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SAPLING BIOMASS ALLOCATION AND GROWTH IN THE

UNDERSTORY OF A DECIDUOUS HARDWOOD FOREST1
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Above- and belowground tissues of co-occurring saplings (0.1–1 m height) of Acer saccharum Marsh. (very shade
tolerant), Acer rubrum L. (shade tolerant), Fraxinus americana L. (intermediate shade tolerant), and Prunus serotina Ehrh.
(shade intolerant) were harvested from a forest understory to test the hypothesis that the pattern of biomass allocation varied
predictably with shade-tolerance rank. The placement and length of branches along the main axis were consistent with the
formation of a monolayer of foliage for the tolerant and intermediate species. Other morphological characteristics did not
vary predictably with shade-tolerance rank. The maintenance of high specific leaf area (SLA; leaf area/leaf mass) and leaf
area ratio (LAR; leaf area/sapling mass) is considered important for growth under extreme shade, yet these traits were not
clearly related to the shade-tolerance rank of these species. Fraxinus americana, an intermediate species, had the highest
LAR and growth rate in the understory, and with the exception of P. serotina, the very shade-tolerant A. saccharum had
the lowest LAR. Prunus serotina maintained a large starch-rich tap root and shoot dieback was common, yielding the largest
root/shoot ratio for these species. The observed allocation patterns were not similar to the long-standing expectation for the
phenotypic response of juvenile trees to shade, but were consistent with three hypothetical ‘‘growth strategies’’ in the
understory: (1) the low SLA and LAR of A. saccharum may provide a measure of defense against herbivores and pathogens
and thus promote persistence in the understory, (2) the high SLA for F. americana and high LAR for F. americana and A.
rubrum may enable these species to achieve high growth rates in shade, and (3) the large carbohydrate stores of P. serotina
may poise this species for opportunistic growth following disturbance. The relative importance of resistance to herbivores
and pathogens vs. the maintenance of high growth rates may be important in evaluating the patterns of biomass allocation
in the understory.
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Differential growth and survival of understory saplings
cause changes in species composition during forest suc-
cession and strongly influence the response of mature for-
ests to disturbance. A number of structural and physio-
logical traits contribute to persistence in the deep shade
of the forest understory; these traits (Bazzaz, 1979; Giv-
nish, 1988) and certain aspects of sapling demography
have been used to loosely define shade tolerance (Baker,
1949; Graham,1954). Among structural attributes, the
maintenance of high leaf area per unit leaf mass (specific
leaf area; SLA), high leaf area per unit sapling mass (leaf
area ratio; LAR), and low root/shoot mass ratio is be-
lieved to maximize growth in light-limited habitats and
thus confer shade tolerance (Horn, 1971; Givnish, 1988;
Abrams and Kubiske, 1990).

Although the importance of these traits is evident when
individuals of a single species are grown in contrasting
irradiances (Boardman, 1977; Givnish, 1988), the inter-
pretation of the results from interspecific comparisons can
be ambiguous. For example, Kitajima (1994) and Vee-
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nedaal et al. (1996) found that in contrast to the predic-
tion above, SLA decreased and root/shoot ratio increased
with increasing shade tolerance among seedlings of sev-
eral new- and old-world tropical tree species. As an ex-
planation for similar discrepancies among maple species,
Lei and Lechowicz (1990) proposed that shade-tolerant
species expressed structural traits that were ‘‘adaptive’’
for adults but not necessarily for saplings. An alternative
explanation involves a shift in the current paradigm about
shade tolerance.

The prevailing model of shade tolerance is based on
carbon economy and asserts that structural and physio-
logical traits that maximize the net rate of carbon gain
are adaptive in the understory (Givnish, 1988). In con-
trast to this model, Walters et al. (1993) recognized that
phenotypic responses to shade, while potentially maxi-
mizing growth, may not promote survival. The potential
for an inverse relationship between growth rate and sur-
vival is supported by recent interspecific comparisons of
seedlings and saplings in forest understories (Kitajima,
1994; Pacala et al., 1994; Kobe et al., 1995; Kobe, 1996).
Some of the structural attributes that may contribute to
slow growth but also increase survival of shade-tolerant
species include low SLA and high wood density. These
traits may promote survival by conferring resistance to
herbivory and pathogens (Coley, Bryant, and Chapin,
1985; Kitajima, 1994).

Most studies of juvenile tree growth and survival in
the field have focused on shoot growth only (Canham
and Marks, 1985). In such cases, it is impossible to know
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whether increases in shoot mass parallel or occur at the
expense of root growth. Though low irradiance is a major
limiting factor in the understory, it is not the only limiting
resource. Belowground competition for water and nutri-
ents in moist forests has received surprisingly little atten-
tion since the early demonstrations by Toumey and Kien-
holz (1931) and Korstian and Coile (1938) that such com-
petition may be significant. Survival in the shade may
require allocation to roots at levels that slow shoot
growth.

Shade tolerance as a descriptor of ecological perfor-
mance has escaped rigorous quantitative definition. An
emerging view offers a continuum of ‘‘strategies’’ for
understory performance; natural selection may favor at-
tributes that promote growth in the shade for some spe-
cies, attributes that promote long-term survival for others
or attributes that poise a species for an exploitive re-
sponse to a canopy gap.

