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Abstract. Variation in shade tolerance is a primary mechanism driving succession in 
northern deciduous forests. However, little is known about interspecific differences in the 
traits responsible for shade tolerance. Is shade tolerance due to the ability to grow or survive 
in deep shade, or both? How do plant morphology and photosynthesis relate to growth in 
shade? Is low light the sole critical stress determining differences in "shade tolerance" or 
do below ground resources interact with low light to affect growth and survival? In this 
study we address these questions for seedlings of Betula papyri/era Marsh., Betula al
leghaniensis Britton, Ostrya virginiana (Mill.) K. Koch, Acer saccharum Marsh., and Quer
cus rubra L. grown for 2 yr in outdoor shade houses in a complete factorial of low light 
(2 and 8% open sky) and nitrogen (forest soil and forest soil plus 200 kg N·ha- 1·yr- 1). For 
these seedlings we examined effects of light and nitrogen on the interrelationships among 
survival, growth, and shade tolerance and explored the physiological bases of shade tol
erance by examining the relationship of plant morphology and photosynthesis to growth. 

Nitrogen amendments did not have a significant effect on any plant trait at either light 
level. In 8% light, growth and survival were highest for shade-intolerant Betula papyrifera 
and mid-tolerant Betula alleghaniensis, lower for shade-tolerant Ostrya and Acer, and lowest 
for disturbance-adapted Quercus. In 2 % light, species rankings reversed as Ostrya and Acer 
had higher growth and survival than the other species. Second-year survival was strongly 
related to 1st-yr growth (P < 0.001), whereas relationships with 1st-yr plant mass and lst
yr absolute growth rates were weak. Therefore, survival of shade-tolerant species at 2% 
light was related to their maintenance of positive growth, whereas intolerant species had 
growth near zero and high rates of mortality. In both 2 and 8% light photosynthetic rates 
on mass (but not area) bases and the proportion of the plant in leaves (leaf area ratio and 
leaf mass ratio) were positively related to growth. Greater rates of growth and survival for 
shade-tolerant species in very low light, and for intolerant species in higher light, suggest 
that there is a species-based trade-off between maximizing growth in high light and min
imizing the light compensation point for growth. This trade-off may be an important mech
anism driving forest community dynamics in northern hardwood forests. 

Key words: Acer saccharum; allocation; Betula alleghaniensis; Betula papyrifera; forest succes
sion; growth rate; nitrogen; Ostrya virginiana; photosynthesis; Quercus rubra; shade tolerance; sur
vival. 

INTRODUCTION 

Variation in "shade tolerance" is a key factor un
derlying forest successional dynamics. Shade-intoler
ant seedlings of species dominating early successional 
seres tend to be restricted to open, "high-light" hab
itats where they grow rapidly. Conversely, seedlings of 
"shade-tolerant" species dominating late successional 
seres are abundant beneath closed forest overstories 
where they are presumed to be able to "out grow" and/ 
or "out survive" less tolerant species (Spurr and 
Barnes 1980). Shade-tolerance classifications for tree 
species have been developed for many regions, but gen
erally these are based on subjective observation and/ 

1 Manuscript received 12 December 1994; revised 23 May 
1995; accepted 24 May 1995; final version received 20 July 
1995. 
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or assessment of characters thought to be related to 
growth in low light (Zon and Graves 1911, Baker 
1949). Few studies have directly tested the possibility 
that both seedling growth and survival in forest un
derstories fit these classifications (but for trees see Lor
imer 1981 and for saplings see Pacala et al. 1993, Kobe 
et al. 1995). Several studies have examined growth (but 
not survival) in low light and most of them report re
duced growth rates for all species in low light. How
ever, most of these studies report higher low-light 
growth rates for shade-intolerant than tolerant species 
(Loach 1970, McClendon and McMillen 1982, Ramos 
and Grace 1990, Chazdon 1992, Kitajima 1994 ), while 
fewer report the opposite (Pompa and Bongers 1988, 
Denslow et al. 1990). Previous studies on five species 
of northern hardwoods that vary widely in shade tol
erance are consistent with the former result (Walters et 
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al. 1993a, b). In controlled-environment rooms we 
grew Betula papyrifera, Betula alleghaniensis, Ostrya 
virginiana, Acer saccharum, and Quercus rubra in 
moderately high light (14 h at 610 µmol·m- 2-s- 1, pho
tosynthetic photon flux density (PPFD), = 75-100% 
clear-sky total daily flux) and the two Betula and Ostrya 

shade tolerances? ( 4) Is survival related to growth? and 
(5) In very low light is growth rate related to in situ 
photosynthetic rates and/or to allocation to leaves? 

MATERIALS AND METHODS 

Species and pretreatment 
in moderately low light (14 h at 125 µmol·m- 2 -s- 1 , 

PPFD, = 15-20% clear-sky daily flux). We found that We studied five co-occurring species with a wide 
shade-intolerant B. papyrifera had higher growth ratesY"~'range ofreported shade tolerances. Three of the species 
than the other species in both high and moderately low ',, (Betula papyrifera, Betula alleghaniensis, and Ostrya 
light. Prima facie, the bulk of these results suggests virginiana) are Betulaceae family members. Ostrya and 
that maximizing potential low-light growth rates is not Acer saccharum seedlings are common in forest un
an important and general component of shade toler- derstories and considered shade tolerant (Baker 1949, 
ance. However, there are several potential reasons why Braun 1950, Curtis 1959). Betula alleghaniensis com
higher growth rates for shade-intolerant than tolerant monly regenerates in tree-fall gaps and is tolerant of 
species have often been observed in low light studies: moderate shade (Curtis 1959, Forcier 1975). Quercus 
(1) growth rate potential in low light may be generally rubra is considered tolerant of moderate shade, but it 
higher for shade-tolerant than intolerant species but seems to do best in sites disturbed by fire (Crow 1988, 
only at very low light levels; (2) belowground re- Kruger 1992). B. papyrifera is considered shade in
sources (e.g., nitrogen, water) can colimit growth tolerant since it is rarely found in forest understories 
(Korstian and Coile 1938, Shirley 1945) and the degree and because its seedlings colonize areas opened by 
of colimitation may vary with shade tolerance; (3) al- large disturbance (Bak_er 1949, Braun 1950, Curtis 
location to defense and storage in low-light plants may 1959). 
occur at a trade-off to growth (e.g., Chapin et al. 1990); Quercus seeds from the Hiawatha National Forest, 
and (4) variation in traits with no direct connection to Michigan (=46° N, 87° W), were obtained from Tou
growth potential or biomass conservation (e.g., seed mey Nursery (USDA, Watersmeet, Michigan, USA). 
dispersal and seedling establishment) in low light may Seeds of the other species were collected from several 
be responsible for apparent differences in "shade tol- parent trees in Vilas County, Wisconsin(= 46° N, 89° 
erance." W), in autumn and early winter 1989. Seedlings were 

