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Abstract

Cherrybark oak (Quercrrs pagoda Raf.) seedlings were established and raised in the field under four light levels (100%.
53%. 27% or 8% of full sunlight) to study the effects of light availability on their shoot growth, biomass accumulation, and
biomass distribution. After two growing seasons, greatest stem growth was observed on seedlings which received
intermediate light levels, and this growth was associated to a greater accumulation of total seedling biomass and a
distribution pattern which balanced accumulation of root and shoot biomass. In contrast, less biomass accumulation and a
biomass distribution pattern that favored root growth over stem growth were characteristic of seedlings receiving full
sunlight. These results suggest that regeneration of cherrybark oak on mesic sites may be limited by preferential root growth,
but reproduction of this species may be amenable to silvicultural practices that improve the light environment through stand
manipulation. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Throughout their range in North America and
regions of Europe and Asia, natural regeneration of
oaks (Quercus spp.) is often problematic (Evans,
1982; Crow, 1988; Tbadani and Ashton, 1995). Acorn
and seedling herbivory, frost damage and flood damage to seedlings, severe moisture competition from
herbaceous weeds, and low understory light levels
are among the biotic and abiotic factors often cited
as contributing to the oak regeneration problem
* Corresponding author.
’ This research was initiated while the authors were located at
the Center for Forestry and Wildlife Research, Mississippi State
University, Mississippi State. MS, USA.

(Racine, 1971; McGee, 1975; Adams et al., 1992;
Lorimer et al., 1994; Angelov et al., 1996). Additionally, many oak systems have been subjected to
antbropogenic activities which have intensified the
adverse effects of some of these factors on reproduction. As examples, the exclusion of fire in mixed-oak
forests of the upper Midwest and northeastern United
States is thought to have placed oak reproduction at
a competitive disadvantage among more shade tolerant, late-successional species (Reich et al., 1990;
Abrams and Nowacki, 1992); introduced exotic
weeds likely reduce soil moisture availability resulting in decreased oak seedling survival and growth in
oak woodlands of the western United States (Gordon
et al., 1989): and, creation of water impoundments
for wildlife habitat has altered hydrologic regimes
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sufficiently enough to preclude establishment and
qouth of flood-intolerant oak reproductton In some
.ueas of bottomland hardwood forest tn the southern
United States (Young et al., 1995). As a result,
regeneration pools are often stocked with reproduction of Insufficient size or distribution to successfully
regenerate disturbed areas of oak-dommated forests
(Johnson, 1993).
Of the limiting factors listed above, light availability in the understory of mixed-oak forests appears pervasively linked to oak seedling growth and
morphology. Crow (1992), who studied northern red
oak (Quercus rubra L.) seedlings grown under various overstory conditions in Wisconsin, USA, observed multiple flushing and subsequently height
Increment was inversely related to overstory cover.
A similar height growth:canopy cover relationship
was observed by Johnson (1992) in two xeric oak
ecosystems in Michigan, USA. In a central Himalayan forest, Thadani and Ashton (199.5) found
b a n j o a k (Quercus leucottichophora A. Camus)
seedling morphology was altered by the prevailing
light environment in stands of different tenurial practices. High height/diameter ratios of stems were
observed on seedlings established in protected stands
indicative of a low understory light environment,
while seedlings established in moderately disturbed
stands with greater light availability in the understory developed stems with lower height/diameter
ratios (Thadani and Ashton, 1995). Once oak
seedlings deplete cotyledon reserves, inadequate light
generally reduces carbon gain and seedlings respond
by altering biomass accumulation such that shoot
growth is favored over root growth (Crow, 1988;
Thadani and Ashton, 1995; Ashton and Larson,
1996). A relatively high leaf area and shoot/root
ratio allows for more effective utilization of the
limited light resource (Hodges and Gardiner, 1993).
Cherrybark oak (Quercus pagoda Raf.) is a common overstory species in bottomland hardwood
forests throughout the southern United States where
it is favored by managers for its superior form,
excellent wood quality, and desirable hard mast production (Putnam et al., 1960; Krinard, 1990). Within
its range, cherrybark oak is often found on very
productive alluvial sites where it grows in association with several other hardwood tree species fotming stands with multi-storied canopies @rinard.

