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SEEDLING SURVIVAL AND GROWTH OF THREE FOREST TREE SPECIES:
THE ROLE OF SPATIAL HETEROGENEITY
BRIANBECKAGE'AND JAMESS. CLARK
University Program in Ecology and Biology Department, Duke University, Durham, Norrh Carolina 27708 USA

Abstract. Spatial heterogeneity in microenvironments may provide unique regeneration
niches for trees and may promote forest diversity. We examined how heterogeneity in
understory cover, mineral nutrients, and moisture and their interactions with canopy gaps
contribute to the coexistence of three common, co-occuring tree species. We measured
survival and height growth of 1080 seedlings of Acer rubrum (red maple), Liriodendron
tulipifera (yellow poplar), and Quercus rubra (red oak) that were planted in one of five
understory treatments: removal of understory vegetation, trenched, trenched plus removal
of understory vegetation, fertilization, and a control. Understory treatments were replicated
in 12 paired gap and canopy environments.
Survivorship varied among species, with Q. rubra having the highest probability of
surviving beyond the 1135-day experiment (probability = 0.64), followed by A. rubrum
(probability = 0.27) and L. tulipifera (probability = 0.07). Although canopy gaps and
understory treatments had large effects on survivorship, species survival rankings changed
little across microenvironments; Q. rubra had the highest survival in all microenvironments.
In contrast to survival, L. tulipifera had a relative growth rate for height that was three
times greater than that of A. rubrum and Q. rubra in high-resource rnicroenvironments.
There was broad overlap among species in relative growth rates in the remaining seven
microenvironments, with no clear top-ranked species.
Differences in seedling growth and survival across these 10 microenvironments may
contribute to the coexistence of two of the three species studied, L. tulipifera and Q. rubra,
but not A. rubrum. Q. rubra had higher survival than A. rubrum and L. tulipifera in all
microenvironments, but L. tulipifera tended to grow faster than A. rubrum and Q. rubra
in high-resource microenvironments. Despite the generally poor performance of A. rubrum,
it was the only surviving species in some quadrats at the end of the experiment, indicating
that stochastic effects, in conjunction with broad niche overlap, may also contribute to
species coexistence. The importance of stochastic effects will probably increase when
differential fecundity across these three species is considered because the high fecundity
of A. rubrum offsets survival and growth disadvantages of its seedlings through their greater
total abundance.
Key words: Acer rubrum; canopy gaps; forest dynamics; Liriodendron tulipifera; Quercus rubra;
regeneration nlche; seedling growth; seedling survival; southern Appalachian forests; sparial hererogeneiry; species drversity; stochasticity.

Spatial heterogeneity in environmental conditions
that affects the growth and survival of tree seedlings
may act as "filters" that differentially affect tree species (Harper 1977). Environments favoring seedlings
of particular species might function as regeneration
niches that promote species coexistence (Grubb 1977,
Pacala and Roughgarden 1982, Huston 1994, Pacala
and Tilman 1994, George and Bazzaz 1999a, b). However, the potential for spatial heterogeneity in microenvironments to maintain forest diversity depends on
interactions of different sources of heterogeneity across
spatial scales. Fine-scale variability (less than one
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square meter) in environmental conditions in the forest
understory is superimposed on coarse-scale (greater
than one square meter) variability represented by canopy gaps and other large disturbances. Canopy gaps,
resulting from the death of overstory trees, can increase
the levels of light, soil moisture, and nutrients in the
forest understory (Pearcy 1983, Canham 1988, Denslow et a1. 1990, Pacala et al. 1994), all of which may
limit seedling growth and survival. However, the forest
understory further modifies resource heterogeneity at
the seedling scale (Korstian and Coile 1938, Harmon
and Franklin 1989, Veblen 1989, Facelli 1994, Lorimer
et al. 1994, Berkowitz et al. 1995, George and Bazzaz
1999a, b). For example, Beckage et al. (2000) showed
that the understory shrub Rhododendron maximum L.
usurped light resources in canopy gaps, reducing resource heterogeneity at the forest floor and lowering
seedling diversity.
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Interactions between heterogeneity in the forest
overstory (e.g., gap or closed canopy) and understory
microenvironments may affect seedling performance,
subsequent community composition, and the potential
for species coexistence (Beckage et al. 2000, Heinemann et al. 2000). The presence of gap-understory
interactions could influence both the seedling competitive environment and the nature of the resource limitation on seedling growth and survival. For example,
understory herbs, ferns, and shrubs may increase in
response to high light availability in canopy gaps and
may compete with tree seedlings. Conversely, microenvironments characterized by high mineral nutrients
or soil moisture may have disproportionate effects on
seedling performance in high light environments, e.g.,
canopy gaps, and little effect in light-limited environments, e.g., closed canopy, (Denslow et al. 1998, Fahey
et al. 1998, Coomes and Grubb 2000). Tolerance of low
light levels may be enhanced by environmental conditions such as increased moisture (Coomes and Grubb
2000).
Despite the fact that gap-understory interactions on
resource availability may be common and important,
there are few large-scale, long-term experiments that
examine the magnitude of these interactions and their
impacts on seedling performance under field conditions. We implemented long-term, replicated experiments to determine the interactions in spatial heterogeneity and their effects on demographic rates that may
contribute to coexistence. Our three-year study of the
dominant species Acer rubrum L. (red maple), Liriodendron tulipifera L. (yellow poplar), and Quercus rubra L. (red oak) in the southern Appalachians involved
canopy treatments with superimposed understory manipulations that simulate the primary factors affecting
resources for understory seedlings. We monitored the
survival and growth of seedlings in contrasting microenvironments created by removal of understory vegetation, trenching, trenching plus removal of understory
vegetation, fertilization, and in unmanipulated controls. These fine-scale treatments were replicated in
closed-canopy and gap conditions. These treatments
allowed us to determine if 10 contrasting microenvironments (five understory treatments X two overstory
conditions) provide sufficient heterogeneity to promote
coexistence. We asked whether each species outperformed the others in some microenvironment (i.e.,
some subset of the 10 experimental treatments) as measured by seedling survival or growth.