In this report we explore some of these possibilities germinated in late April 1990 and were grown indi
for the same five species we studied previously (Walters vidually in 0.15-L paper cups in washed silica sand. 
et al. 1993a, b). In outdoor shade houses over 2 yr we They were watered daily and fertilized with a half
examined growth, survival, and their interrelationships strength Hoagland's nutrient solution twice weekly. 
at low and very low light levels (2 and 8% of full light) Seedlings were grown in a glass house (University of 
and at two levels of nitrogen availability (forest soil Wisconsin-Madison) inside of shade frames covered 
and forest soil plus nitrogen). We also explored hy- with one layer of 50%-transmittance neutral-density 
pothetical physiological bases of shade tolerance by shade cloth, where plants received =20% of open-sky 
comparing morphological and photosynthetic charac- light. After an average of 48 d ( 46-53 d) following 
teristics among species and examining their relation- germination, seedlings were transplanted to 20-L pots 
ships with growth rate. High photosynthetic efficiency and placed in outdoor shade houses at the University 
in low light and allocation to a large leaf area are as- of Wisconsin Arboretum, Madison, Wisconsin. 

sumed to be components of shade tolerance (Spurr and 
Barnes 1980), yet multiple-species tests of these as
sumptions in low light are rare (Loach 1967, 1970). In 
our previous work (Walters et al. 1993b) we found that 
growth rate in high light was correlated with in situ 
photosynthetic rate and allocation to leaves, whereas 
in moderately low light growth rate was correlated only 
with allocation to leaves. Thus leaf allocation could be 
more important than leaf photosynthetic rate as a source 
of variation in low light growth rates. 

In this study, five questions were addressed: (1) Do 
growth rankings reverse from those reported for high 
light levels (Walters et al. 1993a) such that shade-tol
erant species have the highest growth rates at low and 
very low light levels? (2) Does variation in nitrogen 
availability change species growth rankings in low 
light? (3) Is survival in low light related to reported 

Treatments 

Two shade houses (6.8 m X 6.2 m X 1.4 to 1.8 m) 
were covered on all sides with one layer (8% trans
mittance) of neutral-density shade cloth (Carlin Com
pany, Milwaukee, Wisconsin) and two houses were 
covered with two layers (8 and 27% transmittance). 
Measurements of photosynthetic photon flux density 
measured with quantum sensors (Ll-COR, Lincoln, Ne
braska) confirmed that our target light levels of 8 and 
2% of open-sky light conditions were achieved. Nine 
hundred, 20-L plastic pots were filled with a moderately 
infertile soil (Pence series, sandy loam, pH = 5.74). 
The soil was collected from a site =30 km east of Eagle 
River, Wisconsin, in a dry-mesic mixed-forest com
munity (Curtis 1959) with an overstory of B. papyri
/era, Populus tremuloides, Acer rub rum, and Abies bal-
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samea. The site was classified as Pinus-Maianthemum
Vaccinium habitat type (Kotar et al. 1988). Seedlings 
of all the study species except B. alleghaniensis are 
common in this habitat type. B. alleghaniensis is more 
common on more fertile wet-mesic habitat types in this 
region of northern Wisconsin (Kotar et al. 1988). Using 
a front-end loader we scraped away the organic horizon 
and collected the first 15-20 cm of the suborganic soil. 
Soil was raked of rocks and debris before filling pots. 

Each of the 900 pots were randomly assigned an 
individual of each of the five species (180 individuals 
per species) equally split into two nitrogen treatments 
(90 for each species). Seedlings were planted after pots 
were split into equal groups and moved to each of the 
four shade houses. The low nitrogen treatment con
sisted of the forest soil amended with all macro- and 
micronutrients except nitrogen. The high nitrogen 
treatment had the same supply rate of macro- and mi
cronutrients plus 4.2 mmol/L N in equal proportions 
of N03-N and NH4-N. Nutrients in the solutions were 
in proportions suggested by Ingestad (1988). Two hun
dred millilitres of the solutions were added to potted 
plants 18 times, at 5-d intervals, during each growing 
season. This resulted in macronutrient additions in kilo
grams per hectare per year of: 200 or O/N; 100/K, 501 
P, 8/Mg, 10/Ca, and 20/S. 

Measurements 

Leaf photosynthesis was measured in August 1991 
with an ADC LCA-2 portable photosynthesis system 
(Analytical Development Corporation, Hoddesdon, En
gland) that was calibrated against known C02 stan
dards. Measurements were taken between 1100 and 
1300 using the seedlings growth-light environment 
when conditions outside the shade enclosures were 
cloudless. Average ( ::±: 1 SE) photosynthetic photon flux 
densities during photosynthetic measurements were 45 
(±3) and 182 (±5) µ,mol·m- 2·s- 1 PPFD in the 2 and 
8% light treatments, respectively, and did not differ 
significantly among species within a light treatment (P 
> 0.05, Tukey-Kramer HSD). One measurement was 
taken on 3-6 randomly chosen plants for each com
bination of nitrogen X species X house in 8% light. In 
2% light, 1-4 individuals were measured for each ni
trogen X species X house combination. Fewer indi
viduals were measured in 2% light because there were 
few live individuals and even fewer that had adequate 
leaf area for measurement. Following photosynthesis 
measurements leaf punches were taken to determine 
leaf mass per area (LMA). Photosynthesis on a leaf 
mass basis was calculated from these LMA values. 
Photosynthesis was not measured during the 1st yr be
cause the leaves of most plants were too small. 

Three harvests were made during the course of the 
experiment to determine dry mass of leaves, stems, and 
roots, and leaf area: (1) immediately prior to trans
planting individuals into the experimental treatments 
in June 1990, 10 extra seedlings of each species were 

TABLE 1. Morphology and photosynthesis parameters, with 
their acronyms and units of measure. 

