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SEED SIZE, NITROGEN SUPPLY, AND GROWTH RATE AFFECT TREE
SEEDLING SURVIVAL IN DEEP SHADE
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1Department of Forestry, Michigan State University, East Lansing, Michigan 48824 USA
2Department of Forest Resources, University of Minnesota, St. Paul, Minnesota 55108 USA

Abstract. Species differences in seedling survival in deeply shaded understories (i.e.,
shade tolerance) may depend on both seed size and growth rates, but their relative contri-
butions to survival and how they change with time and with variation in light and below-
ground resource availability is unknown. With a greenhouse experiment we investigated
these relationships by examining responses of growth, growth-related morphology, survival,
and their interrelationships to a range of nitrogen (3.4 3 1029–3.4 3 1023 mol/L N fertilizer
solutions) and low light (0.6–7.3% of open sky) availabilities for young seedlings of 10
North American tree species that vary in observational shade tolerance rankings and seed
size (Populus tremuloides, Betula papyrifera, Betula alleghaniensis, Acer saccharum, Larix
laricina, Pinus banksiana, Pinus resinosa, Pinus strobus, Picea mariana, and Abies bal-
samea).

Within all species, relative growth rate (RGR) and survival increased with light. RGR
and survival also increased with N supply but only at the two highest light levels, and then
only for the shade-intolerant, broad-leaved Populus and Betula spp.. In every species,
survival was positively related to RGR. Moreover, each species differed in the relationship
of survival to RGR, and these differences were related to seed mass: at any given RGR,
large-seeded, shade-tolerant species had higher survival than smaller-seeded, intolerant
ones.

Across species, in most light and N treatments, seed mass was positively related to
young seedling survival, but RGR was not. In very low light the relative benefits of greater
seed mass to survival were temporary. As seedlings aged, interspecific mortality rates
became more dependent on observational shade tolerance rankings than on seed size, but
mortality was still unrelated to RGR.

Our results indicate potentially important interactions among light, N, and species that
could influence regeneration dynamics. For young seedlings in deeply shaded microsites,
N supply does not matter, and only shade-tolerant species survive due, in part, to large
seeds and physiological traits other than RGR. In moderate shade, RGR is greater, and
survival is high for all species, except that small-seeded, broad-leaved, intolerant species
have low survival and RGR at low N supply. This suggests that broad-leaved shade-
intolerant species compete more effectively in moderate shade on richer soils than on poorer
soils. Although we found that both seed mass and vegetative physiology influenced survival
in shade, they did not covary tightly, suggesting that they are under somewhat separate
selection pressures.

Key words: biomass allocation; cold-temperate forests; low light; nitrogen availability; relative
growth rate (RGR); seed size; shade tolerance; survival; tree seedlings.

INTRODUCTION

Among the traits underlying the abilities of some
tree species to maintain populations of seedlings and
saplings in forest understories, enhanced low-light sur-
vival (i.e., shade tolerance) is considered key (Baker
1945, Pacala et al. 1996). For young seedlings, two
traits long thought to contribute to low-light survival
are a large seed (Salisbury 1942, Grime and Jeffrey
1965, Foster and Janson 1985, Foster 1986) and en-
hanced low-light growth through particular expressions
of physiological and morphological characteristics
(Bjorkman 1981, Givnish 1988, Metcalf and Grubb

Manuscript received 9 February 1998; revised 22 April 1999;
accepted 26 April 1999; final version received 16 June 1999.

1995, Barnes et al. 1998). Enhanced low light growth
as a component of shade adaptation seems logical since
in the growth-limiting, low-light environments of
closed understories (;1–3% of open sky light; Canham
et al. 1990, Ellsworth and Reich 1992), adaptations
enhancing growth could confer competitive advantag-
es.

Until recently, it was generally accepted that en-
hanced low-light growth is an important basis of shade
tolerance; however, several multiple-species studies
have cast doubt on this notion. These studies have
shown that relative growth rate (RGR) in low light is
low but generally similar in tolerant and intolerant spe-
cies (Baker 1945, Osunkoya et al. 1994, Grubb et al.
1996), although higher RGRs for intolerant species
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have also been reported (Kitajima 1994, Veenendaal et
al. 1996). These studies have also shown that leaf area
ratio (LAR: leaf area [cm2]/plant mass [g]), a strong
determinant of RGR in high and moderately low light
(Lambers and Poorter 1992, Reich et al. 1992, Walters
et al. 1993a, Poorter and Van Der Werf 1998), is gen-
erally greater in low light for intolerant than for tolerant
species (Kitajima 1994, Pompa and Bongers 1988,
Osunkoya et al. 1994, Grubb et al. 1996, Veenendaal
et al. 1996, Reich et al. 1998). These patterns suggest
that, at all light levels, intolerant species maintain a
greater growth potential (i.e., higher LAR) than tolerant
species, but this growth potential may be unrealized in
conditions of severe light limitations.

Seed size is also considered an important component
of shade tolerance, but conflicting results have cast
doubt on the generality of the relationship. Seed mass
has been positively related to short-term survival in
shade in species contrasts that were both phylogenet-
ically broad (Grime and Jeffrey 1965, Hutchinson
1967, Leishman and Westoby 1994) and narrow (Sav-
erimuttu and Westoby 1996). However, other studies
have found weak relationships between seed size and
low-light survival in both phylogenetically broad
(Augspurger 1984) and narrow (Grubb and Metcalf
1996) contrasts.

A larger seed, with greater energy reserves, could
help confer shade tolerance by: 1) allowing radicle pen-
etration to the mineral soil through the deep litter layers
that are often found in forest understories (Marquis
1975, Molofsky and Augspurger 1992); 2) allowing the
initial establishment of a larger germinant, which
would make it less susceptible to smothering by leaf
litter and could enable competition with short-statured
vegetation to be won (Grime and Jeffrey 1965); 3) pro-
viding reserves for the compensation of leaf loss from
damaging agents (Foster 1986, Armstrong and Westoby
1993), and/or; 4) delaying the onset of carbon star-
vation and death in low light understories, thus in-
creasing the likelihood of exposure to a canopy gap
before death (Leishman and Westoby 1994, Saveri-
muttu and Westoby 1996). Maximizing RGR could also
directly or indirectly enhance low-light survival. Great-
er RGR would allow seedlings to escape the greater
risks of small size quickly and out-compete slower
growing neighbors. In addition, greater RGR may re-
flect an improved overall energy status for coping with
pathogens, resource shortfalls, and other agents of mor-
tality (Augspurger 1984). Conversely, traits enhancing
low-light RGR, such as greater allocation to leaf area,
may occur at the expense of allocation to storage and
protection and thus could compromise low-light sur-
vival (Chapin et al. 1990, Kobe 1997). Although en-
hanced growth and seed mass may both contribute to
survival in low light, their combined effects on low-
light survival may be further complicated by the neg-
ative relationship generally reported between seed size
and RGR in both high and moderately low light (Ship-

ley and Peters 1990, Maranon and Grubb 1993, Swan-
borough and Westoby 1996, Reich et al. 1998).