In this paper we describe the patterns of above- and
belowground biomass allocation for saplings of four
hardwood tree species that vary in their traditional clas-
sification of shade tolerance. Although our inferences are
limited by the small number of species examined, our
objective was to determine whether patterns of allocation
were related to traditional tolerance rank. We expected
that access to light and soil resources may vary with sap-
ling size. Because of the logistical problems associated
with selecting comparably sized saplings of different spe-
cies and the size-dependent biases inherent in compari-
sons of simple ratios, our interspecific comparisons are
based on allometric relationships generated within a spe-
cies for saplings that ranged from ,0.1 m to .1 m in
height. Tissue nitrogen and starch concentrations were
also measured. Size-dependent variation in these com-
ponents may provide insight into access to soil resources
and sapling carbon balance.

The patterns of biomass, nitrogen, and starch allocation
were examined for saplings of sugar maple (Acer sac-
charum Marsh.), red maple (Acer rubrum L.), white ash
(Fraxinus americana L.), and black cherry (Prunus ser-
otina Ehrh.) growing in close proximity under a relatively
uniform canopy. Based on traditional shade-tolerance
rankings (Baker, 1949; Spurr and Barnes, 1980), these
species represent a continuum with sugar maple and red
maple classified as very shade tolerant and tolerant, and
ash and cherry classified as intermediate and intolerant,
respectively.

METHODS

Site and species—Red maple (Acer rubrum), sugar maple (A. sac-
charum), white ash (Fraxinus americana), and black cherry (Prunus
serotina) saplings were selected in the understory of a young second-
growth hardwood forest in central Massachusetts (Harvard Forest:
428309N, 728 159W). This location was chosen because of its relatively
continuous canopy and because of the abundance of saplings of each
species. Red oak (Quercus rubra L.) and red maple were the dominant
overstory species, followed by yellow birch (Betula lenta L.), sugar
maple, paper birch (B. papyrifera Marsh.), beech (Fagus grandifolia
Ehrh.), and hemlock (Tsuga canadensis (L.) Carr.). Mean (61 SD) leaf-
area index (LAI) in July was 4.05 6 0.15 m2/m2 (N 5 20, LI-2000
canopy analyzer, LI-COR, Lincoln, NE). Assuming an extinction co-
efficient of 0.5, this LAI corresponds to a gap-light index, as defined
by Canham (1988), of 9.14. The soil, a Gloucester stony loam, is de-

rived from granitic glacial till and is coarse, prone to drought, and
relatively infertile.

Light measurements—Daily integrated photosynthetically active ra-
diation was measured for four consecutive days above each sapling with
diazo-paper integrating light sensors (Friend, 1961; Sullivan and Mix,
1983). Each sensor was made from 15 layers of diazo paper (Azon
number 4516 nonerasable diazo sepia paper, Azon Corp., Johnson City,
NY) sandwiched between two layers of cardboard. The top layer of
cardboard had a 7-mm diameter hole. A log-linear calibration relating
the degree of exposure of each layer of diazo paper to incident photo-
synthetically active irradiance (400–700 nm), as measured with a quan-
tum sensor (LI-185B, LI-COR), was constructed in the understory near
where the sensors were to be deployed. Therefore, the calibration curve
was constructed under the range of irradiances and light quality expe-
rienced by the saplings. Each sensor was placed in a small water-tight
‘‘jeweler’s’’ bag and one sensor was mounted directly above each sap-
ling. Sensors were placed and collected at dusk to minimize systematic
sampling error in irradiance. The light data were used as a covariant in
analyzing the size dependence of growth and, because saplings were
randomly selected, provided an estimate of the horizontal variance of
irradiance in the understory.

To quantify the spatial variation in irradiance that might be experi-
enced by a small sapling in the understory, we constructed four three-
dimensional frames (1.5 m on a side) that suspend an array of 125
evenly spaced diazo light sensors. Each cube was constructed of small-
diameter PVC (polyvinyl chloride) pipe strung with fishing line and
provided a three-dimensional array (horizontal ‘‘layers’’ and vertical
‘‘slices’’) of light sensors at 25-cm intervals starting at the forest floor.
Thus, each cube encompassed a measuring volume of 1.95 m3. To cap-
ture the range of conditions in the understory, cubes were placed di-
rectly under a large red oak, a large white ash, and on the north side
of the crown of a large hemlock. A fourth cube was placed under a
mixed canopy of hardwood species. The light sensors (125 sensors/
cube) were left out for 24 h on a clear day. Leaf area index at five
locations above each cube was measured with a canopy analyzer.

Sapling harvests and growth rates—Two-year-old or older saplings
of each species, in ten height classes up to 1 m (5–8 individuals/height
class), were randomly selected. If inspection of the root collar revealed
that a sapling was a sprout or if the main stem had recently died back
it was rejected and another sapling was chosen. The initial sample size
decreased as it became apparent that some sprouts escaped our initial
culling.