Parameter Acronym Units 

Leaf mass per area LMA g leaf/m2 leaf 
Leaf mass ratio LMR g leaf/g plant 
Leaf area ratio LAR cm2 leaf/g plant 
Stem mass ratio SMR g stem/g plant 
Root mass ratio RMR g root/g plant 
Net photosynthesis 

(mass basis) Amass nmol C02 ·g leaf- 1-s- 1 

Net photosynthesis 
(area basis) A area µmol C02·m-2-s- 1 

harvested; (2) =2 wk before autumnal leaf senescence 
in year 1 (20-25 September 1990) five or six seedlings 
were harvested from each combination of species X 

light X nitrogen X house; and (3) late in the second 
growing season (18-21 August 1991), all remaining 
seedlings were harvested. Due to differential mortality 
among treatments the number of seedlings harvested 
per treatment in 1991 varied (n = 3-34, average= 16) 
and was lower in 2% light. Based on these harvest data 
we calculated leaf, stem, and root mass ratios, leaf area 
ratio, and leaf mass per area for each plant. Acronyms 
and units for these and other parameters are summa
rized in Table 1. 

Growth was calculated as a seasonal proportional 
change in biomass (in grams per gram per year) for 
light X species means (see Analysis below for justifi
cation of treatment pooling). For year 1 growth = 
ln[(mass at end of first growing season) X (mass of 
seedlings transplanted to experimental treatments)- 1] 

and for year 2 growth = ln[(mass at end of second 
growing season) X (mass at end of first growing sea
son)-1]. Thus, growth rate for the 1st yr consisted of 
=3 mo, all during the growing season, whereas growth 
rate for the 2nd yr was for an 11-mo period of which 
the growing season comprised =3 mo. The growth for
mula we used has been defined as average relative 
growth rate using the interval approach (Evans 1972). 
However, because we calculated growth over a long 
interval and because of the potential for confusing av
erage relative growth rate with the currently more pop
ular expression of instantaneous relative growth rate 
(Hunt 1978) we will avoid using the term relative 
growth rate. We also calculated absolute change in bio
mass (in grams per year) as the difference between final 
and initial mass with the same harvest data used for 
proportional change in biomass calculations. Except in 
the few places in which we compare these measures, 
we use the term growth to refer to proportional change 
in biomass. 

First-year survival was determined at 1st-yr harvest 
(20-25 September 1990) for every individual trans
planted into experimental treatments. Second-year sur
vival was determined at 2nd-yr harvest time (18-21 
August 1991) for every nonharvested individual alive 
at the end of the first growing season. Herbivory, pri-
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TABLE 2. Mean squares (Ms) and P > F values (in parentheses) from least squares ANOVA for plant mass, morphology, 
and photosynthesis. Data are for all five species for 1990 and for Ostrya, Acer, and Quercus for 1991. F ratios were 
calculated for each effect with the residual MS as the error term. 

Light House/light Species Nitrogen L XS LXN 

1990 
df 2 4 4 

Mass 90.372 0.0565 27.688 0.2601 2.9175 0.025 
( <0.0001) (0.6860) (<0.0001) (0.3560) (<0.0001) (0.7461) 

LMR 0.1048 0.0099 0.0898 0.0004 0.1058 0.0134 
(<0.0001) (0.2125) ( <0.0001) (0.8045) (<0.0001) (0.1481) 

1881.01 98.32 
LMA 6.63 124.99 667.50 44.37 

(0.8021) (0.3051) ( <0.0001) (0.3340) (0.0001) (0.516) 

1991 
df 2 2 2 

Mass 10.671 0.1659 7.7035 0.0008 1.3345 0.0001 
(<0.0001) (0.6880) (<0.0001) (0.9664) (0.0529) (0.9880) 

LMR 0.0017 0.0021 0.1135 0.0046 0.0187 0.0010 
(0.5048) (0.5747) (<0.0001) (0.2689) (0.0084) (0.6122) 

LMA 58.83 29.87 583.22 18.68 11.99 0.8101 
(0.1185) (0.2284) (<0.0001) (0.3771) (0.6051) (0.8538) 

Amass 23731 367 2721 498 522 20 
(<0.0001) (0.1939) (0.0002) (0.1360) (0.1040) (0.7591) 

A area 59.448 1.366 0.0504 1.1358 0.6828 0.0334 
(<0.0001) (0.0214) (0.8449) (0.0633) (0.1238) (0.7406) 

marily due to slugs (M. Walters, personal observation), 
occurred both years in all shade houses. The proportion 
of leaf area missing was estimated for each individual 
twice during each year. Leaf area loss was <12% for 
all treatments, and we found no significant differences 
in plant mass and LAR between data sets consisting of 
all plants and data sets restricted to plants with <5% 
leaf loss (P > 0.05 for each species X light comparison, 
Tukey-Kramer HSD, data not shown). Therefore, we 
concluded that the low levels of herbivory witnessed 
did not influence the results. 

Analysis 

The experimental design was completely random 
with the treatments arranged as a complete factorial of 
light (2) X nitrogen (2) X species (5) X years (2). For 
all parameters except growth rate individual pots were 
the experimental units. Houses were randomly assigned 
a number ( 1 or 2) within a light treatment. Thus houses 
were considered to be nested within light and the effect 
of house was tested with two degrees of freedom in 
the numerator. Prior to analyses the distribution of each 
response variable was examined for normality (Sha
piro-Wilk W test). Natural logarithm (ln) transforma
tions of mass were necessary to normalize variances 
(Sokal and Rohlf 1981). For all analyses, except sur
vival from year 1 to year 2, the 2 yr were analyzed 
separately. We tested for treatment (species X light X 

nitrogen) main effects and interactions on mass, 
growth, biomass allocation, and photosynthesis with 

the F statistic from univariate least squares analysis of 
variance for fixed effects (JMP, SAS Institute, Cary, 
North Carolina). First-year data sets were balanced, or 
nearly so, for all response variables. Due to high mor
tality in some of the treatments 2nd-yr data sets were 
imbalanced. Thus some caution should be used in in
terpreting ANOVA for year 2, since imbalance results 
in high Type II error rates. In the 2nd yr, some of the 
treatment cells were missing due to the complete mor
tality of B. alleghaniensis and B. papyrifera in 2% light. 
Because of this ANOV A was used on two subsets of 
the data: ( 1) all treatment combinations but only for 
Ostrya, Acer, and Quercus, and (2) for all five species, 
but with all treatments in 2% light excluded. 

For survival, we tested treatment main effects and 
interactions with likelihood ratio chi-square tests using 
a logistic regression model (JMP, SAS Institute, Cary, 
North Carolina). Likelihood ratio tests were calculated 
as twice the difference of the log likelihoods between 
the full model and the model constrained by the ef
fect(s) to be tested (i.e., the model without the effect). 