1990). Contrary to Its relatrve overstory tmportance
;Ind favorable mast production. cherrybark oak advance reproduction IS often lacking m the understory.
Several factors, including seasonal flooding md
competition from other vegetation. may limit establishment and growth of oak reproduction in bottomland hardwood forests. However, low understory
light levels are characteristtc of multi-storied bottomland hardwood stands (Jenkins and Chambers, 1989).
and may be the most litmtmg factor on establishment
and growth of shade intolerant species such as chertybark oak (Hodges and Gardiner, 1993). In this
experiment, cherrybark oak seedlings were raised in
the field under four light levels to determine how
light availability influences growth and biomass distribution during seedling establishment. We hypothesized that growth of cherrybark oak seedlings would
be regulated by the influence of light availability on
total carbon gain and biomass distribution patterns.

2. Methods

The study was conducted in an open field at
Blackjack Research Farm located near Starkville,
MS, USA (latitude = 33”26’N, longitude =
88’46’W). Soil in the field was classed as a Marietta
series (fine-loamy, siliceous, therm&c, Fluvaquentic
Eutrochrepts) and has a site index of 29 m at 50 yr
for cherrybark oak. In the field. several wooden
frames (3.5 m wide X 3.5 m long X 2.0 m tall) were
built to support neutral density shade fabric (Pak,
Atlanta, GA, USA). Three fabric densities were
draped over the frames to provide four levels of light
availability, 100% of full sunlight (no fabric), 53%
of fulI sunlight, 27% of full sunlight and 8% of full
sunlight. Two replicates of each light regime were
constructed in the field for a total of eight frames. It
should be noted that the various light regimes likely
created air temperature and humidity differences that
may be a component of treatment results, but these
environmental variables were not measured.
In the early spring of 1985, all vegetation was
removed from within the eight frames with a rototiller. Two cherrybark oak acorns, randomly selected from a sample collected under several trees
and graded for size uniformity, were sown 2.5 cm
deep at 20 equally spaced (0.6 m X 0.6 m) planting

.

spots in each frame. After germination. one seedling
was removed if both acorns at a planting spot were
vrable. The oak seedlings were grown for 2 yr m
therr respective light environments, during which
time soil moisture deficits were prevented by mamtarnmg field capacity with drip irrigation and water
spnnklers. Competing vegetation was kept out of the
frames with garden hoes during the growing season,
and insect herbivory to seedlings was curtailed with
foliar applications of pesticides as needed. Fabric
was removed from the frames after leaf senescence
between the first and second growing seasons, and it
was replaced on the frames shortly before bud break
in the spring.
Near the end of both growing seasons, five randomly selected seedlings from each frame were measured for height to the nearest cm, and root-collar
diameter to the nearest mm. Following stem measurements, these same five seedlings were harvested
to determine seedling biomass accumulation and distribution. Leaves were removed from stems, stems
were severed at the root-collar, and all roots were
excavated from the soil by hand. Roots were rinsed
free of soil, then all biomass components were
oven-dried at 70°C before weighing with an analytical balance. Leaf weight ratio (leaf weight + plant
weight), stem weight ratio (stem weight + plant
weight), and root/stem ratio (root weight + stem
weight) were calculated for each seedling from dry
weights of the biomass components.
The entire study was repeated in time with the

second trial beginning in the spring of 1987 and
ending in the fall of 1988. All methods were the
same as those described for the first trial except
acorns were sown 3 weeks earlier in 1987. Analysis
of variance according to a completely randomized
design was performed on means of seedling responses measured in each light regime frame. Significant effects were separated with Duncan’s Multiple
Range test ((r = 0.05). Additionally, a simple correlation analysis was performed to test for a relationship between seedling biomass and root/stem ratio.

were occupied by a seedling. Perhaps because of the
earlier sowing date and milder growing condrtrons.
seedlings from the second trial were generally larger
than those from the first trial. For example, seedling
biomass in the 1985-1986 trial averaged 17.5 g,
while seedling biomass in the 1987-1988 trial averaged 156.3 g (P < 0.0001). However. treatment x
trial interactions were not detected for any of the
studied variables, so treatment results presented are
inclusive of both trials.
3.1. Stem growth
Light availability did not strongly influence
seedling height growth during the first growing season (Fig. 1). All seedlings averaged about 23 cm tall
except for those raised under 53% light which were
about 48% taller (P = 0.0037). Greatest differences
in stem height were observed at the end of the
second growing season. At that time, seedlings
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3. Results
Germination and survival were excellent for both
replications in time, as nearly 100% of all seed spots