Height and basal diameter were measured on each sapling prior to
harvest. We determined that the horizontal extent of the root system
was within an area circumscribed by a radius of twice the height of
each sapling and rooting depth did not exceed 25 cm. Based on these
observations, intact saplings with complete root systems were excavat-
ed, placed in large plastic bags, and transported to our field laboratory.
At the laboratory soil was carefully washed from the roots. The cu-
mulative length of all branches and the total length of the main stem
axis, in addition to total projected leaf area (model 3100, LI-COR), were
measured; subsequently, tissues were dried in a forced-convection oven
at 608C until a constant mass was attained. A small section of the base
of the stem from each sapling was removed for determining age. After
drying and weighing the component tissues were ground to 60 mesh
with a Wiley mill for determination of chemical components.

Sapling biomass was log-linearly related to age (data not shown).
Relative growth rate was therefore calculated as the slope of the natural
log of total plant dry mass vs. sapling age. The growth rate of the main
axis (length growth) was linearly related to total stem length, and mean
annual length increment for the last 3 yr was calculated as the mean
increment growth divided by total length (3100).
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Fig. 1. Integrated photosynthetically active irradiance (PAR; 400–
700 nm) and leaf area index (LAI) measured under four canopy loca-
tions in a hardwood forest. Mean irradiance (61 SD) was measured at
125 locations in a 1.95-m3 volume under each of four canopy types.
LAI was measured at 1-m height in five locations above each irradiance-
sampling matrix. Error bars for LAI (61 SD) are smaller than the sym-
bols.

TABLE 1. Architecture of tree saplings in the understory of a hardwood
forest. The form of the equations (linear or logarithmic), ‘‘y’’ in-
tercepts (b0), and slopes (b1) are illustrated for each pair of vari-
ables. The units for length and mass are cm and g, respectively.

b0 b1 r2 N

Height 5 b0 1 b1 (stem length)**
Acer rubrum
Acer saccharum
Fraxinus americana
Prunus serotina

1.02
1.30

20.08
9.37#

0.90*
0.87*
0.95*
0.64*

0.95
0.93
0.98
0.75

58
46
43
59

Branch number 5 b0 1 b1 (stem length)**
Acer rubrum
Acer saccharum
Fraxinus americana
Prunus serotina

20.89#
21.21#
21.41*
20.62

0.08*
0.08*
0.07*
0.12*

0.77
0.59
0.60
0.88

44
57
59
47

ln(cumulative branch length) 5 b0 1 b1 (stem length)**
Acer rubrum
Acer saccharum
Fraxinus americana
Prunus serotina

0.62#
0.69
0.46
2.47*

0.04*
0.04*
0.03#
0.02*

0.64
0.75
0.42
0.58

26
35
21
39

ln(height) 5 b0 1 b1 ln(total mass)**
Acer rubrum
Acer saccharum
Fraxinus americana
Prunus serotina

2.69*
2.67*
2.56*
2.45*

0.51*
0.50*
0.50*
0.48*

0.89
0.92
0.88
0.81

44
58
61
47

* Intercept or regression coefficient is different from 0 at P , 0.001.
# Intercept or regression coefficient is different from 0 at P , 0.05.
** Regression coefficients among species were significantly different

at P , 0.01.

Tissue chemistry—A subsample of saplings from each size class (N
5 20 individuals/species) were randomly selected for measurement of
leaf, stem, taproot, and small root starch and nitrogen concentration.
The taproot was defined as the main root axis, and the rest of the root
system was classified as small root. Starch and soluble sugar contents
of oven-dried ground samples were determined as glucose equivalents
using ethanol and perchloric acid extractions according to Tissue and
Wright (1995). Because it took several hours to dissect and process large
saplings, we consider our estimates of soluble sugar and leaf starch
concentrations unreliable and do not present these data. Total N content
was determined by CHN analysis (Model NA 1500, Carlo Erba, Milan,
Italy).

Statistical analyses—Because the assumptions of parametric tests
were violated, comparisons of mean incident irradiance among horizon-
tal layers and vertical slices within each light cube were tested with a
Kruskal Wallis one-way ANOVA. Comparisons of mean irradiance and
leaf area index (log transformed) between cubes were done with a para-
metric ANOVA.

Allometric relationships among plant components (e.g., leaf area vs.
total mass) for each species were calculated with logarithmic or linear
least-squares regressions. Regression models were compared across spe-
cies using covariance analysis, where a species by size interaction (P
, 0.05) indicated a significant difference among slopes (Steele and
Torrie, 1980). The intercepts for each species were not tested if slope
coefficients were significantly different among species. For direct com-
parison of species, the regression models were used to calculate the
pattern of biomass allocation for a theoretical sapling with a dry mass
of 50 g. All species comparisons by component and component com-
parisons within a species were made with two-way ANOVA and Bon-
ferroni-adjusted post hoc tests. When appropriate, variables that
changed with size (e.g., N and starch concentration) were natural-log
transformed to meet the assumption of the ANOVA. Statistical analyses
were conducted with SYSTAT (version 5.2).

RESULTS

Light environment—Daily integrated irradiance for
1.95-m3 volumes at different positions in the understory,
calculated as the average of all light sensors within a
cube, was correlated with local leaf area index and varied

directly with overstory composition (Fig. 1). Ash pro-
duced a relatively sparse canopy with a LAI of 3.4 and
a correspondingly high daily irradiance. At the other ex-
treme, the LAI near hemlock was .4.7, resulting in a
threefold reduction in irradiance compared to ash.