ANOV A and logistic regression results indicated that 
the vast majority of variation in measured plant traits 
was due to light, species, and/or light X species inter
actions (see Results). T_herefore, for subsequent anal
yses we pooled growth, mass, morphology, and pho
tosynthesis measurements for plants from different ni
trogen treatments and houses, and reduced data to light 
X species means. For a couple of parameters (most 
notably photosynthesis) nitrogen and house effects 
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TABLE 2. Continued. 

NXS LXNXS 

4 4 

0.115 0.101 
(0.1930) (0.7462) 

0.0057 0.0052 
(0.4699) (0.5162) 

51.04 123.21 
(0.7447) (0.3222) 

2 2 

0.3095 0.5275 
(0.4987) (0.3071) 

0.0038 0.0020 
(0.3657) (0.5812) 

17.83 20.28 
(0.4745) (0.4287) 

43 443 
(0.8136) (0.1427) 

0.2119 0.0653 
(0.5007) (0.8044) 

Residual 
MS 

0.299 

0.0064 

104.63 

0.4421 

0.0038 

23.75 

208 

0.2969 

Residual 
df 

187 

186 

181 

109 

109 

108 

22 

22 

were significant at P < 0.25, which is the suggested 
threshold criterion for pooling variances (Bancroft 
1964). For these cases we compared analyses based on 
light X species X nitrogen X house means with those 
based on light X species means. In no cases did we 
find that reducing data (by pooling data for nitrogen 
treatments and houses) to light x species means 
changed the results and interpretation of our analyses. 
Light X species means were compared within light 
levels and years with Tukey-Kramer HSD tests (JMP, 
SAS Institute, Cary, North Carolina). This test is con
servative if sample sizes for means are different, as 
was often the case for our 2nd-yr data. Relationships 
of proportional survival with growth and mass were 

analyzed with Spearman rank correlation (JMP, SAS 
Institute, Cary, North Carolina). This technique is in
sensitive to non-normal data distributions, which are 
often the case with proportional survival data. For rank 
correlations with survival we generally focused on 
mass and growth parameters quantified prior to the sur
vival period, since parameters quantified during a sur
vival period are not independent. Linear regression was 
used to examine relationships of growth with photo
synthesis and morphology. 

Morphological parameters (e.g., LAR, LMR, LMA) 
presented in this report are for plants harvested at the 
end of the growing season. However, if there was on
togenetic drift in morphology over the growing season 
and if these dynamics were not parallel among species 
X light treatments over the growing season (Walters et 
al. 1993b ), then it is possible that season-end values 
may not scale with average values over the growing 
season. We estimated the effect of ontogenetic drift on 
plant morphology in two ways: (1) by examining rela
tionships between morphological parameters and plant 
mass or height for individual plants within species, light, 
and year data sets, and (2) by estimating mean LAR and 
LMR over the first growing season as the average of 
transplant germinants and plants harvested at season's 
end. We found that ontogenetic drift did affect mor
phology for some parameters and treatments. For in
stance, larger 2nd-yr B. papyrifera and B. alleghaniensis 
seedlings in 8 % light had lower LAR and LMR than 
smaller plants. However, B. papyrifera and B. allegh
aniensis always had higher LMR and LAR than the other 
three species whether comparisons among species were 
based on overall means (presented data) or on estima
tions at a common mass (data not shown). Because on
togenetic drift did not influence interpretation of these 
and other results we do not report this analysis. 

RESULTS 

Nitrogen 

Nitrogen (N) had no significant effect (P > 0.05) on 
any measured plant trait in year 1 or year 2 (Tables 2 
and 3; data not shown for RMR, SMR). We also an-

TABLE 3. Likelihood ratios and P > x2 (in parentheses) for survival in 1990 and 1991. Likelihood ratios tests are calculated 
as twice the difference of the log likelihoods between the full model and the model without the tested effect present. The 
seedling population used for 1990 was the original cohort transplanted into the experimental treatments. The cohort used 
for 1991 was all plants alive after harvest in Autumn 1990. Number of individuals in survival cohorts were 898 (1990) 
and 566 (1991). 

Full 
model 

negative 
LX log like-

Light House/light Species Nitrogen L XS LXN N X·S NXS lihood 

df 2 4 4 4 4 
Survival 0.083 1.385 60.702 <0.001 35.252 <0.001 2.077 0.707 109.801 

1990 (0.7724) (0.5003) (<0.0001) (0.9985) ( <0.0001) (0.9851) (0.7216) (0.9505) 
Survival 166.530 9.183 10.146 <0.001 44.392 <0.001 1.956 1.974 129.678 

1991 (<0.0001) (0.0101) (0.0381) (0.9957) (<0.0001) (0.9990) (0.7439) (0.7406) 
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Fm. 1. Growth (proportional change in biomass) and proportional survival for the first and second growing seasons in 
2% (black bars) and 8% (gray bars) light. Species are ordered (left to right) according to increasing initial seedling mass 
(Appendix) and seed mass (Walters et al. 1993a) and decreasing relative growth rate in high light (Walters et al. 1993a). 
Species acronyms are: Bp = Betula papyrifera, Ba = Betula alleghaniensis, 0 = Ostrya virginiana, A = Acer saccharum, 
and Q = Quercus rubra. 

alyzed a 2nd-yr data set composed of all five species 
in 8% light and found no significant nitrogen effects 
(data not shown). In contrast, effects of light, species, 
and species X light interactions were significant in both 
years for survival and in year 1 for plant mass, LMA, 
LMR, LAR, SMR, and RMR. In year 2, light and spe
cies effects were large for plant mass, RMR, and SMR, 
species effects were large for LMR and LMA, and light 
effects were large for photosynthesis (Amass and Aarea). 
Since nitrogen and replicate shade houses were not 
large sources of variation we pooled data for these 
effects for the bulk of the following analyses. 

Growth, size, and survival 

In 8% light for both years, growth was highest for 
small-seeded shade-intolerant B. papyrifera and mid
tolerant B. alleghaniensis, lower for shade-tolerant Os
trya and Acer, and lowest for large-seeded, distur
bance-adapted Quercus (Fig. 1). Relative to 8% light, 
species rankings reversed in 2 % light in year 1. The 
two most shade-tolerant species, Acer and Ostrya, had 
higher growth rates than the two Betula species. Quer
cus had low growth in both light treatments. Despite 
low growth, but by virtue of a high initial seedling 
mass Quercus had the greatest mass in year 1 in both 
light treatments and in year 2 in 2% light (Table 4). 
However, in 8% light by the end of year 2, mass was 
similar for high-growth, low-seed-mass species (B. pa
pyrifera and B. alleghaniensis) and low-growth, high
seed-mass species (Quercus). Thus, in 8% light, it took 
fourfold differences in growth over 2 yr to overcome 

a three order of magnitude difference in initial seedling 
size (Appendix). 

