
creates an environment where seedlings could ac-
quire greater shade acclimation to enhance their
survival. Typically, shade acclimated plants have
lower Amax, dark respiration rates, and I, points as
well as higher carboxylation efficiencies under
lower incident PPFD; as a result, such plants are
capable of withstanding longer periods of low-
light suppression in the forest understorey (Can-
ham 1989). Thus, increased shade acclimation by
Q. rubra and P. serotina seedlings could prolong
survival under R. maximum thickets, by improving
seedling chances of experiencing and capitalizing
on a gap in the overstory. However, we found no
evidence of photosynthetic acclimation in Q. rubra
and P. serotma seedlmgs growmg under R maxi-
nzer thickets o sdinany by ook
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incident PPFD between F+R and F sites. Seed-
lings of both species exhibited similar features of
shade acclimation in @y, extremely low I, points,
dark respiration rates, and low A, (Pfitsch and
Pearcy 1989; Larcher 1995; Nilsen and Orcutt
1997). Also other studies have failed to demon-
strate an effect of increased shade on photosyn-
thetic acclimation (Midgely et al. 1992; Mitchell
and Arnott 1995; Groninger et al. 1996), but none
of these experiments were conducted in light
environments as low as those present in the mature
forests at Coweeta. The only result differentiating
seedlings in F sites and F+R plots is a signifi-
cantly higher A, in Q. rubra seedlings in areas
without an understorey of R. maximum. However,
this alone would not confer a greater shade toler-
ance to seedlings growing under a thicket of R.
maximum.

In general, estimated direct and diffuse light
factors are significantly correlated with diameter
and height growth of tropical seedlings and sap-
lings (Clark et al. 1993; Oberbauer et al. 1993).
At 1% full sun, temperate forest species show
significant differences in their probability of
mortality during a 2.5-year period (Kobe et al.
1995). One possible reason for the higher survival
rate of Q. rubra compared with P. serotina could
be its earlier start of leaf expansion in the spring.
Quercus rubra seedlings begin photosynthesis be-
fore canopy closure (Figure 1) and assimilation
gained during the period of open canopy can
represent a substantial portion of the seedlings’
annual carbon gain (Walters and Reich 1996).
However, under a thicket of R. maximum the
much lower intensity and shorter duration of
sunflecks (Figure 1) makes carbon gain difficult
for seedlings even during this period. We believe
the lower carbon gain in early spring contributed
to the higher mortality of Q. rubra in F+R sites
compared with that in F sites.

Following canopy closure, Q. rubra seedlings
require an estimated minimum of 22 mmol

m 2 d™! total assimilation to prevent a daily
carbon deficit (based on measured dark respira-
tion of 0.5 umol m™2 s™! for 12 h). Addition car-
bon gain would be required to balance respiratory
losses from roots and stems. Using values derived
from light-dependent photosynthesis of seedlings,
the duration of assimilation required to achieve -
zero daily carbon balance is described in Figure 6.
This relationship was. doveloped based on data
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and a duration of 12 h darkness daily, this plot shows the time

required per day at realistic rates of photosynthesis for Quercus rubra seedlings to counterbalance carbon loss by leaves through

nocturnal dark respiration. Data points are photosynthetic rates at 0.5 gmol m
-2 -

maximum photosynthesis for Q. rubra was about 3.5 ymol m

collected for the month of July when both
available light and seedling physiological activities
would be at or nearing their seasonal maximum.
According to Figure 6, a positive carbon balance
is possible if a seedling can maintain photosyn-
thetic rates of 1.0 umol m™2 s™' or higher for 6 h
or longer in a day. To achieve this rate a mean
PPFD of 30 umol m™2 s™! or a total site factor of
>20 mol m™2 month™ (or ca. 0.7 mol m™2 d™") is
necessary. Among the 90 plots, only 12 in the F
sites and 8§ in the F + R sites provided this amount
of light in July. While it is not possible to predict
seasonal carbon gain from these calculations, it is
clear that most of the sites examined in Coweeta
(and proportionally more locations in F+R sites
than in F sites) had insufficient amount of light to
maintain carbon gain in oak seedlings. An under-
storey herb Adenocaulon bicolor can assimilate
17 mmol m™2 d~! of carbon at a total PPFD of
0.4 mol m™2d™! (Pearcy and Pfisch 1993). In
comparison, we found a much lower daily carbon
gain of Q. rubra in May between 2 (F+R) and
S mmal 72 dTLF) Wednfer from - these

~2 5™ intervals. Note that field measurements indicate

attained at ca. 380 ymol m~2 s™' PPFD.

that seedlings in Coweeta likely experienced daily
carbon deficit regularly during the growing season.

Conclusions

Based on the distribution of light in time and space
in the Coweeta forest, we attribute the lack of
seedlings under R. maximum thickets to three fac-
tors. One, seedlings growing under the thickets
regularly encountered light levels insufficient to
maintain a net daily carbon gain. Two, the ever-
green cover of R. maximum does not permit sub-
stantial carbon gain by seedlings during the month
prior to canopy closure. Three, tree seedlings were
unable to achieve increased shade acclimation un-
der the dimmer R. maximum cover, resulting in
greater carbon deficit. Our data showed that most
tree seedlings will not persist for more than 2—
3 years in the shade of the thickets (Lei et al. 2002).

But, just as there was no clear dichotomy in
ambient light between gap and intact canopy

(Smith or 3] 19924 sopyeofour FoRosites enpe




rienced light levels comparable to most F sites.
Seedlings in these brighter F + R locations should
persist for longer periods of time. However, the
absence of older tree seedlings in these brighter
patches under R. maximum thickets implicates
other contributing factors, such as below-ground
competition and interference with mycorrhizal
association (Walker et al. 1999; Nilsen et al. 2001),
are further restricting tree seedling survival under
the thickets. Given the persistence of R. maximum
in the Coweeta forest, it could have an enduring
effect on regenerating tree seedlings and, conse-
quently, on the forest landscape of the region.
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