We conducted this study in second-growth forests at
the Coweeta Hydrologic Laboratory (35'03' N degrees
latitude, 83'27' W, elevation 675 m to 1592 m), in the
Blue Ridge Physiographic Providence of the southern
Appalachians (see Plate 1, top). Average monthly temperatures range from 3°C in January to 19°C in July.
Precipitation is abundant, averaging 1800 mm annu-
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ally, and is distributed evenly throughout the year
(Swank and Crossley 1988).
Whittaker (1956) described the regional vegetation
in relation to elevation and moisture, including mixedoak forest, which is the most widespread forest type
in the southern Appalachians arrd is the focus of our
analysis. Mixed-oak forest is found at mid-elevations
and at moisture levels intermediate between those of
cove hardwoods and oak-pine ridges. Castanea dentata
(Marshall) Borkh. (American chestnut) was abundant
in mixed-oak communities before the chestnut blight
killed most chestnut trees in the Coweeta basin by
1940. Today, mixed-oak forest is dominated by Acer
rubrum L. (red maple), Betula lenta L. (sweet birch),
Carya spp. (hickories), Liriodendron tulipifera L. (yellow poplar), Nyssa sylvatica Marshall (black gum), Oxydendrum arboreum (L.) DC. (sourwood), Quercus
coccinea Miinchh. (scarlet oak), Quercus prinus L.
(chestnut oak), Q. rubra L. (northern red oak), Robinia
pseudoacacia L. (black locust), and Tsuga canadensis
(L.) Carri&re (eastern hemlock).

Study species
Seedlings of Acer rubrum, Liriodendron tulipifera,
and Quercus rubra were used in our experiments because they are dominant elements of southern Appalachian forests, co-occur within our study sites, and
represent a range of life history traits including shade
tolerance and seed size (Table 1). A. rubrum, Q. rubra,
and L. tulipifera are considered tolerant, intermediately
tolerant, and intolerant of shade, respectively.
Experimental design and sampling
In the summer of 1997, we located 12 natural windthrow gaps that were of recent origin, i.e., the downed
trees often had leaves still attached and showed little
sign of decay. The gaps were found in mixed-oak communities throughout the Coweeta basin. Most of the
trees were uprooted, although some trees had snapped
boles. The forest understories were dominated by Gaylussaccia baccata (Wangenh.) K. Koch (black huckleberry), typically < I m in height, but also included
scattered individuals of Rhododendron maximum (great
laurel) and Kalmia latifolia L. (mountain laurel), both
taller, evergreen shrubs.
We randomly located five 1-m2quadrats within each
gap. Each quadrat was assigned one of five understory
treatments: removal of understory vegetation (Removed, T + R), trenched (Trenched, T), trenched plus
removal of understory vegetation (Trenched + Removed), fertilization (Fertilized, F), or control (Control, C). In the removal treatments, we clipped all understory vegetation < 2 m in height two to three times
during each growing season to increase light availability within the quadrat. The understory vegetation
that was initially removed was dried and weighed. We
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PLATE. 1. (Top) The view from the top of Coweeta basin in western North Carolina. Approximately 60 tree species occur
withing the basin. (Bottom left) A study quadrat with the understory vegetation removed and Liriodendron rulpifern seedling
visible at the rear of the quadrat. (Bottom right) A study quadrat with the herbaceous vegetation intact.