The relative contributions of seed mass and RGR to
survival may depend on seedling age and resource
availability. For example, in contrast to the temporary
benefits of the energy stored in a large seed (Hutchinson
1967, Leishman and Westoby 1994), the benefits of
enhanced low-light RGR would be expected to be lon-
ger term, suggesting that the relationship of RGR and
seed size to seedling survival in deep shade may change
with seedling age. At present, evidence for positive
RGR vs. survival relationships across species is mixed.
For example at similar light levels of ;2% of open-
sky light, Walters and Reich (1996) report a positive
RGR vs. survival relationship across species, whereas
Kitajima (1994) reports a negative relationship. In con-
trast to mixed interspecies trends, within species, pos-
itive low-light growth vs. survival relationships have
generally been reported for tree seedlings (Walters and
Reich 1996) and saplings (Kobe et al. 1995, Kobe 1996,
Kobe and Coates 1997). Furthermore, growth rates in
low light have been found to be sensitive to small dif-
ferences in light (Pompa and Bongers 1988, Pacala et
al. 1994, Metcalf and Grubb 1995, Grubb and Metcalf
1996, Walters and Reich 1996), and in some cases, to
nutrients and water (Peace and Grubb 1982, Walters
and Reich 1997, Coombs and Grubb 1998, but not in
others Steinbauer 1932, Phares 1971, Latham 1992,
Canham et al. 1996, Grubb et al. 1996, Pacala et al.
1996, Walters and Reich 1996). Thus, slightly higher
light and belowground resource availability could in-
crease survival by increasing growth. Furthermore,
species may differ in their growth and survival re-
sponses to covariation in light and belowground re-
sources. These differences, if they exist, may underlie
variation in shade tolerance, geographically and across
species.

In this study we examined seed size and RGR as
correlates of survival over a range of low light and
nitrogen (N) availabilities for young seedling of ten
tree species that collectively span a broad range of
observationally based shade tolerance classifications.
Nitrogen was chosen because it is the most common
limiting nutrient in temperate forests (Cole 1981). Giv-
en what is known, we expected that tolerant and in-
tolerant species would have similar and low RGR in
low light, but that larger-seeded and/or more shade-
tolerant species would have greater short-term survival.
We also expected that, as light and N availabilities
increase, RGR and survival would increase for all spe-
cies, but due to greater growth potential, RGR and
survival would increase more for small-seeded intol-
erant species such that differences in seed size become
less important to differences in survival among species.
Furthermore, we hypothesized that seed size would
largely determine survival for very young seedlings,
but that RGR would become more important with time.
Our questions were:
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TABLE 1. Study species, seed mass (mg), shade tolerance category, shade tolerance rank (most tolerant 5 1), life form, and
high light relative growth rate (RGR, mg·g21·day21).

Species
Seed
mass

Shade tolerance
category

Shade
tolerance

rank Life form

High
light
RGR

Populus tremuloides
Larix laricina
Pinus banksiana
Betula papyrifera
Pinus resinosa
Betula alleghaniensis
Pinu strobus
Picea mariana
Acer saccharum
Abies balsamea

0.1
1.0
2.8
0.2
5.8
0.5

17.2
0.7

44.6
3.2

very intolerant
very intolerant/intolerant
intolerant/very intolerant
intolerant/very intolerant
intolerant
intermediate
intermediate/tolerant
tolerant/intermediate
very tolerant
very tolerant

8
7
6
6
5
4
3
2
1
1

deciduous broadleaved
deciduous conifer
evergreen conifer
deciduous broadleaved
evergreen conifer
deciduous broadleaved
evergreen conifer
evergreen conifer
deciduous broadleaved
evergreen conifer

184
87.5
56

136
···

115
47
72
56

···

Notes: Mean seed mass was determined from the mass of 20 1- to 2-d-old germinants. Shade tolerance categories are a
composite of those reported by Baker (1949), Burns and Honkala (1990), and Barnes and Wagner (1996). These categories
were then used to assign numerical shade tolerance rankings (see Methods for complete details). High light RGR are for
young first-year seedlings from Walters et al. 1993a and Reich et al. 1998.

1) Among the study species, what are the relative
contributions of seed size and growth rate in deter-
mining variation in survival, and how do these patterns
relate to existing notions of shade adaptation and shade
tolerance classifications?

2) How do light and N supply interact in affecting
growth and survival within and among species?

To answer these questions we used a factorial green-
house experiment with four low light levels, three N
fertilization treatments, and first-year seedlings of ten
boreal and cold-temperate tree species common to cen-
tral North America. Light and N treatments were de-
signed to generate variation in growth and survival and
to reflect the range of availabilities that seedlings of
these species could experience beneath closed canopy
forests. With weekly censusing of mortality to 120 d
total age, coupled with periodic harvests for determin-
ing growth and growth related morphology, we devel-
oped survivorship curves for species 3 light 3 N treat-
ments and evaluated interrelationships of survival pa-
rameters, species shade tolerance rankings, growth, and
growth related morphology.

METHODS

Study species

We studied 10 species common in the broad ecotone
between the boreal and cold-temperate forests of cen-
tral and eastern North America. The species differ in
seed mass, ecological niche, leaf phenology, and high
light growth rates (Table 1). The seeds used in the
experiment were all from wild sources in central Min-
nesota and northern Wisconsin (;478 N). We devel-
oped shade tolerance rankings as a composite of the
rankings reported by Baker (1949), Burns and Honkala
(1990), and Barnes and Wagner (1996). All three pub-
lications included the same five tolerance categories:
very intolerant, intolerant, intermediate, tolerant, and
very tolerant. For each species, the three publications
never reported more than two tolerance categories.

When two categories were reported, the category re-
ported twice was listed first in our composite shade
tolerance categories and it was used as a weighting in
our numerical shade tolerance rankings (Table 1).