In a manner similar to growth, species rankings for 
survival also switched between 2 and 8% light, but 
more so the 2nd yr (Fig. 1). In the 1st yr =50% of the 
B. papyrifera and B. alleghaniensis individuals died in 
2% light, whereas few seedlings in other treatments 
died. In year 2, of seedlings that were alive the previous 
autumn all B. papyrifera and B. alleghaniensis seed
lings died, while 20% of Ostrya and Acer, and 10% of 
Quercus seedlings survived (Fig. 1). In contrast, for 
8% light in year 2, =70-80% of B. papyrifera and B. 
alleghaniensis and 35-50% of Ostrya, Acer, and Quer
cus seedlings survived. Of the plants that died the 2nd 
yr in 2% light, about half died during the winter and 
half during the growing season. In 8% light most plants 
died in winter. Probable causes of mortality during the 
growing season were noted. Several small Betula were 
uprooted by heavy rain and several Acer and Quercus 
were killed by rodents, but most plants simply died, 
presumably of energy starvation. We saw no indication 
of death from soil-borne fungal pathogens. 

Initial seedling mass and 1st-yr survival rankings 
were positively related across light environments and 
in 8% light (Table 5). In 2% light, the two Betula spe
cies had the lowest initial mas? and were the only spe
cies to incur high 1st-yr mortality rates. Second-year 
survival in 8% light was significantly related to ab
solute growth rates (in grams per year) (Table 5) and 
1st-yr plant mass (Table 5, Fig. 2), but relationships 
were negative. In contrast, in 2% light, 8% light, and 
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TABLE 4. Mass, morphology, and photosynthesis parameters. See Table 1 for an explanation of parameter acronyms and 
units. Nitrogen treatments and houses were pooled such that values are the mean of individual plants (± 1 SE) for each 
year X light combination. Sample sizes are in the Appendix. Entries in a row followed by the same letter are not significantly 
different (P > 0.05, Tukey-Kramer HSD). Mass was transformed by the natural logarithm (In) prior to calculation of means. 
Mean mass values presented were backtransformed [ein(massJ) and for SE mass are In-transformed values. In situ net leaf 
photosynthesis was measured at 45 (± 3) and 182 (± 5) µmol·m- 2·s- 1 PPFD in the 2 and 8% light treatments, respectively. 
See Materials and methods for additional details. 

Be tu la Betula Os try a Acer Que re us 
papyrifera alleghaniensis virginiana saccharum rubra 

Year 1, 2% light 
Mass 0.013 (0.157)e 0.023 (0.204)d 0.126 (0.095)c 0.381 (0.086)b 2.124 (0.07l)a 
RMR 0.42 (0.04)bc 0.35 (0.02)c 0.39 (0.02)bc 0.43 (O.Ol)b 0.58 (O.Ol)a 
SMR 0.26 (0.02)b 0.33 (O.Ol)a 0.23 (0.0l)b 0.22 (O.Ol)b 0.12 (O.Ol)c 
LMR 0.32 (0.03)a 0.32 (0.02)a 0.38 (O.Ol)a 0.35 (O.Ol)a 0.30 (O.Ol)a 
LMA 35.2 (4.7)b 47.3 (4.4)ab 41.6 (l.8)ab 40.6 (0.9)ab 49.5 (0.7)a 
LAR 110 (13)a 76 (7)bc 92 (3)ab 86 (3)ab 61 (2)c 

Year 1, 8% light 
Mass 0.265 (0.16l)c 0.130 (0.198)d 0.272 (0.092)c 0.605 (0.090)b 3.960 (0.070)a 
RMR 0.41 (0.02)c 0.43 (0.02)c 0.53 (0.03)b 0.56 (O.Ol)b 0.73 (O.Ol)a 
SMR 0.16 (O.Ol)b 0.22 (O.Ol)a 0.23 (O.Ol)a 0.20 (O.Ol)ab 0.07 (O.Ol)c 
LMR 0.42 (0.02)a 0.35 (0.02)b 0.24 (0.02)c 0.24 (O.Ol)c 0.19 (O.Ol)c 
LMA 29.5 (l.l)d 35.2 (l.6)c 45.9 (1.3)b 47.7 (l.O)b 54.0 (0.5)a 
LAR 147 (8)a 114 (12)b 52 (4)c 51 (3)c 36 (l)c 

Year 2, 2% light 
Mass 0.231 (0.12l)c 0.441 (0. l 90)b 1.802 (O.lOO)a 
RMR 0.27 (O.Ol)c 0.39 (0.02)b 0.50 (0.02)a 
SMR 0.36 (O.Ol)a 0.31 (0.02)ab 0.27 (0.2)b 
LMR 0.37 (O.Ol)a 0.31 (0.02)b 0.23 (0.02)c 
LMA 30.9 (1.2)b 38.9 (l.5)a 42.0 (l .5)a 
LAR 122 (4)a 80 (5)b 54 (4)c 
Amass 53 (3)a 47 (7)a 25 (6)b 
A area 1.25 (0.04)a 1.56 (0.24)a 1.07 (0.24)a 

Year 2, 8% light 
Mass 5.013(O.l12)ab 3.397 (0.1 ll)b 1.548 (O. l 40)c 1.568 (0.120)c 5.772 (0.112)a 
RMR 0.20 (O.Ol)e 0.28 (O.Ol)d 0.33 (O.Ol)c 0.59 (0.02)b 0.64 (0.02)a 
SMR 0.35 (O.Ol)a 0.30 (O.Ol)b 0.29 (O.Ol)b 0.21 (O.Ol)c 0.15 (O.Ol)d 
LMR 0.44 (0.0l)a 0.42 (O.Ol)a 0.38 (O.Ol)b 0.20 (O.Ol)c 0.21 (O.Ol)c 
LMA 26.4 (0.3)d 28.1 (0.5)d 31.3 (0.6)c 43.9 (0.8)b 49.l (l .3)a 
LAR 169 (4)a 152 (4)b 125 (5)c 46 (2)d 43 (2)d 
Amass 172 (7)a 172 (9)a 119 (7)b 82 (6)c 89 (6)bc 
A area 4.85 (O. lO)a 4.36 (O.lO)ab 4.00 (0.20)b 3.88 (0.34)b 4.48 (0.29)ab 

for light treatments combined, 1st-yr proportional (RMR) and leaf mass per area (LMA, i.e., thinner 
growth rate (in grams per gram per year) was positively leaves) than shade-tolerant Ostrya and Acer and dis-
correlated with 2nd-yr survival (Fig. 2). turbance-adapted Quercus (Table 4). High LMR was 