reduced competition with adjacent plants for belowground resources such as water and nutrients by severing roots to a depth of 45 cm around the quadrat
perimeter in trenched treatments. Large roots were cut
using a handsaw. Trenching to this depth is expected
to sever >93% of active roots (Yeakley 1993). The
trenches were backfilled and did not contain any barriers to lateral water flow that might have caused drying
out of the quadrats. Drying out of the trenched quadrats
was also unlikely because of the abundant precipitation
and humid climate of the study sites (Swank and Crossley 1988). The Trenched and Trenched + Cleared
treatments were trenched again each summer. Trenching and removal of understory vegetation in combination reduced levels of both above- and belowground
competition. In the fertilization treatment, we inserted
slow-release fertilizer tablets into the soil (-3-5 cm
depth) adjacent to the seedlings at the time of planting.
The tablets (10 g Agriform planting tablets NPK 2010-5 plus minors; Grace-Sierra Horticultural Products

Company, Milpitas, California, USA) had an expected
life of two years and contained a full range of macroand micronutrients. New tablets were inserted adjacent
to surviving seedlings on 19-22 June 1999. The fertilizer treatment was always assigned to the subplot
farthest downslope to avoid possible effects on other
quadrats. With this exception, treatments were randomly assigned to quadrats.
Within each quadrat, we planted three first-year seedlings of A. rubrum, L. tulipifera, and Q. rubra for a
total of nine seedlings per quadrat near the end of the
summer growing season (24-27 August 1997). A. rubrum and L. tulipifera seedlings were collected from
within the Coweeta basin. Q. rubra seedlings were germinated from acorns purchased from a nearby seed
source. Before planting, we recorded initial heights,
stem diameters, and numbers of leaves (excluding cotyledons) for each seedling.
We repeated this experimental design beneath the
closed canopy adjacent to each gap location. We refer
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TABLE1. Characteristics of the three tree species used in this experiment.

Species
Acer rubrum
Liriodendron tulipifera
Quercus rubra

Shade
Drought
Low-N
Diaspore
"Seed"
tolerance? tolerance* tolerances mass (mg)ll mass (mg)ll
29.1
2
39
1
33.3
4
2
3
39.8
26.9
3
2
1
364#
'NA

? Rankings: 1, very tolerant; 2, tolerant; 3, intermediately tolerant; 4, intolerant. Data are
after Burns and Honkala (1990).
$ Rankings: 1, tolerant; 2, intermediately tolerant; 3, intolerant. Data are after Wilde (1958);
Acer rubrum was not rated.
5 Rankings: 1, tolerant; 2, intermediately tolerant; 3, intolerant. Data are after Mitchell and
Chandler (1939).
I/ Data are after De Steven (1991); NA indicates not applicable.
¶Data are after Barton and Geeson (1996).
#Data are after Young and Young (1992).

to each gap or canopy location as a subplot and each
gaplcanopy pair as a single plot or replicate. In total,
there were 12 plots and 1080 seedlings. Characteristics
of the canopy and gap portions of all plots are given
in Table 2.
All seedlings were subsequently surveyed in October
1997, May, June, and August 1998, June and August
1999, and June and October 2000. During each census,
a seedling was recorded as either alive or dead. Seedling heights were initially measured at the time of planting and were remeasured in August 1999.
We quantified the understory light environment using hemispherical photographs taken over the center of
each quadrat. Photographs were taken at a height of 1
m on 18-20 August 1999 using a fisheye Nikkor 8 mm
f2.8 lens (180" field of view) with Kodak color slide
film and a self-leveling gimbal. All photographs were
oriented with magnetic north toward the top of the
image, allowing superposition of the solar track. Photographs were digitized and analyzed using Hemiview
canopy analysis software (Delta-T Devices, Cambridge, UK). The software estimates indirect and direct
site factors (ISFs and DSFs), which are defined as the
proportion of direct and diffuse radiation received below the canopy as a fraction of that received above the
TABLE2.

canopy (Rich 1989). Site factors range from 1 (open
sky) to 0 (complete obstruction). Cosine-corrected direct and indirect site factors were combined into a global site factor (GSF) using weights that represent the
proportion of diffuse vs. direct light at our study site.
Weights were calculated based on meteorological data
from the Coweeta basin (Bonan 1989, Nikolov and
Zeller 1992). We used the GSF values in two ways.
For comparison of gap and canopy conditions, an average GSF value was calculated for the gap and canopy
portions of each plot (i.e., mean of five quadrats). For
modeling of seedling survival and growth, the GSF
value associated with each quadrat was used as a covariate.

Analysis
We examined differences in light levels (i.e., GSF
values) and biomass of understory vegetation in gap
and canopy environments. Comparisons were made using paired t tests, with the alternative hypothesis being
that of greater light or understory vegetation in canopy
gaps. To avoid psuedoreplication, samples from within
gap or canopy subplots were averaged prior to conducting the t tests.

Characteristics of canopy and gap portions of the overstory of all 12 plots.