Growing conditions and experimental design

Seeds were germinated in bench-top trays filled with
sand or wet paper towels beneath 50% neutral density
shade cloth in a temperature-controlled greenhouse at
the University of Minnesota, St. Paul, Minnesota, USA
in mid-February 1994. Single seedlings (,4 d follow-
ing radicle emergence) were transferred to 2 cm top
width 3 15 cm depth plastic pots filled with washed
silica sand and placed into shade houses (1.6 m 3 1.6
m 3 0.8 m high) in the same greenhouse. Shade houses
were covered with one or two layers of neutral density
woven polypropylene shade cloth (Carlin Co., Mil-
waukee, Wisconsin, USA) to produce 1, 2, 4, and 8%
light transmittance treatments. Because the experiment
started in mid-February, we extended day length with
sodium halide lamps positioned above each shade
house. Lamps were on from 1500 to 2200 local time
for the duration of the experiment. We monitored pho-
tosynthetically active photon flux density nearly con-
tinuously over the experiment with calibrated galium
arsenide photodiodes or quantum sensors (LI-COR
Inc., Lincoln, Nebraska, USA) placed in the center of
each shade house at seedling height and attached to
data loggers (LI-COR Inc.). Another light sensor was
placed outside, on top of the greenhouse. The light
measurements indicated that the 1, 2, 4, and 8% light
transmittance treatments resulted in mean percentages
(6 SE) of 0.62 6 0.03, 1.45 6 0.1, 2.77 6 0.15, and
7.34 6 0.48% respectively of open-sky light outside
the greenhouse. Mean daily total photon flux density
outside the greenhouse was 37.75 mol·m22·day21. Our
experimental light levels were representative of the
range of light levels found in closed forest understories



1890 MICHAEL B. WALTERS AND PETER B. REICH Ecology, Vol. 81, No. 7

of cold temperate North American forests (Canham et
al. 1990, Walters and Reich 1997).

Our N treatments were 3.4 3 1023 mol/L, 3.4 3 1026

mol/L, and 3.4 3 1029 mol/L. Nitrogen was supplied
as NH4

1 and NO3
2 in equal amounts in a modified

Hoagland’s solution, where total ion concentration was
balanced with KCl. Nutrient solutions were supplied
daily. Pots were flushed with distilled water twice
weekly to prevent the accumulation of nutrient salts.
The lowest N treatment was chosen to approximate
severely limiting conditions that seedlings may en-
counter on some regeneration substrates. Nitrogen so-
lution at 3.4 3 1026 mol/L is of the same magnitude
as the KCl-extractable standing pool sizes found in
some northern temperate forests (M. B. Walters, un-
published data; M. Tobin and P. B. Reich, unpublished
data), and 3.4 3 1023 mol/L N represents an abundant
supply.

Three replicates (shade houses) of each shade treat-
ment were arranged in blocks parallel to an environ-
mental gradient (light and temperature) from the south
wall of the greenhouse (block 1) to the middle of the
greenhouse (block 3). Between 18 and 20 seedlings
were allocated to each block 3 N treatment 3 light
treatment 3 species resulting in a total of ;6600 seed-
lings. Seedlings were rotated within shade houses sev-
eral times during the course of the experiment from
mid-February to late June. The ten species, four light
treatments, and three N treatments comprised a com-
plete factorial design as a split plot, with species and
N treatments as subplots within light environment
whole plots.

Measurements

Mortality was monitored for each individual on a
weekly basis for the first 16 wk of the experiment.
Agents of mortality according to the following general
categories were recorded for each individual: damping
off (Fusarium), mechanical damage (e.g., broken or
uprooted), and other (e.g., carbon starvation). Seed-
lings were harvested four times during the course of
the experiment, with harvest age varying slightly
among species, but not among treatments within spe-
cies. Harvests, seedling ages from germination, and
number harvested were: 1) initial germinant mass just
prior to placement into the treatments, 1–3 d old, 10
per species; 2) first harvest, 2–4 wk old, 2 per treatment
3 block combination; 3) second harvest, 8–9 wk old,
2 per treatment 3 block combination, and; 4) third
(final) harvest, 19–20 wk old, all surviving seedlings.
In some treatment combinations (e.g., P. tremuloides
in 0.6% light), complete mortality early in the exper-
iment resulted in missing intermediate and/or final har-
vests. For all species, initial germinant mass and seed
mass were similar such that ln(seed mass) and
ln(germinant mass) were strongly correlated across
species (r 5 0.94, P , 0.0001). Thus, hereafter, initial
germinant mass will be referred to as seed mass.

The mass of all harvested seedlings was measured
after drying in a forced-air oven at 708C. In addition,
for all individuals in intermediate harvests and at least
two per treatment 3 block combinations for the final
harvest, we split seedlings into root, stem, and leaf
fractions prior to drying, and measured projected leaf
area with an image analysis system (Decagon Devices,
Pullman, Washington, USA). We then dried and mea-
sured mass for each fraction as described above. From
mass and leaf area data we calculated the following
morphological parameters: leaf mass ratio (leaf mass
[g]/plant mass [g]), stem mass ratio (stem mass [g]/
plant [g]), root mass ratio (root mass [g]/plant mass
[g]), specific leaf area (fresh leaf area [cm2]/dry leaf
mass [g]), and leaf area ratio (fresh leaf area [cm2]/
plant mass [g]). Average relative growth rate
(mg·g21·d21) was estimated between individual har-
vests as: (ln[mass harvest a 1 1] 2 ln[mass harvest
a])/d21.

Analysis

Effects of N, light and species treatments, blocks,
and their interactions on plant mass and morphological
characteristics were analyzed for harvest two and three
separately with ANOVA (JMP, SAS Institute, Cary,
North Carolina, USA). Our analyses focus on the sec-
ond and third harvests since insufficient time had
elapsed by the first harvest for treatment effects to
emerge. We performed these analyses for harvests sep-
arately rather than include time as a factor in the AN-
OVA since there were several missing cells by harvest
two and many more by final harvest due to high mor-
tality in some of the treatments which would have re-
sulted in an unbalanced ANOVA. In order to achieve
balance among cells, some treatments had to be ex-
cluded from the ANOVA. For example, for plant mass,
all data for P. tremuloides, B. papyrifera, and B. al-
leghaniensis were excluded from the harvest two AN-
OVA, and the same three species plus all species in
0.6% light were excluded from the final harvest AN-
OVA. F ratios were calculated for most effects with
the residual error term and the four-way interaction
term (light 3 N treatment 3 species 3 block) pooled,
since four way interactions are difficult to interpret and
were never significant (Neter and Wasserman 1974). F
ratios for light and block effects were calculated with
the light 3 block interaction term.