Morphology and photosynthesis 
generally associated with low RMR rather than low 
stem mass ratio. To illustrate, for year 2 in 8% light 

In moderate shade (8% light) in both years less Acer was 20% leaves, 21 % stem, and 59% roots, where-
shade-tolerant Betula species had higher leaf mass ratio as B. papyrifera was 44% leaves, 36% stem, and 20% 
(LMR), leaf area ratio (LAR), and lower root mass ratio roots. Variation in LAR was due to differences in both 

TABLE 5. Spearman rank correlations and P values (in parentheses) of 1st- and 2nd-yr proportional survival with growth 
and mass variables quantified prior to the period that survival was assessed. Each datum is a species X light mean. See 
Materials and methods for further details on absolute (g/yr) and proportional growth (g·g- 1·yc1) calculations. 

2% light 8% light 2 and 8% light 
Correlated variables (n = 5) (n = 5) (n = 10) 

First-year survival and: 
Initial seedling mass 0.60 (0.29) 0.90 (0.04) 0.65 (0.04) 

Second-year survival and: 
First-year plant mass 0.16 (0.65) -1.00 ( <0.01) 0.25 (0.48) 
First-year absolute growth 0.56 (0.32) -0.90 (0.04) 0.40 (0.25) 
First-year proportional growth 0.82 (0.09) 0.90 (0.04) 0.97 (<0.01) 
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FIG. 2. Proportional survival in the 2nd-yr vs. 1st-yr growth (proportional change in biomass) and 1st-yr final mass. Each 
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Betula alleghaniensis, 0 = Ostrya virginiana, A = Acer saccharum, and Q = Quercus rubra. See Table 5 for summary of 
Spearman rank correlations for these relationships. 

LMA and LMR (LAR = LMR/LMA) (Table 4). For 
example, in 8% light, fourfold higher LAR for B. pa
pyrifera than Quercus was the result of B. papyrifera 
having one-half the LMA and twice the LMR of Quer
cus. 

In deep shade (2% light) in year 1 LMR, LMA, and 
LAR did not differ significantly between Betula species 
and shade-tolerant Ostrya and Acer (Table 4). In 2 and 
8% light in both years, Quercus tended to be less leafy 
(low LMR and LAR), had thicker leaves (high LMA), 
and a higher root mass ratio than any other species. 

In 2nd-yr plants, in situ net photosynthesis on an 
area basis (Aarea) varied by only =25% among species 
in either 2 or 8% light (Table 4), whereas mass-based 
net photosynthesis (AmasJ varied by > 100% in both 
light environments. In 8% light, the two Betula species 
had much greater Amass than the other three species. In 
2% light Quercus had lower Amass than Ostrya and Acer. 

For 1st- and 2nd-yr plants in 8% light and 2nd-yr 
plants in 2% light, rapid growth rates were associated 
with high allocation to leaves (i.e., LAR or LMR) (Fig. 
3). These relationships were not significant in 2% light 
in year 1. Relationships of growth with LAR in 8% 
light could have been driven, in part, by the fact that 
these variables share a common component, i.e., final 
plant mass. We examined this possibility for LMR 
(LAR and LMR results are similar) by examining the 
predictions that, if final plant mass drove growth vs. 
LMR relationships then: (1) final plant mass should be 
related to both growth and LMR, and (2) relationships 
should be weak at a common final plant mass. We found 
no support for plant mass driving growth vs. LMR 
relationships since (1) in both 8% light (year 1) and 
8% light (year 2), relationships with final plant mass 
were insignificant for both growth (R2 = 0.28, P = 
0.36, and R2 < 0.01, P = 0.98 respectively) and LMR 
(R2 = 0.40, P = 0.25, and R2 < 0.01, P = 0.96, re
spectively), and (2) relationships were strong in 8% 
light (year 2) and plant masses were similar among 
species. 

Amass was related to growth within light environments, 
but Aarea was not (Fig. 4). Across light environments, 
growth was strongly related to Amass and more weakly 
related to Aarea· We calculated an index of whole-plant 
net photosynthetic rate as the product LMR X Amass, 

which has units of nanomoles of C02 per gram plant 
per second (see Walters et al. 1993b for more details). 
Amass X LMR explained slightly more variation in 
growth than did Amass alone (96 vs. 93%). 

DISCUSSION 

Growth 

Our results demonstrate that growth in very low light 
is an important component of shade adaptation, both 
because it is positively correlated with shade tolerances 
and because of the strong relationship we observed 
between growth and survival. Studies exploring the 
relationship between growth rate and ecological attri
butes have generally found that when grown with abun
dant resources species adapted to high resource habitats 
grow faster than species adapted to low resource hab
itats (Grime and Hunt 1975). Several studies have 
shown that these growth advantages can be extended 
to comparisons made under "low" resource conditions 
(e.g., Loach 1970, Fichtner and Schultze 1992, Walters 
et al. 1993a). In contrast, we found some species re
versals in growth ranking at 2 vs. 8% light. Ostrya and 
Acer, whose seedlings are adapted to deeply shaded 
forest understories, had higher. growth rates than the 
other species in very low light (2% ), whereas seedlings 
of Betula species, which are adapted to more open ear
ly-successional habitats had the highest growth rates 
at higher light levels (8% this study, 15-20% and 75-
100% in Walters et al. 1993a). Why do the current 
results differ from those found in past studies? One 
possibility is that few growth comparisons have been 
made at light levels as low as those found in forest 
understories. Closed forest understories often receive 
<2% full daylight (Canham et al. 1990, Ellsworth and 
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FIG. 3. Growth (proportional change in biomass) vs. leaf mass per area (LMA), leaf mass ratio (LMR), and leaf area 
ratio (LAR) for 1st-yr and 2nd-yr plants. Each datum is a species mean in 2% (•) or 8% (0) light. Linear regression 
equations, R2 values and levels of significance(*** P < 0.001, ** P < 0.01, * P < 0.05) are for: 1st yr, 2% light; Growth 
= LMA(-0.023) + 1.336, R2 = 0.18; Growth= LMR(8.510) - 2.497, R2 = 0.61; Growth= LAR(0.005) - 0.112, R2 = 
0.10; 1st yr, 8% light; Growth= LMA(-0.086) + 5.325, R2 = 0.82*; Growth= LMR(8.625) - 0.870, R2 = 0.80*; Growth 
= LAR(0.018) - 0.222, R2 = 0.83*; 2nd yr, 8% light; Growth= LMA(-0.116) + 5.994, R2 = 0.89*; Growth= LMR(9.818) 
- 1.393, R2 = 0.86*; Growth = LAR(0.020) - 0.270, R2 = 0.89*. Regression statistics for 2nd yr, 2% light plants are not 
shown because of low n (3). 