Elevation (m)
Slope (%)
Aspect
Aspect
Plot Gap area
(m2) Canopy Gap
Canopy Gap
Canopy Gap
Canopy Gap
no.
1036
21
28
SE
1
1194
1022
SE
135
138
28
24
SE
1031
1029
E
126
96
2
365
1009
16
19
E
3
262
1014
E
100
89
N
960
9
18
N
7
355
4
294
969
25
25
NE
948
34
36
5
267
958
NE
35
NW
946
44
N
314
350
6
353
943
14
SE
919
25
N
148
350
7
467
913
990
27
25
N
8
346
991
NE
22
35
20
22
NW
9
390
731
724
W
331
275
24
NE
717
21
10
473
723
W
33
260
35
24
N
11
286
873
867
N
356
354
28
22
N
12
179
959
969
NW
5
331
Notes: Gap areas are the expanded definition (Runkle 1981). Slope and aspect were estimated
using an inclinometer and compass, respectively.
(O)
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The analysis of the seedling survival data is based
on the survival function. The survival function S(t) is
the probability that an individual survives beyond age
t, i.e., Pr(T > r), where T is a continuous random variable representing the age at death. We calculated both
nonparametric and parametric survival functions. The
nonparametric survival functions do not require any
distributional assumptions, whereas the parametric survival functions allowed for a regression analysis with
explanatory variables.
We estimated nonpararnetric survivor functions using an algorithm from Klein and Moeschberger (1999)
that is based on Turnbull (1976). Our survival data were
interval- and right-censored because a seedling can die
between two censuses or it can survive beyond the last
census. The algorithm iteratively estimates the survival
function using the product-limit (Kaplan-Meier) estimator:

where diis the number of deaths that occur in the interval ti, and Yiis the number of seedlings at risk (i.e.,
alive at the beginning of the interval) in ti. We coded
the algorithm in S-PLUS (Insightful, Seattle, Washington, USA). Intermediate quantities estimated by this
algorithm suggested an analog to the log rank test
(Klein and Moeschberger 1999), which we used to
compare pairs of survival functions.
For inference and formal comparison of treatment effects, we fit parametric survival models to the data. The
models were accelerated time models of the form
f(seed1ing lifetime) = X$

+ Zw + ae

where f() is either an identity or a natural log link
(model dependent), X is the design matrix for fixed
effects, $ is a vector of fixed-effects coefficients, Z is
the design matrix for random effects, w is the vector
of random-effects coefficients, a is the scale parameter
(either scalar or vector, depending on the model), and
E is the model-dependent error distribution (Klein and
Moeschberger 1999, Venables and Ripley 1999). We
modeled w a s realizations from a N(0, a:). We explored
models in which E was distributed as Weibull, exponential, lognormal, log-logistic, normal, and logistic.
The first four models have a natural log link, whereas
the latter two have an identity link.
The "best" model of seedling survival was selected
from the large number of potential models that included
six different error distributions and the following covariates (fixed effects): seedling species ("species"),
understory treatment ("understory"), gap or canopy
conditions ("overstory"), light levels (GSF), slope, aspect, and elevation. Elevation was centered at 0 because
values were large. Slope and aspect entered the model
as a vector of three components:

cos 8 sin cp

where 8 is the aspect (radians) and cp is slope (radians).
The aspect effect is described-by the first two parameters, B[1] and B[2], and the slope effect is described
by B[3] (Clark 1990a, b). Allometric measurements
were recorded at the time of planting, including the
number of true leaves (not cotyledons, "L.ncW), stem
diameter (D), and stem height (H). Plots and subplots
were included in the model as random effects.
Model selection proceeded using an automated stepwise procedure that retained model terms based on
Akaike's Information Criterion (AIC), so that the
"best" model was the most parsimonious model as
judged by AIC. Likelihood ratio tests were used to
calculate P values for the inclusion or exclusion of
model terms, whereas AIC was used to compare models
that assumed different probability densities. The probability density selected in the final model was the Weibull; this was convenient as it has a proportional hazards (i.e., relative risk) interpretation in addition to an
accelerated time interpretation (Klein and Moeschberger 1999). We report the parameter estimates as welt
as the relative risk and accelerated time interpretations
of the treatment effects. Relative risk compares the
relative mortality risk with vs. without a particular
treatment (for factor variables). In the case of continuous covariates, the interpretation is the relative risk
associated with a one-unit increase in the covariate.
The accelerated time interpretations reflect the amount
by which time until death is accelerated by a factor
variable or a one-unit increase in a continuous covariate.
Seedling height growth
We analyzed the relative growth rate for seedling
height in response to our experimental treatments using
mixed linear models. Relative growth rates (RGR) for
surviving seedlings were calculated as

where H , was the height of the seedling in the August
1999 census, H, was the initial height of the seedling,
and T was the elapsed time in days. Within each quadrat
(corresponding to one of five understory treatments),
a mean RGR was calculated across surviving seedlings
of each species. The Box-Cox method indicated that a
transformation was not required to normalize these data
(Weisberg 1985). A linear mixed model was fit to the
mean RGRs with plots, subplots within plots, and quadrats within subplots all considered random effects. The
set of covariates described for the survival analysis was
also used in this analysis, with the exception of the
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FIG. I. Seedling survival of Quercus rubra (Quru),Acer
rubrum (Acru), and Liriodendron tulipifera (Litu) under canopy gap and closed-canopy conditions. Canopy gaps uniformly increased survival across species. The survival functions are nonparametric Kaplan-Meier estimates marginalized
over understory treatments.