There was significant variation in incident irradiance
within the 1.95-m3 cubes, and this variation was greater
for the vertical than for the horizontal plane (data not
shown). The average value of integrated irradiance
among vertical slices was statistically different (P ,
0.05) for all cubes, but was only different between hor-
izontal layers for cubes under hemlock and the mixed
canopy. Under hemlock integrated irradiance increased
from 0.4 mol·m22·d21 at the forest floor to 0.6
mol·m22·d21 at 1 m. The ranges of irradiance under the
mixed, oak, and ash canopies were 0.8–0.9, 1.3–1.6, and
1.5–2.1 mol·m22·d21, respectively. This vertical variation
was a function of the distribution and abundance of the
relatively sparse understory vegetation. The horizontal
variation was from 8 to 15% (calculated for east-west and
north-south orientations) compared to 15–27% variation
between vertical slices.

For all species, the range in irradiance above the ran-
domly selected saplings was considerably greater than the
vertical and horizontal variation in irradiance measured
within light cubes.

Aboveground architecture and whole-plant biomass
allocation—Differences in aboveground architecture
were greatest between white ash and black cherry (Table
1). Because of its curved main axis, cherry required more
total stem length and stem mass to achieve a given height
than the other three species. Ash produced the most erect
stem as indicated by an almost direct correspondence be-
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TABLE 2. Component biomass allocation of tree saplings in the un-
derstory of a hardwood forest. The linear regression model, ‘‘y’’
intercepts (b0), and slopes (b1) are illustrated for each pair of vari-
ables. The units for mass and area are g and cm2, respectively.

b0 b1 r2 N

Above ground allocation
Leaf mass 5 b0 1 b1 (stem mass)**

Acer rubrum
Acer saccharum
Fraxinus americana
Prunus serotina

0.28#
0.23#
0.26
0.85*

0.42*
0.31*
0.35*
0.25*

0.94
0.89
0.85
0.86

44
58
61
48

Leaf area 5 b0 1 b1 (stem mass)**
Acer rubrum
Acer saccharum
Fraxinus americana
Prunus serotina

65.48#
89.91#
80.60

277.44*

96.12*
86.63*

139.49*
69.81*

0.94
0.87
0.86
0.83

44
58
61
48

Leaf area 5 b0 1 b1 (stem cross-sectional area)**
Acer rubrum
Acer saccharum
Fraxinus americana
Prunus serotina

2174.28#
70.04

2104.53
118.30

27.11*
16.47*
25.58*
30.00*

0.78
0.64
0.74
0.69

41
56
59
45

Belowground allocation
Taproot mass 5 b0 1 b1 (total root mass)**

Acer rubrum
Acer saccharum
Fraxinus americana
Prunus serotina

20.09
20.14

0.19
22.54#

0.72*
0.70*
0.60*
0.88*

0.95
0.95
0.91
0.97

44
58
61
48

* Intercept or regression coefficient is different from 0 at P , 0.001.
# Intercept or regression coefficient is different from 0 at P , 0.05.
** Regression coefficients among species were significantly different

at P , 0.01.

tween height and stem length (slope 5 0.95), but red
maple produced the greatest height with the lowest in-
vestment in stem biomass. Cherry produced substantially
more branches per unit of stem length than the other spe-
cies, but they were relatively short. As a result, the total
branch length per unit stem length was greater for the
maples and for ash than for cherry.

The ratio of leaf area or leaf mass to stem mass
(branches plus stem) may relate to the metabolic cost of
providing support for the photosynthetic tissues. The
slope of the relationship between leaf and stem mass was
lower for black cherry than for the other species (Table
2). Despite a large ‘‘y’’ intercept, black cherry also pro-
duced substantially less leaf area for a given investment
in stem mass than the other species. Because of its high
ratio of leaf area/mass (specific leaf area, discussed be-
low), ash had the greatest leaf area per unit stem mass,
whereas red maple had the greatest leaf mass per unit
stem mass.

There was a significant log-linear decrease in specific
leaf area (leaf area in square centimetres/leaf mass in
grams) with total plant biomass for sugar maple (r 5
20.57, P , 0.001) and red maple (r 5 20.49, P ,
0.001). In both cases, however, the variance was high and
the corresponding coefficients of determination were low
(data not shown). The mean (61 SD) SLAs for white
ash, sugar maple, black cherry, and red maple, were
381.5 6 46.2, 313.4 6 28.6, 298.5 6 35.0, and 239.5 6
28.6 cm2/g, respectively. The post hoc test indicated that
the SLAs for sugar maple and white ash were not sig-
nificantly different, whereas the SLA for white ash was
significantly greater than the SLA for red maple. The

SLA for red maple was significantly lower than for the
other three species.

The area of pith and the area from the vascular cam-
bium outward were subtracted from the total cross-sec-
tional area of the base of the stem to yield the stem cross-
sectional area in Table 2. Assuming the remaining area
in these small saplings was all functional xylem, the slope
of the relationship between leaf area and stem cross-sec-
tional area represents the leaf/sapwood area ratio. Leaf/
sapwood area ratio varied by almost twofold with sugar
maple and black cherry having the smallest and largest
values, respectively (16.47 vs. 30.00 cm2/cm2).