We analyzed for main treatment effects and their
interactions on survival with proportional hazards
modeling (Fox 1993) using JMP. Seedlings that were
harvested or that died from breakage, uprooting, or
other mechanical damage were ‘‘right censored’’ in the
data set. Right censoring indicates that a seedling was
alive at the time that it was removed and is not con-
sidered killed by the experimental treatments in the
analysis. We chose semiparametric proportional haz-
ards modeling over parametric approaches since pre-
liminary analyses of Weibull, and log–log transfor-
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mations of product limit (Kaplan-Meier) survival es-
timates indicated that, during a period of mortality, the
risk of mortality varied appreciably among treatments.
This is a situation in which proportional hazards mod-
eling is suggested (Fox 1993). Based on the results of
the proportional hazards analysis, we developed esti-
mates of proportional survival over time for species 3

N 3 light treatments using the Kaplan-Meier approach.
We tested for significant differences in Kaplan-Meier
estimates among treatment groups with log–rank and
Wilcoxon tests (Kalbfleish and Prentice 1980). The
log–rank test places more weight on larger survival
times and is most useful when the ratio of hazard func-
tions (hazard function 5 instantaneous failure rate at
a given time) in the groups being compared is approx-
imately constant. The Wilcoxon test places more
weight on early survival times and is the optimum rank
test if the error distribution is logistic. From the Kap-
lan-Meier survival curve estimates we estimated four
parameters. We estimated the proportion surviving at
age 50 d and 100 d by interpolating between census
dates on proportional survival vs. age curves to 50 and
100 d respectively. We estimated the day mortality be-
gan by extrapolating a best fit line to proportion sur-
viving 5 1.0, where the line is based on the first three
census dates following the commencement of a period
of high and sustained mortality. Finally, we estimated
mortality rate during the period of highest sustained
risk, by determining the slope of the ln(proportion sur-
viving) vs. age relationship from three or four census
dates during the period of high mortality. Both the pro-
portional hazards model for survival and ANOVA for
plant mass and morphology generally indicated that
species, light, N, and their interactions were highly
significant (P , 0.0001), and that these sources of var-
iation explained more variation than did block and its
interactions with species, light, and N. Thus we reduced
data to species 3 N 3 light 3 harvest means for pre-
sentation and subsequent analyses. Furthermore, the
three N treatments were pooled for some analyses at
very low light levels and the two lowest N treatments
were pooled for most analyses at all light levels, since
differences among these treatments were insignificant
beyond the threshold suggested for pooling variances
(i.e., P . 0.25, Bancroft 1964). Thus, unless otherwise
specified, the 3.4 3 1023 mol/L N treatment and the
pooled 3.4 3 1026 mol/L N and 3.4 3 1029 mol/L N
treatments are hereafter referred to as high and low N
respectively. Following data reduction, we analyzed
differences among treatments (Tukey-Kramer HSD)
and relationships among growth, survival, and mor-
phological characteristics (least squares linear regres-
sion, nonlinear regression, and Spearman’s rank cor-
relation) with JMP.

RESULTS

Survival: N and light effects within species

Except for P. strobus, which had survival near 100%
in all treatments, survival increased with light level

(0.6% to 7.3%) for all species in all N treatments (Figs.
1 and 2, P , 0.05 for log-rank and Wilcoxon tests for
all species 3 N treatments). Increases in survival with
light were greatest as light increased from 0.6% to 1.5%
light, especially for conifer species. High N increased
survival for small-seeded Betula spp. and P. tremuloides
in all but the lowest light treatment (0.6%), and the
magnitude of this increase was greatest at the highest
light level (7.3%) (Fig. 1a, P , 0.001 for each species,
log–rank test). Compared to Betula spp. and P. tremu-
loides responses to N for the other species were much
weaker and less consistent (Figs. 1b and 2). High N
increased survival only for P. mariana and L. laricina
in 1.5% light and A. balsamea in 0.6% light, and high
N decreased survival for P. banksiana in both 0.6% and
1.5% light and for B. papyrifera and P. resinosa in 0.6%
light (Fig. 1a and b, P , 0.05, log-rank test).

Survival: differences across species

In all N and light treatments, survival for broad-
leaved species generally followed the rank order: A.
saccharum . B. alleghaniensis . B. papyrifera . P.
tremuloides. In 0.6% light, the only light treatment
where a majority of conifer species showed .20% mor-
tality, survival rankings by the experiment’s end were:
P. strobus . A. balsamea . P. mariana . P. resinosa
. L. laricina . P. banksiana (Figs. 1 and 2). These
rankings are similar to rankings of reported shade tol-
erance for these species (Table 1). At higher light lev-
els, P. mariana and L. laricina generally had lower
survival than other conifers. For these two species only,
Fusarium infection (based on visual symptoms; C. Bus-
chena, personal communication) caused ;30% of total
mortality, most of which occurred in the first 30 d of
the experiment. For most other seedlings of all species,
there was no obvious agent of mortality. Among broad-
leaved and conifer groups in both high and low N treat-
ments, there was little evidence of rank reversals in
survival between low and higher light levels. Com-
pared to species with high survival in very low light,
species that had low survival in very low light had
similar (e.g., L. laricina) or lower (e.g., P. tremuloides)
survival at slightly higher light levels (Fig. 2).

Survival vs. age relationships were generally char-
acterized by an early period of low mortality (or mor-
tality due to Fusarium) followed by an extended period
of high mortality. The length of the low-mortality pe-
riod varied among species (Fig. 1). For example, in
0.6% light (N treatments combined) species differences
were highly significant (P 5 0.0001, Wilcoxon test)
and ranged from 2 wk for P. tremuloides, B. papyrifera,
B. alleghaniensis, P. banksiana, and P. mariana to 75
d for P. resinosa. To a lesser extent than species dif-
ferences, resource treatments, especially light, also af-
fected the length of the early low-mortality period (Fig.
1). For example, for P. tremuloides, the low-mortality
period was 10 d in 0.6% light and 22 d in 7.3% light.
The maximum mortality rate during the period of high-
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FIG. 1. The proportion of original seedling populations surviving vs. seedling age for each species 3 light treatment for
high N (3.4 3 1023 mol/L N) and low N (3.4 3 1026 mol/L and 3.4 3 1029 mol/L pooled). Graphs are separated into (a)
broad-leaved and (b) conifer species groups. Within each of these groups, species are presented top to bottom, from least to
most shade tolerant (from Table 1).

mortality also varied among species (Fig. 1), and it was
not correlated with the length of time before mortality
occurred (e.g., for 0.6% light, Spearman’s r 5 0.38, P
5 0.31). For example, in 0.6% light, for species that
had significant mortality, P. resinosa had twice as long
a low-mortality period as any other species, but both
A. balsamea and P. mariana had lower maximum mor-
tality rates than P. resinosa (Fig. 1).