allometric measurements on individual seedlings (because we analyzed mean species responses within
quadrats). RGR data were necessarily unbalanced because mortality differed among plots and treatments.
The model fitting procedure is robust to unbalanced
data (Pinheiro and Bates 2000). We tested differences
among species RGRs with the 10 treatment combinations by constructing single-degree-of-freedom contrasts within the context of the fitted model (Steel et
al. 1997).

Light levels were 7.3 1: 1.7% (mean i 1 SE) greater
in canopy gaps than beneath closed canopy ( P <
0.001). GSF (global site factor) values ranged from
0.048 beneath closed canopies to 0.34 in some gaps.
The biomass of understory vegetation was 66% greater
in canopy gaps than under closed canopies (P < 0.001):
180.1 1 12.9 g/m2 in canopy gaps vs. 108.4 i 16.1 g/
m2 beneath closed canopy.
Seedling survival differed among species (Fig. 1, Table 3, P < 0.001), with Quercus rubra having the highest
survival beyond the 1135 days of the experiment
(S[1135] = 0.64), followed by Acer rubrum (S[1135]
= 0.27) and Liriodendron tulipifera (S[1135] = 0.07).
The risk of mortality for Q. rubra was 0.44 that of A.
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rubrum, whereas L. tulipifera had a risk 4.4 times greater than that of A. rubrum (Table 4). Overstory condition
had a large effect on survivorship (Table 3; P < 0.001);
the risk of mortality was 1.57 times greater for a seedling beneath closed canopy than for a seedling in a
canopy gap. Absence of a species x overstory ( P =
0.58) interaction indicates that all species benefited
similarly from canopy gaps (Fig. 1). Understory treatments influenced survival as well (Table 3; P < 0.001):
Removed, Trenched + Removed, Trenched, and Fertilized treatments all increased seedling survival compared to the Control (Fig. 2, Table 4; P from 0.017 to
<0.001) and corresponded to reduced mortality risks
of 0.76, 0.47, 0.52, and 0.54 relative to seedlings in
the Control. Although an understory X overstory interaction was suggested by the reordering of treatment
effects in gap and canopy conditions (Fig. 2), the interaction was not significant ( P = 0.1 1). In addition,
there were neither understory X species (P = 0.72) nor
understory X overstory X species ( P = 0.27) interactions. Thus, the ordering of seedling survival was
maintained across all microsites; Q. rubra had highest
survival, followed by A. rubrum and L. tulipifera.
Spatial variability in seedling survival was large,
even after accounting for covariates (frailty term; Table
3). The variance of the random subplot effect on seedling survival was 0.31 (1 s~ = 0.56); effects of individual subplots ranged from - 1.39 to 1.O1. These were
of the same magnitude as the fixed effects.
The results from the nonparametric analysis of seedling survival were similar to those for the parametric
model; species rankings of seedling survival did not
change across treatments (Fig. 3), with Q. rubra having
the highest survival in all microenvironments. The survival of Q. rubra was significantly greater than that of
L. tulipifera in all 10 treatments and than that of A.
rubrum in eight treatments (P > 0.05 in Fig. 3E, F)
based on the log rank test. The slight differences in
these results compared with those from the parametric
model stem from the fact that the log rank test is nonparametric, is not global in scope (because each test is
based on a subset of all the data), and thus has lower
power.
Seedling relative growth rates (RGR) varied substantially among species, overstory condition, and un-

TABLE
3. ANOVA table of Weibull survival model.
Pr(Chi)
Term
df
Deviance
Species
2.0
359.6
<0.001
Understory
4.0
47.8
<0.001
I .O
29.7
<0.001
Overstory
1.O
2.5
0.11 1
Stem diameter, D
16.5
102.4
<0.001
Frailty(Subp1ot)t
2.1
4.6
0.108
Species X D
Note: Terms were added sequentially and are order dependent.
t The frailty(Subp1ot) term represents the Subplot random
effect.
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TABLE4. Parameter estimates for the seedling survival model as well as relative risk and
accelerated time interpretations of model coefficients. Estimates are for levels of a given
factor, e.g., "Species (Liriodendron)" is the level of the factor Species for Liriodendron
tulipifera.