Reich 1992, Walters 1994). Of seven other multiple
species comparisons of growth rate in high and low 
light (Loach 1970, McClendon and McMillen 1982, 
Denslow et al. 1990, Ramos and Grace 1990, Chazdon 
1992, Walters et al. 1993a, Kitajima 1994), only three 
(Pompa and Bongers 1988, Denslow et al. 1990, Ki
tajima 1994) had light treatments ::::;2% offull day light. 
Of the overall group only Pompa and Bongers (1988) 
and Denslow et al. (1990) report higher growth rates 
for shade- than sun-adapted species in low light. Thus, 
in eight studies (including this one) of growth rate in 
high vs. low light, three of four cases found higher 
growth rates for shade- than sun-adapted species when 
low light treatments were ::::;2% of full light, but never 
when the low light treatment was above that mark. 

Although high- and low-light growth rates and sur
vival among four of the species were consistent with 

their ecological attributes as seedlings, mid-tolerant 
Quercus had low growth and survival in all light en
vironments. In northern Wisconsin, seedlings of Quer
cus are most common on dry-mesic forests of low-to
moderate fertility (Curtis 1959, Kotar et al. 1988). Of 
our five species Quercus had the highest root mass ratio 
(RMR). High RMR results in low growth for this spe
cies in high and low light, because LMR is low. How
ever, high RMR has been shown to be associated with 
greater competitive ability: (1) to low nutrient avail
ability among grasses (Tilman and Wedin 1991), and 
(2) following top-kill of all vegetation by fire for Quer
cus rubra relative to co-occurring woody competitors 
(Kruger 1992). Thus, high RMR Quercus may be at a 
competitive advantage in conditions where other fac
tors limit growth and survival more strongly than light. 

Interpretation of our growth and survival data re-
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FIG. 4. Growth (proportional change in biomass) vs. in 
situ net photosynthetic rate on area and mass bases and whole
plant photosynthetic rate (LMR X Amass' nmol·g plant- 1-s- 1) 

for 2nd-yr plants. Each datum is a species mean in 2% (e') 
or 8% (0) light. Linear regression equations, R2 values and 
levels of significance(*** P < 0.001, **P < 0.01, * P < 
0.05) are for: 8% light; Growth = Aarea(l .372) - 4.066, R2 

= 0.18; Growth= Amass(0.028) - 1.675, R2 = 0.94**; Growth 
= LMR X Amass(0.043) - 0.093, R2 = 0.94**; 2 and 8% light 
combined; Growth = Aarca(0.581) - 0.628, R2 = 0.51 *; 
Growth= Amass(0.023) - 0.935, R2 = 0.93**; Growth= LMR 
X Amass<0.046) - 0.331, R2 = 0.96**. Regression statistics 
for 2nd yr, 2% light plants are not shown because of low n 
(3). 

quires three caveats. First, our shade houses provided 
a relatively uniform distribution of light with no full 
sun peaks. This contrasts with the highly dynamic light 
environments that characterize forest understories. 
Wayne and Bazzaz (1993) reported that, for birch seed
lings receiving the same total amounts of light in shade 
houses and in artificial gaps, seedlings from shade 
houses had higher growth rates. This suggests that our 
seedlings may have had greater growth rates in our 2 
and 8% light treatments than they would have in well
watered forest understories receiving the same total 
amounts of light. Furthermore their results suggest that 
ranking reversals might occur at a higher light level in 

the field than in our study. Second, light quality in 
forest understories is shifted to lower red : far red ratios 
than in either open sky or our shade house conditions. 
High red : far red ratios have been shown to strongly 
affect morphology (e.g., greater stem elongation) but 
not growth in low light (Schmidt and Wulff 1993) and 
morphology and growth in high light (Ballan~ et al. 
1991). Therefore, morphological parameters may have 
differed had we mimicked understory red : far red ratios 
in our experiment. Third, our calculations of growth 
are based on populations of plants where mortality has 
occurred. We observed positive relationships between 
growth and survival across our experimental treatments 
in this study. These relationships could also occur with
in experimental treatments. Thus, growth calculations 
based on survivors may overestimate true population 
growth as the survivors would be the individuals with 
greater growth. Furthermore the magnitude of this 
overestimation would increase as rates of mortality 
within a population increased. This implies that com
parisons of growth among populations differing in sur
vival may be more conservative (i.e., differences may 
not be as great) than they might be if growth were 
measured on both live and dead plants. 

Survival for all species was very low in 2% light, 
yet even small differences in survival rates in combi
nation with differences in initial population size could 
potentially explain differences in the abundance and 
age structure of tree species in forest understories. Giv
en hypothetical annual survival rates for two species 
of 10 vs. 20% and original populations of 10 000 seed
lings, after 4 yr the number of live seedlings would be 
1 (10%) and 16 (20%). Walters (1994) foundAcerseed
ling densities as high as 135 seedlings/m2 (and often 
>75% of total tree seedling density) on understory 
plots in northern Wisconsin. These data collectively 
suggest that the success of Acer as a late-successional 
canopy dominant may be partially due to its ability to 
maintain large populations of seedlings in the forest 
understory, which can occur, in part, through higher 
rates of survival than other species. Qualitatively, our 
survival data for seedlings are corroborated by data for 
naturally occurring saplings. Using an indirect method 
to assess mortality in very low light ( <2% ), Kobe et 
al. (1995) also predict greater mortality rates in B. al
leghaniensis than Acer, but compared to our results, 
mortality rates were very low for both species, even at 
= 1 % of full light (11 vs. 5% mortality over 5 yr, re
spectively). Large saplings may have markedly lower 
mortality rates than small seedlings (Turner 1990), even 
in deep shade, and/or differences in methodology be
tween our study and that of Kobe et al. ( 1995) may be 
responsible for the large differences in survival. 