Growth: N and light effects within species

As for survival there were strong interacting effects
of light, N, and species on seedling mass (Fig. 3) and

relative growth rate (RGR; Fig. 4). Seedling mass and
RGR increased with light for all species in both high
and low N, and RGR increases with light were greatest
between the lowest light levels (Fig. 4). Nitrogen sup-
ply did not affect growth at the two lowest light levels,
but at higher light, high N increased mass for all spe-
cies, and these increases were greatest and generally
occurred earlier for shade intolerant, small-seeded spe-
cies. Furthermore, only for small-seeded, shade intol-
erant P. tremuloides, Betula spp., L. laricina, and P.
banksiana did mass and RGR increase in 2.8% light
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FIG. 2. The proportion of the original seed-
ling populations surviving in low (3.4 3 1026

mol/L and 3.4 3 1029 mol/L pooled) and high
N (3.4 3 1023 mol/L N ) treatments at 50 days
of age for broad-leaved species and at 100 days
of age for conifer species. Different ages are
used for the two species groups because most
conifers had little mortality by day 50. Species
abbreviations are: Pt 5 Populus tremuloides, Bp
5 Betula papyrifera, Ba 5 Betula alleghanien-
sis, As 5 Acer saccharum, Ll 5 Larix laricina,
Pb 5 Pinus banksiana, Pr 5 Pinus resinosa, Ps
5 Pinus strobus, Pm 5 Picea mariana, Ab 5
Abies balsamea.

(Figs. 3 and 4). Even in the low N treatments, plants
grew over time, with growth being greatest in 7.3%
light (Figs. 3 and 4). However, there was very little
increase in whole-plant N content in low N treatments
and growth resulted in dilution of the seedling’s initial
N pool. For example whole-plant N concentration for
P. resinosa in 7.3% light and low N was 113 higher
for initial germinants (8% N) than seedlings at final
harvest (0.7% N). This corresponded inversely to a 93

increase in mass from initial germinants (5.8 mg) to
third harvest seedlings (52 mg). This indicates that
young seedlings with high N concentrations can grow
for a time in the absence of a N supply.

Growth: differences across species

In low light, RGR was low, and differences among
species were generally small in both high and low N
(Fig. 4). At higher light levels differences in RGR
emerged between species, especially in high N. RGR
in 2.7% and 7.3% light and high N were generally
higher for small-seeded species and lowest for large-
seeded species. There were few reversals in RGR rank-
ings between very low and low light levels in the di-
rection expected if maximizing RGR in very low light
was an important corollary of shade tolerance. One of
the few examples was shade-intolerant classified L. lar-
icina, which had the lowest RGR of the conifers in
0.6% light and the second highest RGR in 7.3% light.
However, overall, there was only weak evidence of
growth rank reversals among species across light avail-
abilities.

Seedling morphology: N and light effects within
species

At low light, there were no differences in LMR,
RMR, and SLA between high and low N (Student’s t,
P . 0.05) (Table 2). In contrast, at higher light, since

growth rates were sufficient for the allocation of sig-
nificant amounts of new mass to leaves and roots, spe-
cies in high N generally allocated more to leaves and
less to roots, with the opposite occurring in low N.
This resulted in higher LMR and lower RMR in 7.3%
light in high N than low N for most species (P , 0.05).
In contrast to LMR and RMR, SLA was similar for
high and low N in 7.3% light (P . 0.05).

Seedling morphology: differences across species

In all light and N levels, the most shade tolerant
classified conifer, A. balsamea, had lower LMR, SLA,
and LAR, and higher RMR than less-tolerant conifers.
The same trend was found for the most tolerant broad-
leaved species, A. saccharum, compared to less tolerant
broad-leaved species in high N treatments. However,
in low N, the distinction between A. saccharum and
other broad-leaved species disappeared (Table 2 and
data not shown).

Relationships among survival, growth,
and seedling mass

Within species, survival was positively and contin-
uously related to RGR regardless of the source of var-
iation in RGR (light or N) (Fig. 5, P , 0.01 for all
nonlinear models). For any given RGR, shade-tolerant
and large-seeded species had higher survival than in-
tolerant and small-seeded species (Fig. 5).

In sharp contrast to strong positive relationships be-
tween survival and RGR within each species, across
species, RGR and survival (at 50 d or 100 d) were not
correlated in any of the 12 unique light 3 N treatments
(P . 0.26 in all cases). Unlike RGR, seed mass and
survival at 50 days of age were strongly positively
related across species in all 12 light 3 N treatments
(P , 0.006 in all cases) and in 9 of 12 treatments (at
P , 0.01) at 100 days of age. Seed mass increased
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FIG. 3. Seedling mass at second and third harvests for each species 3 light (0.6–7.3%) 3 N (vl 5 3.4 3 1029 mol/L, l
5 3.4 3 1026 mol/L, h 5 3.4 3 1023 mol/L) treatment. Several third-harvest panels are not included since for these panels
there were few treatments with live seedlings. Mean mass (6 SE) for treatments with live seedlings in excluded panels (all
are from the high N treatment) are: for P. tremuloides, 186 6 40 mg in 7.3% light; for B. papyrifera, 77 6 12 mg, and 678
6 52 mg in 2.8% and 7.3% light respectively; and for B. alleghaniensis, 4.1 6 1.1 mg, 109 6 22 mg, and 610 6 42 mg in
1.5%, 2.8%, and 7.3% light, respectively. Different letters indicate significant differences among N treatments within species
3 light groups (P , 0.05, Tukey-Kramer HSD).
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FIG. 4. Relative growth rates (RGR) be-
tween first and second harvests for broad-leaved
and conifer species groups in high N (3.4 3
1023 mol/L) and low N (3.4 3 1026 mol/L and
3.4 3 1023 mol/L pooled) (see Methods for ra-
tionale). Note differences in scale for broad-
leaved and conifer groups.

TABLE 2. Leaf mass ratio (LMR), root mass ratio (RMR), specific leaf area (SLA), and leaf area ratio (LAR) in 1.5% and
7.3% light, and high and low N.