Term
Intercept
Species (Liriodendron)
Species (Quercus)
Understory (R)
Understory (T + R)
Understory (T)
Understory (F)
Overstory (canopy)
Diameter
Liriodendron X diameter
Ouercus
x diameter
-

Mean
6.44
-2.15

1.19
0.40
1.10
0.95
0.89
-0.66
-0.07
0.46
0.21

1 SE

z

0.29
0.30
0.36
0.17
0.18
0.17
0.17
0.25
0.15
0.22
0.25

22.60
-7.28
3.36
2.39
6.26
5.55
5.14
-2.60
-0.47
2.14
0.83

P
<0.001
<0.001
0.001
0.017
<0.001
<0.001
<0.001
0.009
0.636
0.032
0.409

AccelerRelative ated
risk?
time*
0.01
4.42
0.44
0.76
0.47
0.52
0.54
1.57
1.05
0.73
0.87

0.00
8.62
0.30
0.67
0.33
0.39
0.41
1.93
1.07
0.63
0.81

Notes: Species are Acer rubrum, Liriodendron tulipifera, and Quercus rubra. Treatments are:
R, removal of understory vegetation; T + R, trenching plus removal; T, trenching; and E
fertilization. Diameter is the initial diameter of the seedling.
7 Relative risk compares the relative mortality risk with vs. without a particular treatment
(for factor variables). In the case of continuous covariates, the interpretation is the relative risk
associated with a one-unit increase in the covariate.
$ The accelerated time interpretations reflect the amount by which time is accelerated by a
factor variable or a one-unit increase in a covariate.
derstory treatments (Table 5, Fig. 4). L. tulipifera had
relative growth rates as much as 283% greater than
those of Q. rubrum and 380% greater than those of A.
rubrum. Canopy gaps increased relative growth rates,
but the effect varied across species (Table 5; main effect
P = 0.011, interaction P < 0.001). The understory
treatments tended to increase relative growth rates
compared to Controls (Table 6), although only the Fertilization treatment was statistically significant (P =
0.01 1). The overstory and understory treatment effects
were largely driven by the strong response of L. tulipifera to canopy gaps (Table 6; P = 0.001) and to
Removed, Trenched, and Trenched + Removed treatments (Table 6; P = 0.049, 0.008, and 0.002 respectively) coupled with the failure of Q. rubra to respond
to these same treatments (Table 6). The variability in
relative growth rates associated with the random effects
term was generally an order of magnitude less than the
fixed effects, but the unbalanced nature of the data led
to low precision of these estimates.
L. tulipifera had the highest relative growth rates in
three microenvironments (Fig. 5F, H, J; P < 0.05)
where it benefited from reduced levels of competition
and increased resource levels: Removed, Trenched, and
Trenched + Removed treatments in gap environments.
No single species was clearly the best performer in the
remaining treatments (all P > 0.05).
D~scussro~
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dron tulipifera in all microenvironments, whereas L.
tulipifera had the highest growth rates in three high-

resource environments. Species overlapped broadly (in
their relative growth rates) in the remaining seven treatments, with no clear best performer. The simplest interpretation of these results is that Q. rubra would outsurvive A. rubrum and L. tulipifera in all microenvironments, but that the occasional surviving L. tulipifera
seedling would outgrow Q. rubra in some high-re-

source environments. The third species, A. rubrum, was
not top-ranked in terms of survival or growth in any
microenvironment.
Although seedling survival and growth varied across
species and microenvironment, this led to only two of
the three study species (e.g., L. tulipifera and Q. rubra)
being top-ranked in one of the 10 treatments. Regeneration niches may thus help promote coexistence of
two, but probably not all three of these species. The
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TABLE5. ANOVA table of model of relative growth rate
for seedling height.

Term
Intercept
Species
Understory
Overstory
Species X understory
Species X overstory

Num- Denomerator inator
df
df
1
2
4
1
8
2

94
94
85
11
94
94

F

P

5.046
6.710
2.152
9.380
2.769
8.925

0.027
0.002
0.081
0.011
0.009
<0.001

seeds, whereas Q. rubra has much higher survival but
produces fewer seeds (Clark et al. 1998). The greater
fecundity of A. rubrum and L. tulipifera will result in
more instances of these species capturing a site, despite
a low probability of this occurring on a per seedling
basis. For example, if instead of planting equal numbers
of seedlings in each quadrat, we had weighted the number of seedlings by species-specific fecundity, then
there would be many more instances of A. rubrum and
L. tulipifera capturing sites.

Note: Terms are order independent.