There was significant variation in the apportionment of
biomass to small root and tap root among these species
(Table 2). It should be noted that this was a coarse dis-
tinction, as all biomass not associated with the taproot
was classified as small root. Thus, small root in this study
represents ephemeral roots plus smaller woody branch
roots. Below ground, 60% of the total root mass was in
the taproot for ash compared to 88% for cherry. The ma-
ples were intermediate between ash and cherry with 70–
72% of total root mass invested in the taproot.

The ratio of leaf area/total sapling mass (leaf area ratio;
LAR) represents the proportional investment in assimi-
latory surface area. This ratio, represented by the slope
of the regression between leaf and total sapling mass (Ta-
ble 3), was considerably lower for cherry than for the
other three species. Ash had the highest leaf area/sapling
mass ratio, followed by red maple and sugar maple. Cher-
ry also had lowest proportion of its total mass allocated
to stem or to all aboveground tissues combined. Total
shoot mass (leaves 1 branches 1 stem) was linearly re-
lated total sapling mass and represented only 28% of total
sapling mass for cherry compared to 40% or greater for
the other species. The relatively small investment in
aboveground mass for cherry was caused by a dispro-
portionately large investment in the taproot (Table 3, Fig.
2).

The percentage of total biomass in the different above-
and belowground compartments was calculated for the-
oretical 50-g saplings of each species using the species-
specific regressions in the tables. The proportional in-
vestment in the taproot was striking for cherry (Fig. 2).
This species allocated .50% of total mass to the taproot
compared to ,33% for the other three species. This large
investment in tap root was at the expense of leaf and stem
mass. The theoretical 50-g black cherry sapling invested
;8% of total mass in leaves compared to 13–21% for
the other species. Red maple had the greatest investment
in leaf and branch mass, and ash had the greatest pro-
portional investment in stem biomass. The investment in
small root mass was from 9.2 to 16.8% (Fig. 2).

Tissue chemistry—Starch and nitrogen concentrations
(percentage of dry mass) of component tissues represent
carbon storage and potential metabolic actively, respec-
tively. These variables were analyzed for size-dependent
variation and for differences among components within
a species and across species for a given component.

Across species the highest concentration of N was in
leaves followed by small roots (Fig. 3). There were no
significant differences in N% between stems and taproots
for any species. The N concentration approached 2% for



July 1998] 959DELUCIA ET AL.—SAPLING BIOMASS ALLOCATION

TABLE 3. Whole-plant biomass allocation for tree saplings in the understory of a hardwood forest. The linear regression model, ‘‘y’’ intercepts
(b0), and slopes (b1) are illustrated for each pair of variables. The units for area and mass are cm2 and g, respectively.

b0 b1 r2 b0 b1 r2 N

Leaf mass 5 b0 1 b1 (total mass)** Branch mass 5 b0 1 b1 (total mass)**
Acer rubrum
Acer saccharum
Fraxinus americana
Prunus serotina

0.04
0.13

20.02
1.06#

0.21*
0.13*
0.16*
0.07*

0.95
0.87
0.88
0.68

20.56*
20.17#
20.24#
20.14

0.13*
0.06*
0.05*
0.07*

0.82
0.84
0.66
0.83

44
58
61
48

Leaf area 5 b0 1 b1 (total mass)** Total shoot mass 5 b0 1 b1 (total mass)**
Acer rubrum
Acer saccharum
Fraxinus americana
Prunus serotina

11.48
61.75

225.04
331.63#

46.57*
35.04*
61.24*
19.03*

0.95
0.86
0.88
0.66

20.52*
20.28
20.57*

0.56

0.48*
0.40*
0.42*
0.28*

0.99
0.97
0.95
0.84

44
58
61
48

Stem mass 5 b0 1 b1 (total mass)** Leaf area 5 b0 1 b1 (small root mass)
Acer rubrum
Acer saccharum
Fraxinus americana
Prunus serotina

0.05
20.11
20.33

0.70

0.34*
0.34*
0.37*
0.21*

0.97
0.97
0.94
0.83

49.65
106.15#
104.13
267.05#

367.10*
198.67*
297.24*
136.06*

0.64
0.73
0.77
0.59

44
58
61
48

* Intercept or regression coefficient is different from 0 at P , 0.001.
# Intercept or regression coefficient is different from 0 at P , 0.05.
** Regression coefficients among species were significantly different at P , 0.01.

Fig. 3. Total nitrogen and starch concentration for leaf (N only),
stem, taproot, and small root of red maple (Acer rubrum, ACRU), sugar
maple (Acer saccharum, ACSA), white ash (Fraxinus americana,
FAAM), and black cherry (Prunus serotina, PRSE). Each bar represents
the mean, and the error bar is 1 SD (N 5 20). Bars with different letters
represent tissues that are significantly different (P , 0.05) between spe-
cies. Size-related differences in N and starch are reported in the Results.