Fig. 1. Height and root-collar diameter ofchenybark oak seedlings
established and raised for 2 yr in the field under four light levels.
Letters signify difference at an a level of 0.05, and bars represent
f standard error of the mean.

bhowed a quadratlc response to light availability as

\sedllngs raised under moderate Ilght levels averaged
1165 railer than seedlmgs which received 100% or
Yci bunlight (P < 0.0001).
Root-collar growth initially responded to light
avallabllity in the first growing season (Fig. 1). As
with stem hetght. largest root-collars were measured
on seedlings which received 53% light (P < 0.0001).
However, a strong treatment effect on root-collar
diameter was observed after the second growing
season when root-collar growth exhibited a quadratic

response to light avallability. Seedlings raised under
53% sunlight maintained the largest root-collars two
years after germination. while seedlings raised under
8% or 100% sunlight developed root-collars half the
size of those measured on the largest seedlings (P <
0.0001).
3.2. Biomass accumulation
Light availability had a strong effect on the amount
of biomass accumulated by cherrybark oak seedlings,
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Fig. 2. Leaf weight, stem weight, root weight and total weight of cherrybark oak seedlings established and raised for 2 yr in the field under
four light levels. Letters signify difference at an a level of 0.05, and bars represent f standard error of the mean.

but this treatment effect was most promtnent after
the second prouing season (Fig. 2). In the first
growing season. greatest carbon gatn was observed
on +eedlings ratsed under 53% sunlight. and this
trend was mamtatned through the second growing
season (Year I. P <O.OOOl; Year 2, P < 0.0001).
Through two years of growth, seedling biomass accumulatton was lowest in environments of 100% and
8% sunlight such that seedlings grown under those
light regimes were about 170 g lighter than the best
seedlings (Fig. 2).
Biomass accumulation in leaves, stems and roots
showed a quadratic response to light availability
after two growing seasons. Seedlings raised under
moderate light levels yielded the greatest quantities
of leaf and stem biomass (Fig. 2). Lowest yields of
leaf and stem biomass occurred on seedlings receiving 100% or 8% sunlight (Leaf, P < 0.0001; Stem,
P < 0.0001). After two growing seasons, root
biomass of seedlings receiving 53% sunlight was
over 3.5 times greater than root biomass of seedlings
which received 100% or 8% sunlight (P < O.OOOl>
(Fig. 2).
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3.3. Biom ass distribution
In addition to differences in growth and biomass
accumulation, biomass distribution within cherrybark
oak seedlings was strongly controlled by light availability (Fig. 3). Seedlings grown under full sunlight
accumulated the smallest proportion of leaf dry matter during the first growing season (P = 0.0005)
(Fig. 3). A similar trend was maintained through the
second growing season as plants grown under 27 or
8% sunlight favored leaf tissue production more than
seedlings grown in full sunlight (P = 0.0035). All
first year seedlings accumulated similar percentages
of stem tissue (P = 0.8755) (Fig. 3). Cherrybark oak
seedlings developed the greatest proportion of stem
biomass when grown under 27% sunlight for two
years, while smallest percentages of stem biomass
were produced on open-grown seedlings (P <
0.0001).
Root/stem ratios were not influenced by light
availability in the first growing season, but were
strongly controlled by light availability in the second
year (Year 1, P = 0.4246; Year 2, P < 0.0001) (Fig.
3). During the second growing season, cherrybark
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Fig. 3. Leaf weight ratio, stem weight ratio and root/stem ratlo of
chenybark oak seedlings established and raised for 2 yr in the
field under four light levels. Letters signify difference at an ol
level of 0.05. and bars represent + standard error of the mean.

oak seedlings raised in full sunlight favored root
growth more than stem growth such that 3.5 units of
root tissue were produced for each unit of stem
tissue. Lowest root/stem ratios were recorded for
seedlings grown under moderate levels of light availability, as these seedlings accumulated near equal
proportions of biomass in roots and stems (Fig. 3).
Correlation analysis revealed that root/stem ratio
and seedling biomass were not independent (P <
0.0001). However, the coefficient for this relation-

(r = -0.1-t). Indicating o n l y
IX- of the variation in root/stem ratio was ZYplanned by \esdling biomass.
jhlp \cas r a t h e r l o w

4.