Species

Low N

LMR RMR SLA LAR

High N

LMR RMR SLA LAR

A) 1.5% light
P. tremuloides ··· ··· ··· ··· ··· ··· ··· ···
B. papyrifera ··· ··· ··· ··· 0.60 6 0.04

ab
0.23 6 0.02

ab
920 6 173

ab
548 6 91

ab

B. alleghaniensis 0.57 6 0.02
abc

0.24 6 0.02
abc

720 6 65
a

412 6 38
a

0.63 6 0.01
ab

0.22 6 0.01
abc

1040 6 91a 655
a

A. saccharum 0.44 6 0.03
c

0.25 6 0.03
ab

621 6 30
ab

284 6 0.28
ab

0.42 6 0.03
c

0.25 6 0.04
a

546 6 54
bc

303 6 13
c

L. laricina 0.63 6 0.04
ab

0.14 6 0.03
cd

429 6 81
bc

261 6 0.40
b

0.65 6 0.01 0.11 6 0.02
cd

497 6 93
bcd

322 6 53
bc

P. banksiana 0.68 6 0.01
a

0.10 6 0.01
d

477 324 0.68 6 0.03
a

0.13 6 0.01
d

406 276

P. resinosa 0.57 6 0.03
abc

0.16 6 0.01
bcd

289 6 10 cd 164 6 0.10
bc

0.62 6 0.01
ab

0.14 6 0.01
bcd

326 6 9
cd

203 6 4
cd

P. strobus 0.57 6 0.03
abc

0.17 6 0.02
bcd

262 149 0.60 6 0.02
b

0.14 6 0.02
d

259 155

P. mariana 0.59 6 0.04
abc

0.17 6 0.03
bc

474 6 43
bc

280 6 0.46
ab

0.70 6 0.02
a

0.11 6 0.01
d

441 6 42
cd

308 6 22
c

A. balsamea 0.52 6 0.05
bc

0.27 6 0.02
a

186 6 16
d

97 6 0.10
c

0.58 6 0.04
ab

0.16 6 0.02
abcd

149 6 0.21
d

85 6 6
d

B) 7.3% light
P. tremuloides 0.35 6 0.11

d
0.36 6 0.09

abcd
677 6 203

ab
192 6 37

ab
0.66 6 0.03

ab
0.15 6 0.02

b
645 6 114

a
431 6 70

ab
B. papyrifera 0.39 6 0.05

d
0.40 6 0.05

a
524 6 76

ab
196 6 39

ab
0.69 6 0.01

ab
0.15 6 0.01

b
493 6 99

ab
340 6 71

abc
A. saccharum 0.40 6 0.02

d
0.42 6 0.03

a
421 6 60

bc
170 6 8

b
0.47 6 0.07

c
0.36 6 0.06

a
450 6 68

ab
238 6 98

bcd
L. laricina 0.66 6 0.02

a
0.18 6 0.03

e
241 6 13

cd
159 6 7

bc
0.77 6 0.03

a
0.14 6 0.02

b
336 6 10

b
259 6 8

bcd
P. banksiana 0.63 6 0.01

a
0.22 6 0.02

cde
209 6 4

cd
132 6 5

bc
0.73 6 0.02

ab
0.13 6 0.01

b
299 6 19

b
221 6 20

bcd
P. resinosa 0.65 6 0.01

a
0.20 6 0.02

de
198 6 11

cd
128 6 6

bc
0.71 6 0.05

ab
0.17 6 0.05

b
241 6 46

b
166 6 20

cd
P. strobus 0.56 6 0.04

abc
0.25 6 0.01

bcde
188 6 6

d
117 6 17

c
0.64 6 0.02

abc
0.14 6 0.01

b
198 6 7

b
124 6 4

d
P. mariana 0.58 6 0.01

ab
0.26 6 0.01

bcde
295 6 13

cd
172 6 9

b
0.70 6 0.04

ab
0.13 6 0.03

b
454 6 25

ab
321 6 33

abc
A. balsamea 0.44 6 0.01

bcd
0.36 6 0.02

abc
142 6 6

d
61 6 4

c
0.57 6 0.03

bc
0.27 6 0.03

ab
133 6 15

b
72 6 6

d

Notes: Data are means (6 1 SE) for plants from the second harvest except SLA and LAR for P. strobus and P. banksiana,
which are the means of harvests 1 and 3. For each light level, species without common letters within a column are significantly
different (P , 0.05, Tukey-Kramer HSD).
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FIG. 5. Relationships of proportional sur-
vival vs. relative growth rate (RGR; between
the first and second harvests) for each species.
Proportional survival is the proportion of the
original seedling population alive 50 days fol-
lowing germination for the broad-leaved group,
and 100 days following germination for the co-
nifer groups. Each datum is a species 3 light
3 N treatment average. For clarity of presen-
tation, data for each species were fitted with
logistic functions of the general form: u1/(1 1
u2·exp(u3·RGR)). We solved for the best fit lo-
gistic function (i.e., residual sums of squares
error minimized) by setting u1 to 1 and solving
for u2 and u3 iteratively using the nonlinear fit
platform of JMP (SAS Institute, Cary, North
Carolina, USA). All fits are significant at P ,
0.05. Species abbreviations are as in Fig. 2 leg-
end.

TABLE 3. Summary of Spearman’s nonparametric correlations (Spearman’s r [P , zrz]) of survival characteristics with seed
mass, RGR, and shade tolerance rank in 0.6% and 1.5% light.

Light level Parameter

Proportion
surviving

50 d

Proportion
surviving

100 d
Maximum

mortality rate
Age mortality

begins

0.6% light seed mass
RGR
shade
tolerance rank

0.86**
20.45

20.61

0.79**
20.26

20.65*

20.64
10.04

10.84**

0.69*
20.40

20.45

1.5% light seed mass
RGR
shade
tolerance rank

0.79**
0.41

20.32

0.81**
0.39

20.35

···
···

···

···
···

···

Notes: N treatments were pooled within light levels. Significant correlations are indicated as: *P , 0.05; **P , 0.01.
Maximum mortality rate and the age when mortality begins were not determined for 1.5% light, since low mortality for
several species made it difficult to estimate parameters with high precision. For correlations with maximum mortality rate
and age when mortality begins, n 5 9; for all correlations in 1.5% light and for proportion surviving correlations in 1.6%
light, n 5 10; for others, n 5 8.

survival both by increasing the length of the period
before mortality began and by decreasing the daily
mortality rate during the period of high-mortality (Ta-
ble 3). Collectively these patterns resulted in a strong
three-way interrelationship between seed mass, RGR,
and survival across N and light treatments (Fig. 6). At
any given RGR, large seeded species always had higher
survival than smaller-seeded, intolerant ones. Thus, in
low light and/or N environments where RGR is low
and similar for all species, survival increases strongly
with seed mass. However, as RGR and survival increase
with light and N availabilities, differences in survival
among small and large-seeded species diminish.

Like seed size, shade tolerance rank (Table 1) cor-
related with survival in shade but not with RGR. How-
ever, compared to seed mass, shade tolerance rank cor-
related more strongly with maximum mortality rate and
less strongly with the age that mortality began (Table

3). Tolerance ranking and seed mass differed in the
strength of their correlation with survival (Table 3), in
part, because seed mass and shade tolerance rank were
only weakly correlated (r 5 0.61, P 5 0.055. Thus,
traits associated with tolerance other than seed size
promote low-mortality rates for tolerant seedlings once
the effects of large-seededness on delaying the onset
of mortality have disappeared.