failure to find microenvironments where seedlings of
each species clearly outperformed the others could result from a failure to examine a wide enough array of
microenvironments or from sample sizes that were inadequate to detect small differences among the three
species in each of the 10 treatments. We consider the
former concern unwarranted because we examined a
wide array of understory environments crossed with
contrasting gaplclosed canopy conditions. These are
major axes of environmental variability in forests. The
latter concern about sample size is necessarily true
when statistically significant differences are not found
in field experiments such as ours (i.e., we would not
expect any two species to have precisely the same performance, given large enough replication). However,
our study represents one of the best replicated manipulative field experiments of which we are aware. Instead, our results are most likely representative of only
limited niche partitioning by seedlings, with broad
overlap across species (Brokaw and Busing 2000, Clark
et al. 2003) and is consistent with other studies of seedling recruitment that have found only ambiguous evidence of environmental partitioning, niche differentiation, or microhabitat specialization (Maguire and Forman 1983, Collins and Good 1987, Collins 1990, Latham 1992, Sipe and Bazzaz 1995, Ashton and Larson
1996, Gray and Spies 1997, Broncano et al., 1998,
Carlton and Bazzaz 1998, van der Meer et al. 1998,
Webb and Peart 2000). Alternatively, the residual variability in seedling performance (i.e., random effects)
across species could represent additional underlying
spatial structure that we failed to measure, for example,
species-specific interactions with spatially variable soil
biota (Klironomos 2002).
Broad overlap in species performance and demographic stochasticity ensured that seedlings of all three
species captured some sites. For example, although Q.
rubra had the highest survival in all treatments, both
A. rubrum and L. tulipifera were the sole surviving
species in some quadrats at the end of our experiment.
The importance of such unlikely events will only increase when fecundity difference~across species are
considered, because the rankings of seedling survival
were the opposite of fecundity. L. tulipifera and A.
rubrum have low seedling survival but produce many
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Interactions of understory and
overstory heterogeneity

We found little evidence that heterogeneity associated with the canopy overstory or understory was interacting in a manner other than additive. Although
there was increased understory biomass in canopy
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FIG. 4. Overstory and understory treatment effects on relative growth rates, RGR (mean + 1 SE) for Acer rubrum
(Acru), Liriodendron tu1ipifL.r~(Litu), and Quercus rubra
(Quru) seedlings. L. tulipifera responded most strongly to
high-resource treatments, whereas Q. rubra maintained similar growth rates across treatments. The response ofA. rubrum
to increased resource levels was intermediate between those
of L. tulipifera and Q. rubra. Understory treatments are as in
Fig. 2.
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TABLE6. Parameter estimates for model of relative growth rate for seedling height.
Term?

Mean
( Xlo4)

1 SE
( Xlo4)

df

Intercept
Liriodendron
Quercus
F
R
T
T + R
Gap
Liriodendron X F
Quercus X F
Liriodendron X R
Quercus X R
Liriodendron X T
Quercus X T
Liriodendron x T + R
Quercus X T + R
Liriodendron X gap
Quercus X gap

3.156
-9.131
2.783
4.257
1.239
2.63 1
2.957
2.943
4.650
-3.013
7.878
-2.660
10.05
2.281
11.03
-2.090
6.463
- 1.259

1.405
3.552
1.674
1.632
1.727
1.599
1.609
0.96 1
3.566
2.010
3.95 1
2.102
3.723
2.002
3.508
2.014
1.888
1.170

94
94
94
85
85
85
85
11
94
94
94
94
94
94
94
94
94
94

t
2.246
-2.571
1.663
2.609
0.717
1.645
1.837
3.063
1.304
- 1.499
1.994
- 1.266
2.698
-1.140
3.144
- 1.038
3.423
- 1.076

P

0.027
0.012
0.100
0.01 1
0.475
0.104
0.070
0.01 1
0.195
0.137
0.049
0.209
0.008
0.257
0.002
0.302
0.001
0.285

Note: Values in columns 2 and 3 have been multiplied by lo4.
1- Abbreviations are as in Table 4.
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+

-

gaps, the effects of understory treatments did not appear to be dependent on the overstory condition, e.g.,
overstory X understory interactions were not statistically significant for either growth or survival. These
results appear to contrast with hypotheses suggesting,
for example, that moisture availability would disproportionately favor the shade-intolerant L. tulipifera beneath closed canopy or that nutrient addition would
disfavor it (Coomes and Grubb 2000). Similarly,
trenching had a positive effect on seedling survival and
growth in these nutrient-rich, moist forests, contrary
to previous hypotheses, and the effect did not depend
on overstory condition (Coomes and Grubb 2000).
Seedling performance was affected both by overstory and understory conditions (Figs. 2 and 4, Tables 4
and 6). Seedling survival increased in canopy gaps,
with removal of understory vegetation, with trenching,
and with fertilization. These effects were additive;
seedling survival benefited most from a simultaneous
reduction in both above- and belowground competition.
Previous studies examining the relative effects of forest
overstory and understory competition have produced
mixed results. Some studies have found large effects
of trenching or removal of understory vegetation on
seedling performance (Horn 1985, Christy 1986, Lorimer et al. 1994, Jaderlund et al. 1997, Coomes and
Grubb 1998), whereas others have not (Jones et al.
1997, Buckley et al. 1998, Pinard et al. 1998). In relatively open, coniferous forests, trenching has resulted
in greater increases in sapling growth than has overstory removal (Christy 1986, Riegel et al. 1992). Only
a handful of studies have examined the effect of both
forest overstory and understory on seedling performance in broadleaved forests; these have generally
found overstory removal to have a greater effect on
seedling performance than trenching or understory re-