Relationships of growth and seedling 
size with survival 

A large seed and initial seedling size may confer 
survival in deeply shaded forest understories for a lim-
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ited amount of time, but it may have to be coupled 
with a high growth rate in order to promote long-term 
survival (Grime and Jeffery 1965). Large-seeded Quer
cus is relatively common at low densities as a seedling 
in low-light understories (Kruger 1992, Walters 1994 ). 
However, the results of this study suggest that long
term survival of these seedlings may be low. Small
seeded Betula species incurred higher 1st-yr mortality 
than other species in both light environments, but mor
tality was much higher in low light. This pattern could 
be explained by joint effects of growth rates and initial 
size on survival if we assume there is a high risk of 
mortality when seedlings are very small. If this as
sumption is valid, then Betula species germinants may 
be at a greater overall risk of mortality in environments 
where escape from a small size is delayed by low 
growth rates. 

By the 2nd yr survival and growth rate were strongly 
interdependent, but only when growth rate in the pre
vious year was expressed as a proportional increase in 
mass over the growing season and not when expressed 
as an absolute increase in mass over the growing sea
son. However, the interpretation that proportional mass 
increase is more important than absolute growth rates 
or plant size as a determinant of survival must include 
a caveat. Our shade-house treatments mimic the effects 
of seedling competition for light with a distant over
story. Some forest understories are typified by strong 
vertical variation in light availability close to the forest 
floor, such as would occur if tree seedling, herb, or 
shrub densities were high. In such cases, high seed 
mass and absolute growth rate may be important for 
survival, since they may enhance seedling abilities to 
establish and maintain their foliage in relatively high
light microenvironments (Grime and Jeffery 1965). 

Our data suggest that the growth rate-survival re
lationship may be general since it appears to be con
tinuous regardless of whether the source of variation 
is species or light. The shape of the growth rate-sur
vival relationship reveals that growth close to 0 results 
in a high probability of death, with survival increasing 
strongly and linearly with growth. The linear depen
dence of survival on growth rate suggests that survival 
of tree seedlings in forest understories may be contin
gent on maximizing growth rates and not on merely 
maintaining a positive growth rate. 

Morphology, photosynthesis, and growth 

In general we found that the same traits associated 
with rapid growth in high light across broad assem
blages of species (Lambers and Poorter 1992, Reich et 
al. 1992) were also associated with rapid growth in 
high and low light for our study species. High growth 
rates were correlated with thin leaves (low LMA), high 
photosynthetic rates per unit mass (Amass> and high al
location to leaf mass (LMR) and leaf area (LAR). How
ever, 1st-yr plants in 2% light were an exception as 
relationships with growth rate were weak for LMR, 

LMA, and LAR. This may be explained by any one or 
a combination of: (1) relatively low variation in growth, 
LMR, and LAR in this treatment; (2) variation in other 
unmeasured traits affecting growth ( e.g., respiration, 
photosynthesis, and tissue turnover), and (3) seasonal 
ontogenetic drift in morphological parameters affecting 
growth that we could not detect with our endpoint mea
surements of morphology. Acer and Quercus in both 
years and Ostrya in year 1 had lower LMA and higher 
LMR and LAR in 2 than 8% light. In contrast, B. pa
pyrifera and B. alleghaniensis had much lower LMR 
and LAR in 2% than 8% light. Why? Unlike plants in 
8% light, growth was near zero in 2% light for the two 
Betula species. Leaf area and mass changed little in 
2% light, thus leaf allocation and morphology may re
flect pretreatment conditions to a greater degree than 
plants in 8% light (Appendix). Second, for both Betula 
species stem mass increased over the growing season 
while leaf mass increased only slightly (B. papyrifera) 
or declined (B. alleghaniensis). This resulted in in
creased stem mass ratio and a static (B. papyrifera) or 
decreased (alleghaniensis) LMR compared to germi
nants. 

Differences in growth in very low light are small, 
which suggests that identifying the morphological and 
physiological mechanisms responsible for variation in 
growth will require sensitive and intensive techniques. 
Yet, despite the small magnitude of differences ex
pected in physiology, morphology, and growth, this 
variation may be ecologically important since, as data 
in this paper suggest, small differences in growth may 
have a large effect on survival. Clearly there are several 
traits that may determine differences in shade tolerance 
(e.g., variation in germination and early establishment 
requirements, shoot growth phenology, architecture, 
leaf and root turnover, pathogen and herbivore protec
tion). Our results demonstrate that variation in growth 
and survival at the young seedling stage are related to 
shade tolerance and are likely part of the larger suite 
of traits that collectively determine shade tolerance. 
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APPENDIX 

Leaf area (cm2) and organ mass (g) for seedlings just prior to experimental treat-
ments (initial) and end of the 1st and 2nd yr in 2 and 8% light. All parameters were 
transformed with the natural logarithm prior to determining means. Values presented 
are back-transformed values. n indicates the number of samples used to generate 
means. 

Leaf Leaf Stem Root 
n area mass mass mass 

Initial 
B. papyrifera 19 0.9 0.003 0.001 0.005 
B. alleghaniensis 10 2.9 0.010 0.003 0.010 
Os try a 20 14.6 0.038 0.013 0.011 
Acer 10 25.0 0.081 0.060 0.058 
Quercus 19 116.1 0.588 0.200 0.923 

2% light, year 1 
B. papyrifera 20 1.2 0.004 0.003 0.005 
B. alleghaniensis 21 1.7 0.007 0.007 0.008 
Ostrya 20 11.3 0.046 0.028 0.049 
Acer 25 32.3 0.130 0.084 0.161 
Quercus 20 127.2 0.629 0.247 1.223 

8% light, year 1 
B. papyrifera 20 37.6 0.110 0.042 0.106 
B. alleghaniensis 20 16.8 0.057 0.032 0.064 
Os try a 20 13.7 0.063 0.060 0.140 
Acer 24 29.9 0.142 0.122 0.328 
Quercus 19 139.2 0.760 0.282 2.861 

2% light, year 2* 
Ostrya 14 27.9 0.085 0.082 0.062 
Acer 11 34.6 0.134 0.132 0.168 
Quercus 6 96.1 0.402 0.479 0.905 

8% light, year 2 
B. papyrifera 57 799.1 2.098 1.765 1.007 
B. alleghaniensis 60 473.4 1.336 0.943 0.894 
Ostrya 38 193.1 0.600 0.458 0.501 
Acer 31 69.9 0.305 0.301 0.917 
Quercus 25 244.7 1.190 0.837 3.677 

*Note that B. papyrifera and B. alleghaniensis are omitted from 2% light, year 2, 
since all individuals died. 