Although interspecific variation in survival in low
light (0.6% and 1.5%) was unrelated to RGR in the
same low light treatment (Table 3), low-light survival
was negatively related to RGR measured in higher light
(7.3%) and high N (e.g., 0.6% light at 50 d, r 5 20.91,
P 5 0.0002). Therefore, species with high growth rates
in higher resource environments had higher mortality
rates in low-resource environments. This relationship
is at least partially related to seed mass, since seed
mass was positively related to survival in low light
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FIG. 6. Three-way relationship among the natural loga-
rithm of seed mass, relative growth rate, (RGR; between first
and second harvests), and proportional survival at 50 and 100
days seedling age. Each datum is a species 3 light 3 N
treatment average except for seed mass, which is a species
average. The mesh was interpolated (SigmaPlot, Jandel Sci-
entific, San Rafael, California, USA) from predicted values
from nonlinear logistic regressions between RGR and sur-
vival for each species (see Fig. 5). The weighting used for
the interpolation was chosen subjectively.

(Table 3) and negatively related to RGR only in 2.8%
and 7.3% light and high N (e.g., 7.3% light, r 5 20.88,
P 5 0.0008). As for seed mass, LAR was strongly (P
, 0.01) related to RGR across species in the high N
treatment in 7.3 and 2.8% light, but the strength and
the slope of the relationship decreased with light level
(Fig. 7a). LAR relationships with RGR were weak at
all light levels in low N (Fig. 7b).

DISCUSSION

Our results demonstrate that first-year seedling sur-
vival in shade is a function of seed size, growth rate

(RGR), and unidentified physiological factors related
to species shade tolerance ranking. Variation in RGR,
as driven by variation in light and N, was strongly
related to survival within species. In contrast, across
species, differences in seed mass and not RGR corre-
lated with early seedling survival. Our results also sug-
gest that the positive effects of seed size on survival
are temporary. Once species began incurring high mor-
tality rates in very low light (i.e., ;14–75 d after ger-
mination for all species but P. strobus), mortality rates
were more closely related to shade tolerance rankings
than seed size.

Characteristics of shade tolerant species in low light

Shade tolerance is, by our definition, the ability to
survive in deep shade. However, the relative ability of
tree species to maintain populations of vigorous seed-
lings and saplings in forest understories is the likely
basis of observational shade tolerance classifications,
and many factors in addition to young seedling survival
could underlie these patterns. However, the positive
correlations we found of observationally based shade
tolerance ranks with proportional survival and maxi-
mum mortality rate strongly suggests that first-year sur-
vival is a key trait contributing to species abilities to
maintain populations of vigorous juveniles in forest
understories. Our data also suggest that seed size is an
important corollary of low-light survival for very
young seedlings. However, the stronger correlation of
maximum mortality rate with shade tolerance rank than
with seed size suggests that other, physiological factors
may underlie longer-term survival in low light. By any
measure, survival for P. resinosa and P. strobus was
greater than expected based on our shade tolerance
rankings, perhaps because they had the largest seeds
of any of the conifers. Despite these anomalies, general
agreement between survival and shade tolerance rank-
ings suggests that characteristics governing survival in
first-year seedlings contribute significantly to the over-
all suite of traits that confer shade tolerance.

Compared to less tolerant species, the most shade-
tolerant species generally had similar low-light RGR,
lower LAR and LMR, and higher RMR. Thus, intol-
erant species had greater growth potential than tolerant
species in low light, but low light prevents the full
expression of these differences. Thus our results are
inconsistent with the popular notion that shade toler-
ance is characterized by enhanced growth potential in
low light (e.g., Loach 1967, 1970, Björkman 1981,
Walters and Field 1987, Givnish 1988, Walters and
Reich 1996). Our results are more consistent with the
notion that shade tolerance is associated with biomass
and energy conservation traits that maximize survival,
but which can only occur at a tradeoff with traits that
enhance growth potential (e.g., Coley 1988, Walters et
al. 1993b, Kitajima 1994, Kobe 1997). High LAR may
be an example of a trait that is advantageous in high
light environments, but which may be disadvantageous



1898 MICHAEL B. WALTERS AND PETER B. REICH Ecology, Vol. 81, No. 7

FIG. 7. Relative growth rate (RGR; between
first and second harvest) vs. leaf area ratio
(LAR; average of first and second harvest) for
low N (3.4 3 1026 mol/L and 3.4 3 1029 mol/
L pooled) and high N (3.4 3 1023 mol/L) seed-
lings in each light treatment. Each data point is
a species average. Summary statistics for least
squares linear regressions, including equations
for significant (P , 0.10) regressions, are: for
high N, 7.3% light, RGR 5 22.9 1
0.150(LAR), R2 5 0.66, P 5 0.008, n 5 9; 2.8%
light, RGR 5 24.8 1 0.120(LAR), R2 5 0.93,
P , 0.0001, n 5 9; 1.5% light, RGR 5 20.2
10.050(LAR), R2 5 0.49, P 5 0.054, n 5 8;
0.6% light, R2 5 0.02, P 5 0.772, n 5 6; for
low N, 7.3% light, RGR 5 10.48 10.062(LAR),
R2 5 0.66, P 5 0.06, n 5 8; 2.8% light, R2 5
0.34, P 5 0.13, n 5 8; 1.5% light, R2 5 0.01,
P 5 0.834, n 5 7; 0.6% light, R2 5 0.12, P 5
0.497, n 5 6.

in very low light. LAR is a well established determinant
of RGR in moderately low to high light (reviewed by
Lambers and Poorter 1992, Reich et al. 1992, Corne-
lissen et al. 1996, and Poorter and Van Der Werf 1998).
The adaptive importance of high LAR for intolerant/
pioneer species is also well established, since these
species generally have higher LAR and growth rates,
thus they are able to preempt growing space from slow-
er growing neighbors. However, for a given increase
in LAR, the incremental increase in RGR is much less
in deep shade than in moderate light (Reich et al. 1998)
or high light (Walters et al. 1993a, b). In addition, there
may be costs to maximizing LAR, such as higher prob-
abilities of damage for high SLA leaves (Coley 1988),
less carbohydrate allocation to storage (Kobe 1997),
higher whole-plant respiration rates (Walters and Reich
2000), or greater leaf turnover rates (Walters and Reich
1999). Thus, as the incremental increase in growth rate
for a given increase in LAR diminishes with decreasing
light level, the incremental costs/risks associated with
that increase in LAR may become more important to
growth and survival.