Fig. 2. Percentage allocation of biomass to leaf, branch, stem, tap-
root, and small root for a theoretical 50-g sapling of red maple (Acer
rubrum, ACRU), sugar maple (Acer saccharum, ACSA), white ash
(Fraxinus americana, FAAM), and black cherry (Prunus serotina,
PRSE). Biomass allocation was calculated from the allometric relation-
ships in Tables 2 and 3.

leaves of ash and cherry and was significantly greater for
leaves of these species than for the two maple species (P
, 0.05). The N concentration in small roots of ash was
greater than cherry and similar to the other two species.
Leaf nitrogen concentration increased in direct proportion
to total leaf biomass for cherry (r 5 0.70, P , 0.001),
ash (r 5 0.88, P , 0.001), and sugar maple (r 5 0.65,
P 5 0.002) (data not shown). Taproot and small root N
concentration increased with increasing mass of these tis-
sues for ash (tap root: r 5 0.70, P , 0.001; small root:
r 5 0.54, P 5 0.014), but small root N concentration
decreased with increasing small root mass for cherry (r
5 0.70, P 5 0.003). The only species to show a positive
correlation between average nitrogen concentration for
the entire sapling and total sapling biomass was red ma-
ple (r 5 0.66, P 5 0.015).

With the exception of cherry, which had an exception-
ally high starch concentration in small roots (;17%), the
highest starch concentrations were in the taproots (Fig.
3). Starch concentrations were approximately equal for
stems and small roots of red maple, sugar maple, and
ash, and ranged between 6 and 9%. Starch concentration
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TABLE 4. Growth rate and incident daily irradiance for tree saplings
in the understory of a hardwood forest.

Species
Length increment

(%)

Relative
growth rate

(%)

Incident
irradiance

(mol·m22·d21)

Acer rubrum
Acer saccharum
Fraxinus americana
Prunus serotina

11.6 (0.4) c
6.1 (4.2) a

27.3 (6.1) abc
11.1 (7.6) b

13.0 (4.7)a

14.9 (3.5)
29.5 (3.1)
19.5 (4.5)

2.03 (0.75)
1.73 (0.65)
1.73 (0.63)
1.97 (0.65)

Note: The values for length increment are means 61 SD for individual
saplings of each species. Means followed by different letters are sig-
nificantly different at P , 0.001. Relative growth rate (RGR; g·g21·yr21)
was calculated as the slope of ln(sapling biomass) vs. age (from ring
counts), and the error term is the standard error for the regression. There
was significant variance among species in RGR as indicated by analysis
of covariance (P , 0.05). The values for length increment and RGR
are expressed as percentage increases per year. There was a marginally
significant difference (P , 0.1) in mean (6SD) daily irradiance among
species. A multiple range test was not performed for this variable.

a Standard error for the regression.

decreased with increasing stem mass for ash (r 5 20.47,
P 5 0.054), sugar maple (r 5 20.67, P 5 0.009), and
red maple (r 5 20.52, P 5 0.07) but did not vary with
increasing biomass of stems or small roots.

Growth rates and sapling-specific light environ-
ment—Growth rates were expressed as length increment
and as relative growth rate (biomass increment; Table 4).
Of the four species examined in this study ash had the
greatest length increment and relative growth rate. The
relative growth rate of 29.5% indicates a biomass incre-
ment of 0.295 g·g21·yr21. Cherry had the lowest relative
growth rate, and sugar maple had the lowest rate of
height growth. Neither measure of growth (length incre-
ment or RGR) for any species varied significantly with
integrated incident daily irradiance measured during mid-
summer.

Because incident irradiance was measured for each
sapling, primarily to use as a covariant in statistical com-
parisons among species, we were able to compare the
light environment in which the different species grew.
There was a marginally significant difference in light en-
vironment (P , 0.10), with red maple and cherry grow-
ing in slightly brighter microsites than sugar maple and
ash (Table 4).

DISCUSSION

Incident irradiance was measured in the understory at
two spatial scales. Each ‘‘light sensor cube’’ captured the
vertical and horizontal variation in irradiance that would
be experienced by a small sapling; at a larger scale, the
cubes were positioned under different canopy species
thereby capturing the horizontal variation in the forest.
The horizontal variance of instantaneous irradiance over
the scale of an individual sapling can be high (Oberbauer
et al., 1988). For example, Chazdon (1988) and Baldoc-
chi and Collineau (1994) demonstrated that the instan-
taneous values recorded for sensors as close as 0.1–0.5
m can be uncorrelated. Because of this variation, different
portions of a sapling simultaneously experience different
irradiances, leaf temperature, and leaf-to-air vapor pres-
sure deficit (LAVPD), raising important questions about

the degree of physiological integration in individual sap-
lings. We report variation of up to 15% in daily integrated
irradiance over similar horizontal scales. Through its ef-
fect on the growth and carbon balance of individual
branches, this variation may modify the aboveground ar-
chitecture of saplings.

As reported by Canham and Burbank (1994), incident
irradiance varied predictably below the crowns of differ-
ent species. Leaf area index was highest and irradiance
was lowest under hemlock and the opposite was true for
ash (Fig. 1). The variation in LAI is inversely correlated
with the traditional shade-tolerance rank for large trees
and is controlled more by the depth of the crown than by
lateral spread of the canopy individuals (Canham and
Burbank, 1994).

The phenotypic responses of trees to changes in light
availability and theoretical arguments based on optimi-
zation of resource acquisition have produced a number
of predictions about the ‘‘adaptive’’ architecture and al-
location patterns for shade-tolerant species (Canham and
Marks, 1985). Horn (1971) proposed that the construction
of a monolayer of foliage, which would minimize self-
shading and thus maximize light interception per unit leaf
area, would be advantageous in the understory. Based on
our data this prediction appears to be robust.