Discussion

In agreement with previously reported results for
other oak species (Carve11 and Tryon, 196 1; Jarvis,
1964: Callaway. 1991,; Gottschalk, 1994; Ziegenhagen and Kausch, 1995). light availability had a
strong effect on the development of chenybark oak
seedlings. Yet, greatest effects of light availability on
shoot growth, biomass accumulation and biomass
distribution were not realized until the second growing season. It is generally believed that light availability probably does not limit oak seedling growth
until cotyledon reserves are depleted (Crow, 1988).
Working with northern red oak natural reproduction,
Crow ( 1992) found that seedlings responded to light
availability during the first growing season, but as in
this study the response appeared to increase with
time (Crow, 1992). The strong treatment response in
the second growing season of this study indicated
that cotyledon reserves were depleted and growth
and biomass accumulation were determined by the
seedling’s capacity to harvest energy and produce
photosynthates in their respective light environments.
Height and diameter growth of the studied
seedlings responded quadratically to light availability
suggesting that there may be a light optima for stem
development of cherrybark oak reproduction. This
finding is not universally supported by similar research conducted on other oak species. For example,
Holmes (1995), who studied the effects of light
availability on valley oak (Quercus lobafu Nee),
reported an increase in seedling height with an increase in light availability. Conversely, Jarvis (1964)
n o t e d t h a t sessile oak (Quercus perruea (Ma&)
Liebl.) seedlings increased in height with decreasing
light availability. However, in close agreement with
observations made by Ziegenhagen and Kausch
(1995) on the development of pedunculate oak
(Quercus robur L.) in response to light availability,
greatest stem growth in this study was observed on
seedlings receiving intermediate light levels. The
superior stem growth observed under moderate light
levels in this study was associated to a greater

accumulation of total biomass and a biomass dlstnbutlon pattern which balanced accumulation of root
and shoot btomass. In contrast. reduced shoot growth
of seedlings receiving full sunlight was associated to
a lower level of biomass accumulation and a biomass
distribution pattern which favored accumulation of
root biomass over stem biomass.
A likely explanation for the reduced stem growth,
low biomass accumulation, and the biomass distribution pattern that favored root growth observed on
open-grown seedlings in this study involves moisture
stress. In spite of a watering regime that maintained
soil at field capacity, air temperature and consequently vapor pressure deficit are generally much
higher in full sunlight than under partial sunlight.
Under full sunlight. the high vapor pressure deficit
would typically lead to a high transpiration rate and
eventually a greater likelihood of seedling moisture
stress. If open-grown seedlings experienced greater
moisture stress than seedlings receiving partial sunlight, we would expect stomata1 or internal plant resistances to limit photosynthesis which would
eventually limit biomass production (Hodges, 1967;
Weber and Gates, 1990). Moisture stress may also
explain the biomass distribution pattern observed on
the open-grown seedlings. In accord with root/stem
ratio values for open grown seedlings in this study,
moisture-stressed oaks typically increase their water
absorbing capacity by favoring root growth (Kolb
and Steiner, 1990; Canadell and Rod& 1991).
The above findings not only suggest reasons for
the difficulty in regenerating cherrybark oak, but also
are in good agreement with what is known about the
ecology of this species. Cherrybark oak occurs naturally on a range of sites varying from dry-mesic to
wet-mesic; regeneration of this species is typically
more of a problem on mesic and wet-mesic sites
than on drier sites (Hodges and Gardiner, 1993).
Though favoring root growth more than shoot growth
(higher root/stem ratio) is beneficial to survival and
growth on dry sites after disturbance (Rice and Bazzaz. 1989; Walters et al., 1993), the tendency of
chenybark oak to favor root growth in open environments may be a detriment on more mesic sites were
competition is typically greater.
Though light availability appeared to have a dramatic effect on biomass distribution of cherrybark
oak seedlings, several authors have raised caution

about compannp allometric relatlonships of plants of
dlfferent sizes (Hunt and Lloyd, 1987; Kuppers et
al., 1988: Rice and Bazzaz. 1989: and Walters et al.,

1993). In the present study, plant size varied greatly
between treatments and tnals, but size differences
did not appear to alter treatment effects on allometric
relatlonbhlps. That size differences were not a factor
is seen most easily by a comparison of root/stem
ratios. First, the correlation between root/stem ratio
and seedling biomass was rather low (see Section 3).
Additionally, seedling size in all light regimes was
much higher in the second trial, but analysis of
root/stem ratios did not reveal any treatment X trial
interaction. Thus, allometric relationships of
seedlings in this study appear to have been determined primarily by light availability rather than
seedling size.

