Journal of Tropical Ecology (2011) 27:611-620. © Cambridge University Press 2011
doi:10.1017/S0266467411000435

Trade-offs between growth and survival of non-pioneer light-demanding
tree seedlings in tropical forest of Hainan Island, China

Wenijie Yang*t, Fude Liu*{, Lingyan Zhou*, Shiting Zhang* and Shuging An*

* Laboratory of Forest Ecology and Global Changes, School of Life Science, Nanjing University, 22 Hankou Road, Nanjing 210093, China

T College of Horticulture and Forestry Science, Huazhong Agricultural University, Wuhan, China

1 Key Laboratory of Water Resources and Environment of Shandong Province, Water Resources Research Institute of Shandong Province, Jinan 250013, China
(Accepted 12 August 2011)

Abstract: We performed a pot experiment in which 540 seedlings of nine non-pioneer light-demanding tree species
were grown for 12 months in shade houses at three light levels, 46% daylight, 13% daylight and 2% daylight, to
examine the mechanisms contributing to the coexistence of seedlings of non-pioneer light-demanding tree species in
secondary successional tropical rain forest in Hainan, China. Growth and survival of tree seedlings were compared at
different light levels, and the morphological and physiological correlates of high-light seedling growth and low-light
survival across species were determined. For all species, mortality was very low in the 46% daylight and 13% daylight
treatment but increased significantly in the 2% daylight treatment. Seedling survival in 2% daylight treatment was
positively related to seed mass. Trade-off between high-light growth and low-light survival was more evident in the
relationship with 2% daylight treatment as compared with 13% daylight treatment. Relative growth rate in the 2%
daylight treatment was not significantly related to relative growth rate in the 13% daylight or 46% daylight treatment;
although a slight negative correlation was apparent. Interspecific variation in RGRm was only closely correlated with
net assimilation rate (NAR). The results provide some support for the niche-partitioning hypothesis.
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INTRODUCTION

environmental conditions may also determine growth
rates (Bazzaz 1979, Reich et al. 1998a, 1998b; Veneklaas

Species-specific differences in survival and growth
responses to light during seedling establishment may
contribute to the coexistence of these species (Bloor
& Grubb 2003, Dalling & Hubbell 2002, Garwood
1986). One proposed mechanism by which tree species
coexist is through niche partitioning along gradients of
light availability. Many studies, including shade house
(Agyemanetal. 1999, Ashton 1995, Bloor & Grubb 2003,
Hall et al. 2003) and gap (Ashton et al. 1995, Dalling
et al. 2004, Pearson et al. 2003), have been carried out
to test this mechanism within forests of mixed species
assemblages, but evidence remains equivocal (Dalling
et al. 2004, Sack & Grubb 2001). Seed mass is a key
life-history trait, which is closely related to seedling
relative growth rates (RGR) and survival for forest tree
species (reviewed by Leishman et al. 2000). Morphological
and functional characteristics of species change with
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& Poorter 1998). For example, relative growth rates have
been shown to be correlated with photosynthesis and
respiration rates (Reich et al. 1998b), specific leaf area
(Poorter 1999), leaf area ratio (Poorter & Remkes 1990,
Veneklaas & Poorter 1998), and resource allocation
to defence and/or storage (Coley et al. 1985, Kobe
1997, Lambers & Poorter 1992). In heterogeneous light
environments, the coexistence of forest species with
different seed sizes may through trade-off between high-
light growth rates and low-light survival.

Tree species can be classified functionally as pioneer
or non-pioneer based on the light requirements for
seed germination and seedling establishment (Swaine
& Whitmore 1988). In contrast to pioneer and shade-
tolerant species, plants within the non-pioneer light-
demanding guild can germinate in the forest understorey,
need shade for early growth but then require release
(Hawthorne 1995), and can adapt to survive and
grow in a wide range of light conditions (Montgomery
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Table 1. Characteristics of the nine non-pioneer, light-demanding tree species examined in this study. Initial mass and height
values were obtained by destructive harvesting of 10 individuals per species at the beginning of the 12-mo growth period.

Species Family Species code  Seed mass (mg) Initial mass (g) Initial height (cm)
Winchia calophylla A. DC. Apocynaceae WC 3.15 0.042 3.70
Antidesma bunius (L.) Spreng. Euphorbiaceae GH 18.5 0.040 2.98
Bischofia javanica Bl. Euphorbiaceae BJ 16.1 0.033 3.44
Castanopsis fissa Rehd. & Wils. Fagaceae CF 1346 0.165 3.42
Liquidambar formosana Hance Hamamelidaceae LF 4.42 0.049 3.88
Artocarpus styracifolius Pierre Moraceae AS 297 0.074 5.68
Eriobotrya deflexa (Hemsl.) Nakai  Rosaceae ED 522 0.060 5.08
Homalium hainanense Gagnep. Samydaceae HH 1.01 0.009 1.91
Sterculia alata Roxb. Sterculiaceae SA 662 0.163 5.58

2004). Tests for species-specific differences in survival
and growth responses among tree species have included
both shade-tolerant and pioneer species in tropical forests
(Dalling & Hubbell 2002, Kitajima 1994, Kobe 1999,
Sanchez-Gomez et al. 2006, Walters & Reich 2000),
and produced varying results. However, there has been
little study of performance trade-offs between survival
and growth in non-pioneer light-demanding species. The
mechanism of non-pioneer light-demanding tree species
co-existence is not very clear.