Although we did not quantify the three-dimensional
arrangement of foliage, our measurements of branch
length per unit stem length support Horn’s hypothesis.
Black cherry, the least shade-tolerant species, maintained
the greatest number of branches per unit length of the
main stem, as indicated by the slope of the regression
between branch number and stem length (Table 1), but
the branches were relatively short and dispersed evenly
along the main axis. Branch length increased logarith-
mically with increasing stem length for all species, and
the slope of this relationship was twice as large for the
shade-tolerant maples as for the intolerant black cherry
(Table 1). Sugar maple, red maple, and ash held their
branches and foliage near the top of the stem and, in
combination with the production of longer branches,
maintained a monolayer of foliage. Consistent with these
observations, Canham (1988) found that shade-tolerant
sugar maple and beech increased lateral growth relative
to height growth in darker microsites in the understory,
thereby reducing self-shading. The greater probability of
harvesting transient sunflecks afforded by greater lateral
branch spread in the heterogeneous radiation environment
of the understory (Oberbauer et al., 1988) may partially
offset the investment in resources associated with branch
construction, maintenance, and assimilate transport.

An unusual feature of cherry was that the main axis
grew in a gentle arc rather than perfectly erect. As a result
of this arc, cherry required greater stem length (Table 1)
and biomass to achieve a given height relative to the
other species. Shade-intolerant woody plants produce
lower density wood than their more tolerant counterparts
(Augspurger, 1984; Lei and Lechowicz, 1990). The wood
densities reported for adults of our species are 0.47, 0.49,
0.55, and 0.56 g/cm3 (measured at 12% moisture content)
for black cherry, red maple, white ash, and sugar maple,
respectively (Forest Service, 1987). For cherry, lower
density may have produced weaker wood less able to
sustain erect growth. Cherry also is prone to extreme
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bending under the mass of snow or ice, resulting in leader
loss (Burns and Honkala, 1990).

Optimizing leaf display with respect to the carbon in-
vestment in constructing and maintaining leaves, stems,
and roots could potentially increase carbon assimilation
for understory saplings. This optimization can be
achieved by constructing leaves with a high specific leaf
area (SLA; leaf area per unit mass) and by constructing
saplings with high leaf area ratios (LAR; leaf area per
unit whole-plant mass). Increasing SLA is an almost uni-
versal phenotypic response to shade (Loach, 1970; Pop-
ma and Bongers, 1988; Walters, Kruger, and Reich,
1993). The SLA for shade-grown individuals of hard-
wood trees, for example, is approximately twice the value
of sun-grown individuals of the same species, regardless
of the degree of shade tolerance (Abrams and Kubiske,
1990). This relationship may not extend to interspecific
comparisons.

For 27 northern hardwood tree species growing in the
shaded understory, Abrams and Kubiske (1990) found
that, on average, SLA increased with increasing shade-
tolerance rank; the class average for intolerant species
was 265 cm2/g compared to 394 cm2/g for shade-tolerant
species. Our species did not conform to this trend. White
ash, a species of intermediate tolerance, had higher SLA
than the other three species, and the average SLA of the
most shade-tolerant species, sugar maple, was within 5%
of the SLA for the least shade-tolerant species, black
cherry. Interpretation of the functional significance of
SLA is further confounded by the results of a survey of
13 tropical tree seedlings. In this survey Kitajima (1994)
found that, unlike Abrams and Kubiske (1990), SLA was
inversely correlated with the degree of shade tolerance.
Moreover, no relationship between SLA and tolerance
rank was found between canopy trees in a hardwood for-
est (Bassow and Bazzaz, 1997). The potentially compet-
ing demands of building a leaf that maximizes light in-
terception per unit carbon investment (high SLA) vs.
building a thick, tough leaf that resists herbivory (low
SLA) may explain this apparent conflict (Coley, Bryant,
and Chapin, 1985; Kitajima, 1994; Coley and Barone,
1996).

Our data also did not support the prediction that the
proportional investment in leaf area, expressed as the leaf
area ratio (LAR), was correlated with shade tolerance.
Leaf area was linearly related to total plant mass for all
species (Table 3). Using these relationships to calculate
the leaf area for a theoretical understory sapling weighing
50 g (dry mass), cherry had a leaf area of 1283 cm2

compared to 1800 cm2 or greater for the other species.
Cherry conformed to our expectation. The leaf area for
saplings of comparable mass for the other three species,
however, was inversely related to the traditional shade-
tolerance ranking. From most to least shade tolerant, the
predicted leaf areas were: 1814 (sugar maple), 2340 (red
maple), and 3037 cm2 (white ash).

We measured nitrogen concentration (N%) as a proxy
for physiological capacity, since nitrogen concentration is
highly correlated with maximum photosynthetic rate
(Field, Merino, and Mooney, 1983) and with the respi-
ration rates of woody tissues (Ryan et al., 1996). Cherry
and ash had significantly higher leaf N% than the two
maples. This is consistent with higher photosynthetic ca-

pacity associated with shade-intolerant species (Fredrick-
sen et al., 1996; Wallace and Dunn, 1980; Walters, Kru-
ger, and Reich, 1993). Although coefficients of determi-
nation were quite low, nitrogen concentration increased
with increasing total leaf mass for cherry, ash, and sugar
maple, and the average N concentration for the whole
sapling increased with increasing sapling mass for red
maple. These increases may reflect an enhanced capacity
to acquire N with increasing size. This may occur through
two quite different mechanisms. Since incident irradiance
increased modestly with height, presumably leading to
enhanced photosynthesis, the additional carbon gain re-
alized by taller saplings may facilitate uptake and reduc-
tion of N. Alternatively, N concentrations may rise with
whole plant mass if increased allocation to root systems
allows saplings to forage more widely, support greater
mycorrhizal activity, and thereby out compete neighbors
for limiting nutrients.