5. Management implications
Several management implications for cherrybark
oak are apparent from this research. First, effects of
light availability on seedling growth, biomass accumulation, and biomass distribution were by and large
not realized until the second growing season. Under
field conditions, acorn reserves appeared to determine seedling growth potentials during the first
growing season. Thus, development of larger, advance cherrybark oak reproduction will require time
regardless of the light regime.
Secondly, best growth and biomass accumulation
in cherrybark oak seedlings were found under moderate light levels. Adequate light is supplied and
perhaps other benefits such as reduced moisture stress
are realized under partial sunlight. Hence, this species
may be amenable to development of silvicultural
practices that increase growth by improving the light
environment with canopy or midstory manipulations.
Finally, the distribution of seedling biomass was
dramatically influenced by light availability.
Seedlings grown under even moderate light levels
may have to undergo significant morphological acclimation to function well in high light environments
once released. Yet, it is assumed that a large, vigorous seedling will not lose much of its competitive
advantage during an acclimation period.

Acknowledgements
The authors sincerely thank R. Tim Deen and
Greg C. Janzen who were responsible for installing
and maintaining the experiment in the field. Ken W.
Krauss provided a critical review of an earlier draft
of this manuscript.

References
Abrams. M.D., Nowacki, G.J.. 1992. Histoncal banatlon m fire.
oak recruitment. and post-ioggmg accelerated succession III
central Pennsylvama. Bull. Tor. Bot. Club 119. 19-28.
Adams, T.E. Jr., Sands. P.B., Weltkamp, W H.. !+lcDougald,
N.K., 1992. Oak seedling establishment on Cahforma rangelands. J. Range Manage. 45, 93-98.
Angelov. MN.. Sung, S.S.. Doong, R.L., Harms, W R.. Kormanik, P.P.. Black, C.C. Jr., 1996. Long- and short-term
flooding effects on survival and sink-source relatlonshps of
swamp-adapted tree species. Tree Phys. 16, 477-484.
Ashton, MS.. Larson, B.C.. 1996. Germmation and seedling
growth of Quercus (section Eryfhrobalanus) across openings
m a mixed-deciduous forest of southern New England. USA
For. Ecol. Manage. 80. 81-94.
Callaway. R.M., 1992. MorphologIcal and physiological responses
of three California oak species to shade. Int. J. Plant Sci. 153.
434-441.
Canadell, J., Rod& F.. 1991. Root biomass of Quercus rler In a
montane Mediterranean forest. Can. J. For. Res. 21. 17711778.
Carveil. K.L.. Tryon, E.H., 1961. The effect of envuonmental
factors on the abundance of oak regeneration beneath mature
oak stands. For. Sci. 7. 98-105.
Crow, T.R.. 1988. Reproductive mode and mechanisms for selfreplacement of northern red oak (Quercus n&a)-a review.
For. Sci. 34. 19-40.
Crow, T.R., 1992. Population dynamics and growth patterns for a
cohort of northern red oak (Quercw r&u) seedlings. Oecologia 91, 192-200.
Evans, J., 1982. Silviculture of oak and beech in northern France:
Observations and current trends. Q. J. For. 76, 75-82.
Gordon, D.R.. Welker, J.M.. Met&e, J.W., Rice. K.J., 1989.
Competition for soil water between annual plants and blue oak
(Quercus douglasii) seedlings. Oecologia 79, 533-541.
Gottschalk, K.W., 1994. Shade, leaf growth and crown development of Quercus ntbro. Quercus uelutina. Prunes serotina
and Acer rubrum seedlings. Tree Physiol. 14, 735-749.
Hodges, J.D., 1967. Patterns of photosynthesis under natural
environmental conditions. Ecology 48, 234-242.
Hodges, J.D., Gardiner, E.S., 1993. Ecology and physiology of
oak regeneration. In: Loftis, D.L., McGee, C.E. (Eds.). Oak
Regeneration: Serious Problems, Practical Recommendations.
USDA For. Serv. Gen. Tech. Rep. SE-84, pp. 54-65.