In an earlier outdoor experiment (Walters and Reich
1996), we found greater growth rates for shade-tolerant
than intolerant species in low light (2% open sky) and
positive growth vs. survival relationships across spe-
cies. These findings contrast with this study’s results
and those of Kitajima (1994), both of which were
greenhouse studies of young seedlings. These discrep-
ancies among experiments may potentially be recon-
ciled by differences in growing conditions and age.
Seedlings in our outdoor experiment (Walters and
Reich 1996) often faced suboptimal growing season
conditions, dormancy over winter, seasonal tissue turn-
over, and herbivory from slugs. These conditions may
have resulted in greater growth for shade-tolerant than
intolerant species even if they had similar physiological
growth potentials, if shade-tolerant species were more
effective at minimizing tissue loss, since: realized
growth 5 growth potential 2 tissue losses (Kitajima

1996). Furthermore, seedlings in Walters and Reich
(1996) were grown for two years, compared to 140 days
in this experiment. Thus, they may have been well
beyond the effects of seed size on survival.

Interpreting our RGR-survival relationships among
species does require one caveat. If seedlings with high-
est RGR within a treatment were the ones most likely
to survive, then RGR would be overestimated for treat-
ments with high mortality rates. Thus, the lack of a
positive RGR–survival relationship among species
could in part be artifactual. We explored this possibility
by analyzing the relationship between RGR (between
the first and second harvest) and proportional survival
(at 100 d) among species light and nitrogen treatments
containing the greatest number of species with little
mortality before the second harvest (when RGR is de-
termined). In 1.5% light, all species except P. tremu-
loides, B. papyrifera, and B. alleghaniensis, had ,20%
mortality by the second harvest. Excluding these three
species, we still found no relationship between RGR
and survival across species both in each N treatment
and for N treatments pooled (P . 0.25 in all cases,
data not shown).

Light and N effects on growth and survival within
species

In contrast to the poor RGR–survival relationship
among species in low light, within species, survival
was positively related to RGR and both RGR and sur-
vival increased with increasing light and N availability.
Furthermore, except in very low light, species gener-
ally responded to increased N by increasing growth and
allocation to leaves, and in the smallest seeded, shade-
intolerant species, by increasing survival. Therefore,
factors in forest understories that increase growth, such
as slightly higher light microsites or greater below-
ground resource availability, may increase survival,
and at least in the short term, survival is increased the
most for the species with smallest seeds that are the
least tolerant.
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How increased RGR decreases mortality rate is un-
known. RGR could be positively autocorrelated with
other factors that increase the vigor of seedlings, such
as carbohydrate storage concentrations or protective
structure and chemistry. Alternatively, greater RGR
could result in a faster escape from size dependent
mortality. Our data, while not collected to examine
these hypotheses, suggests that both mechanisms are
important. Indications that higher RGR increases the
physiological robustness of seedlings included: 1) the
general pattern of increasing mortality rate with age,
which would be expected if increasing carbon starva-
tion over time in low light increases a seedling’s risk
of mortality; and 2) mortality from Fusarium in L. lar-
icina and P. mariana was highest in the lowest light
treatments, suggesting that plants with severe carbon
shortages are more susceptible to pathogens, as has
been reported by others (e.g., Augspurger 1984). The
importance of high RGR for escaping size-dependent
mortality is suggested by the growth and survival pat-
terns of the three species-resource treatments that had
both the highest RGR and the smallest seed mass, i.e.,
P. tremuloides, B. papyrifera, and B. alleghaniensis in
high N and the two highest light treatments. Only in
these six species–treatment combinations, where mass
increased more than in any other treatments, did in-
stantaneous per capita mortality rates also decrease dra-
matically over the course of the experiment (Fig. 1).
Although RGR was highest in these treatments, it de-
creased as seedlings aged, while mortality rates also
decreased. This suggests that, for these treatments, at
any point in time, size was more important than RGR
in determining changes in per capita mortality rates.
For example, between 18 and 63 d and between 64 and
132 d for B. papyrifera in 2.8% light and high N, RGR
was 54 and 34 mg g21·d21, average daily mortality rate
was 0.0068 and 0.0017, and average mass was 2.7 and
33 mg respectively.

Increases in growth rate with light were greatest at
lower light levels (Fig. 4), a response which may be
explained by two factors. First, the very young seed-
lings used in this experiment had simple monolayer
leaf canopies of shade acclimated foliage, so their can-
opies may have been close to light saturation for pho-
tosynthesis at relatively low irradiances. Second, in low
N treatments RGR may have been N limited, with the
magnitude of this limitation increasing with light level.
Low N nutrition decreased RGR most for species with
high RGR in high N, i.e., the three least tolerant and
smallest-seeded broad-leaved species, P. tremuloides,
B. papyrifera, and B. alleghaniensis.

High N availability increased growth in 7.3% light
for all species and in 2.8% light only for the five most
shade-intolerant species: P. tremuloides, B. papyrifera,
B. alleghaniensis, L. laricina, and P. banksiana. The
pattern in 2.8% light may arise from differences in
RGR and initial germinant N content among species.
All species grew in 2.8% and 7.3% light. However,

species that had some combination of high RGR and
small seed mass exhausted their initial N contents and
thus became potentially N limited faster and at greater
risk of mortality than large-seeded, low RGR species
(Grubb and Burslem 1998). Compared to early suc-
cessional habitats, nutrient availability for young seed-
lings growing in forest understories may be low in
general (Vitousek et al. 1989; M. B. Walters, unpub-
lished data) and highly unpredictable spatially (Jack-
son and Caldwell 1993). Therefore, high initial N con-
tents and a low RGR may aid young seedlings in es-
tablishing a size sufficient to enhance the probability
of nutrient capture and provide them with an extended
period before their nutrient pools are diluted to criti-
cally low concentrations (Milberg et al. 1998).

Summary

Our results demonstrate that, within species, survival
in shade is strongly related to RGR and that both in-
creased light and N can increase RGR, especially for
shade-intolerant species. Conversely, among species,
seed size was related to young seedling survival, but
RGR was not. In general, compared to intolerant spe-
cies, species classified as tolerant had larger seeds, low-
er or similar allocation to leaves, and in very low light,
similar RGR and higher survival. Our data also indicate
that maximum mortality rates, an index of longer-term
survival, were more closely related to shade tolerance
classifications than seed size. This suggests that the
positive effects of seed size on survival are temporary
and that young seedlings of shade-tolerant species have
physiological traits unrelated to RGR that enhance sur-
vival. Identifying and quantifying the relative impor-
tance of these physiological traits will likely require
the explicit consideration of tradeoffs between growth-
related traits and traits promoting protection, mainte-
nance, and storage (Coley 1988, Chapin et al. 1990,
Walters 1993b, Kitajima 1994, Kobe 1997).
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