The high starch concentration in the tap roots of these
small saplings suggests that these species actively store
carbohydrates even in the light-limited understory. It ap-
pears that cherry stores starch in small roots in addition
to the tap root (Fig. 3). There were weak negative cor-
relations of starch concentration with increasing stem
mass in the two maple species and ash but when all tis-
sues were averaged there was no relationship between
starch concentration and sapling mass. Leaf area in-
creased linearly with sapling mass for all species (Table
3) thereby keeping the supply and utilization of carbo-
hydrates in balance as sapling mass increased.

The inconsistencies in relating SLA and LAR to the
traditional shade-tolerance rankings may arise because
these rankings, with their emphasis on light as a driving
variable, are too narrowly defined. Light availability, at
least at the levels typically measured in a dense under-
story, is unquestionably the primary physical factor in-
fluencing growth, but a myriad of biotic interactions in-
fluence the patterns of biomass allocation (Canham et al.,
1996) and survival. Resistance to herbivory and patho-
gens may be powerful selective pressures in the under-
story, imposing their own influence on plant structure
(Coley, Bryant, and Chapin, 1985; Kitajima, 1994). A
broader interpretation of ‘‘shade tolerance’’ that extends
the strict carbon economy paradigm by embracing the
role of biotic factors may be necessary to adequately in-
terpret the patterns of biomass allocation of these species.

The patterns of biomass allocation observed in this
study are consistent with three general growth strategies
in the understory: one that promotes persistence, one that
maximizes growth in the understory, and one that pro-
motes the maintenance of a high potential for exploiting
canopy gaps. Sugar maple and to some extent red maple
represent this first strategy. Consistent with its low pho-
tosynthetic capacity (Walters, Kruger, and Reich, 1993;
Naidu, 1996), sugar maple had the lowest rates of height
growth and the second lowest rate of biomass increment
in this study (Sipe and Bazzaz, 1995). It reaches the can-
opy through longevity, typically retaining a subordinate
position even in newly formed canopy gaps (Canham,
1985). Traits that minimize the risk of mortality may be
paramount for this species. Low SLA and LAR contrib-
ute to its low growth rates (Poorter, Remkes, and Lam-
bers, 1990; King, 1991) but may confer resistance to her-
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bivory, pathogens (Hoffland et al., 1996), and transient
water limitations. This supposition is supported by the
observation that sugar maple is not highly susceptible to
insect injury (Burns and Honkala, 1990).

In contrast to the maples, ash, traditionally defined as
intermediate shade tolerant, had higher LAR and SLA
than the more tolerant maples. These traits may have con-
tributed directly to the comparatively high rates of height
and biomass growth for this species in the understory
(Table 4). High LAR and SLA may, however, increase
its susceptibility to browsing and disease, which is no-
tably high for this species (Burns and Honkala, 1990).

Cherry had the lowest LAR and SLA, traits consistent
with its rank as a shade-intolerant species. This species
was unusual in its large investment in root biomass, par-
ticularly in taproot. Total shoot mass was linearly related
to total mass with a slope of 0.40–0.48 for the maples
and ash compared to 0.28 for cherry. Using these regres-
sion equations, the root/shoot ratio for hypothetical 50-g
saplings of the maples and ash were between 1.2 and 1.5
compared to 2.6 for cherry. There were very few cherry
saplings greater than 1.5 m tall in this forest, and many
of these saplings showed evidence of repeated stem die-
back and browsing. The construction of this large taproot
may be related to these disturbances in this species—with
each instance of dieback or browsing the taproot contin-
ues to increase in size relative to the shoot resulting in a
large root/shoot ratio. The large storage capacity provided
by this taproot may poise this species for rapid growth
once a canopy gap forms but may contribute to its low
relative growth rates in the understory.

The benefits of phenotypic responses to low irradiance,
such as increases in specific leaf area (SLA) and leaf area
ratio (LAR), may not be adaptive for late-successional
hardwood saplings that persist for long periods in the
understory. The species in this study may represent three
distinct growth strategies. The high LAR and SLA of
white ash, coupled with its erect growth form, enable
white ash to maintain high growth rates in the understory.
Compared to ash, the lower SLA and LAR of the two
maple species may confer resistance to herbivory at the
potential cost of reduced growth rates. These traits may
improve the probability of surviving for extend periods
in the understory. The large stores of carbohydrates in
the taproot of cherry, and the pattern of growth and die-
back, may poise this species for rapid (exploitive) growth
following a canopy disturbance. Persistence may be re-
duced, however, by the development of a very large root/
shoot ratio for this species. The traditional notion of
shade tolerance is more complicated than is often pre-
sented. A more complete interpretation of the patterns of
biomass allocation of trees in the understory may emerge
by considering factors that influence the ability to cope
with herbivores and pathogens and competition for soil
resources.
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