Hunt. R Lloyd, P S 1987 Growth and pamtlomng. Sew Phytol.
106. 135-719
Jarv~s. P G.. 19W. The adaptablhty to light mtenslty of heedlmgs
of Qlrercirs perraea (1Iatt ) Liebl. J Ecol 52. 545-57 I.
Jenkins. \I W C h a m b e r s . J L I989 L’nderstory light levels In
mature hardwood stands after pamal overstory removal. For.
Ecol. Manage. ‘6. 717-256
Johnson. P S.. 1992. Oak overstory/‘reproducnonrelattons m two
xenc ecosystems In hllctngan For. Ecol. Manage. -18. ?33118.
Johnson, P.S.. 1993. Sources of oak reproduction. In: Lofns, D.L.,
McGee. C.E. (Eds.). Oak Regeneration: Senous Problems.
Practical Recommendations. USDA For. Serv. Cen. Tech.
Rep. SE-84. pp. 112-131.
Kolb. T E., Sterner. K.C.. 1990. Growth and biomass partttiomng
response of nonhem red oak genotypes to shading and grass
root cornpetItion. For. SC!. 36, 293-303.
Krmard. R.M., 1990. Quercux fal
cara var. pagodifolia Ell. Cherrybark Oak. In: Bums, R.M.. Honkala, B.H. (Tech. Coord.),
Silvics of North America, Vol. 2, Hardwoods. USDA Forest
Service Ag. Handbook 654, pp. 640-649.
Kuppers, M.. Koch, G., Money, H.A., 1988. Compensating
effects to growth of changes in dry matter allocation in
response to variation in photosynthetic characteristics induced
by photoperiod. light and nitrogen. Aust. J. Plant Physiol. 15,
287-298.
Lotimer. C.G., Chapman, J.W., Lambett, W.D., 1994. Tall understory vegetation as a factor in the poor development of oak
seedlings beneath mature stands. J. Ecol. 82. 227-237.
McGee, C.E., 1975. Change in forest canopy affects phenology

2nd debelopment ai northern red and \iarIet oak ,esllllng>
F o r Scl 21. 175-179
P u t n a m , J A FumlLal. G &l \lcKnlght. J S I YhO Llanagement
and Invrnto~ of Southern Hardwoods CSDA Forett SerbIce
Ag. Handbook 181.
Racme. C H . 1971 Reproductton of three Apectes of oak In
relation to \egetatlonal and envIronmental gradients In the
southern Blue Ridge. Bull. Tor Bot. Club 98, 797-310
Reich. P B.. Abrams. 1l.D. Ellsworth. D S . Kruger, E.L . Tabone.
T.J., 1990. Fire affects ecophyslology and commumty dynamICS of central Wlsconsm oak forest regenerntlon Ecology 71.
2179-2190.
Race. S.A.. Bazzaz. F.A.. 1989. Quanuficstton of plasticity of
plant tracts In response to light intenstty: companng phenotypes at a common weight. Oecologia 78. 502-507.
Thadani. R.. Ashton. P M.S.. 1995. Regeneration of ban] oak
( Q u e r c u s hrcarrichophora A. Camus) m the central Himalaya. For. Ecol. Manage. 78. 217-224.
Walters, M.B., Kruger, E.L.. Rsuzh, P B.. 1993. Growth. biomass
distribution and CO! exchange of northern hardwood seedhngs
m high and low light: relationshtps with successIona status
and shade tolerance. Oecologla 94, 7- 16.
Weber. J.A., Gates. D.M.. 1990. Gas exchange rn Quercus r~rbro
(northern red oak) during a drought: analysis of relations
among photosynthesis, transpiratton. and leaf conductance_
Tree Physiol. 7. 215-225.
Young, G.L.. Karr, B.L., Leopold, B.D., Hodges, J.D., 1995.
Effect of greentree reservoir management on Mississippi bottomland hardwoods. Wildl. See. Bull. 23, 525-531.
Ziegenhagen. B., Kausch. W.. 1995. Roductlvity of young shaded
oaks (Quercus robur L.) as corresponding to shoot morphol-

ogy and leaf anatomy. For. Ecol. Manage. 72. 97- 108.