"
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moval (Horn 1985, Buckley et al. 1998, Coomes and
Grubb 1998). In northeastern hardwood forests, Pacaia
et al. (1994) and Finzi and Canham (2000) found that
sapling growth beneath closed canopies was limited by
light but not by moisture or nitrogen. In contrast, the
large effects of understory treatments (including fertilization) on seedling performance in our study suggest
that light is not the only resource limiting seedling
performance in southern Appalachian forests. This may
result from the nature of these forests; they are second
growth, with relatively high light levels even beneath
closed canopies (Beckage et al. 2000). However, other
studies in undisturbed tropical forests have also found
resources other than light to limit seedling growth
(Lewis and Tanner 2000).
Seedling survival responses to heterogeneity

The ranking of seedling survival varied greatly
across species and corresponded to relative seed size
(Fig. 1, Table 1). The large-seeded Q. rubra had half
of the mortality risk of the smaller seeded A. rubrum
and one-tenth that of the smallest seeded L. tulipifera
(Table 4). We do not claim to demonstrate a positive
relationship between seed size and survivorship using
only three species, but only point out that these results
are consistent with this relationship as found by others
(Aizen and Patterson 1990, Aizen and Woodcock 1996,
Bonfil 1998, Kormanik et al. 1998, George and Bazzaz
1 9 9 9 ~ )Although
.
energy reserves associated with large
seeds would be expected to increase seedling survival
through the first year (Bonfil 1998), after which they
would be largely exhausted, our survival differences
persisted through the three years of this experiment.
Treatments that increased resource availability also
increased seedling survivorship. Canopy gaps increased seedling survival relative to closed-canopy
conditions (Fig. 1). Understory treatments (Removal of
understory vegetation, Trenching, Trenching + Removal, and Fertilization) increased seedling survival
relative to Controls (Fig. 2). Species benefited from
these increased resources uniformly; there were neither
overstory X species nor understory X species interactions. Thus, differential survival across microenvironments does not follow the simplest pattern that
could promote coexistence.
Growth responses to heterogeneity

Seedling growth responses contrasted with seedling
survival. L. tulipifera, which had lower survivorship
than the other species, had growth rates 280% to 380%
greater than those of Q. rubra and A. rubrum in highresource environments (Fig. 5). In contrast, the growth
rates for the large-seeded Q. rubra, which had the highest survival, were less responsive to microenvironmental conditions (Fig. 4E, F) compared to the smaller
seeded A. rubrum and L. tulipifera. This may reflect
the buffering effect of energy reserves from a large
seed (Grime and Jeffrey 1965), together with a reduced
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ability to capitalize on favorable growth conditions
(Mitberg et al. 1998). Other studies have also found a
negative correlation between seed mass and relative
growth rate (Agboola 1996, Cornelissen et al. 1996).
Relative growth rates of all species were increased
by fertilization and canopy gaps (Fig. 4, Table 6). L.
tulipifera was particularly responsive to understory and
overstory treatments that increased resource availability, which is consistent with its classification as a gap
obligate species (Burns and Honkala 1990). These
same treatments also tended to disproportionately benefit growth rates of A. rubrum relative to Q. rubra,
although differences were not statistically significant.
This pattern is consistent with a reported trade-off between growth rates of forest trees in resource-rich environments vs. low survival in resource-poor environments in northeastern forests (Pacala et al. 1994, 1996,
Kobe et al. 1995), and may reflect differential sensitivity to resource availability. The shade-intolerant species L. tulipifera was able to capitalize on opportunities
in high-resource environments, but performed poorly
in competitive environments. Q. rubra, on the other
hand, was relatively insensitive to its competitive environment and tended to perform consistently across
microenvironments (Kolb and Steiner 1990). A. rubrum
was between these two extremes. George and Bazzaz
(1999b) found a similar result for Q. rubra, A. rubrum,
and Betula alleghaniensis Britt. (a small-seeded, shadeintolerant tree species ecologically similar to L. tulipifera) in forest understories: Q. rubra and A. rubrum
had higher persistence in fern understories, but B. alleghaniensis had much higher growth rates in favorable
conditions. Although this may be a transient phenomenon related to the initial seed size of each species, the
persistence of the survival advantage for Q. rubra
through three years in our study suggests otherwise.
We found large differences in growth and survival
of Acer rubrum, Liriodendron tulipifera, and Quercus
rubra seedlings in response to spatial heterogeneity in
microenvironmental conditions. However, only Q. rubra and L. tulipifera were clearly favored in some microenvironments, indicating the potential for regeneration niches to contribute to the coexistence of only
two of the three species studied. A. rubrum was not
favored in any microenvironment. Nevertheless, broad
species overlap and demographic stochasticity led to
capture of some sites by A. rubrum. The importance
of stochastic processes may increase when interspecific
differences in fecundity are considered, and suggest
that stochastic processes in conjunction with species
niche overlap may also contribute to species coexistence.
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