This paper describes a study where nine co-occurring
non-pioneer light-demanding tree species were grown
under three simulated light environments (low light,
2% daylight; moderate light, 13% daylight; high light,
46% daylight) in Hainan in China. We examined the
survival and growth of plants and tested hypotheses
concerning the coexistence of tree species along light
resource gradients by examining the trade-offs between
seedling survival and RGR (both in mass and in height)
atarange of light levels. Specifically, the hypotheses were
tested as following: (1) seed mass is positively correlated
with low-light survival, and negatively correlated with
RGR in either low or high light; (2) there are important
morphological or physiological trade-offs, particularly
trade-offs between seedling low-light survival and high-
light RGR across species; (3) there are crossovers in rank
order performance of species between low and high light

METHODS

Study site and species

Our study was carried out in a tropical tree garden
at Jianfengling Experimental Station (Research Institute
of Tropical Forestry, Chinese Academy of Forestry) in
Hainan Province, China (18°23'-18°52'N, 108°36'-
109°05’E). The mean annual temperature of this region
is 24.5 °C, and the mean temperatures of the coldest and
hottest months are 14.3 °C and 27.3 °C, respectively.
Snow and frost do not occur in this region. Rainy and
dry seasons are clearly demarcated, with the dry season
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occurring from December to April and the wet season
from May to October. Annual rainfall is approximately
2200 mm, 80-90% of which falls during the rainy season.
Ascending from the lowest foothill to the mountain peak
(1412.5 m), air temperature declines from 25 °C to 17—
19 °C, and annual precipitation increases from 1300 to
3500 mm (Jiang & Lu 1991, Li 2002). Early-successional
forests dominate most mountains of Hainan Island (Li
2002). Forest gaps of 20-400 m? constitute a large
proportion of the forested area, and the light intensity
in the understorey is 4-14% of full sunlight (Jiang et al.
2002).

The nine tree species studied are common in seasonal
tropical rain forests of Hainan and southern China and
differ in seed mass and leaf phenology. Six epigeal and
three hypogeal species were studied, with the seed reserve
dry mass varying from about 1000 mg for Castanopsis
fissa to about 1 mg for Homalium hainanense (Table 1).
Seeds were collected from various rain-forest locations
ranging from about 300-800 m altitude on Jianfengling
Mountain between July 2007 and December 2008.

Shade treatments

We established different light environments in three
shade houses using neutral-density shade cloth.
Photosynthetically active radiation (PAR) in each shade
house was 46% 4 0.3%, 13% £ 0.2% and 2% % 0.3% full
daylight, based on comparisons of treatment vs. outdoor
instantaneous readings made at midday under clear skies
using LI-190SA Quantum sensors (Li-Cor, Lincoln, NE,
USA). These light levels are comparable with those found
in gaps and in the forest understorey in the study area
(Jiang et al. 2002).

Growth experiment
Seeds were germinated in shallow trays filled with forest

topsoil. Once the first pair of leaves or photosynthetic
cotyledons was fully expanded, seedlings were carefully
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dug up and planted individually into plastic pots (25 cm
high, 23 c¢cm diameter) containing a mixture of 3:1:1
forest soil, pond sludge and washed river sand, and then
randomly allocated to a light treatment. Twenty plants
of each species were assigned to each treatment. Dates
of seedling transplant and treatment assignment varied
based on seed collection and germination times. Once the
plants were set up in the shade houses, initial harvests
were taken for a subsample of each species (10 plants per
species). We recorded leaf area, stem height and seedling
dry mass (seedlings were oven-dried at 70 °C for 48 h) for
these initial harvests.

Plantsreceived natural rainfall, supplemented by hand-
watering during dry periods (>1 d without rain). Any
seedlings dying in the first 2 wk immediately following
transplant were replaced. Following seedling transfer into
the shade houses, survival censuses were initiated and
carried out monthly throughout the experiment. We
labelled as dead those individuals that had lost all their
aerial structures, did not have any photosynthetically
active leaves (i.e. green and flexible leaves) and exhibited
loss of stem flexibility in the upper third portion of
the plant. Plants were relocated within the shade
houses regularly during the experimental period to
reduce possible positioning effects. Seedlings were sprayed
with a fungicide solution (50% Carbendazim, Pesticide
Technology Development Co., Ltd., Wuhan Scarlett,
China) twice during the experiment in order to control
fungal infections. None of the mortality events showed
signs of a fungal-infection-mediated death. The growing
period between initial and final harvest was 12 mo for
each species. No leaf abscission was observed in the high-
or low-light treatments during the study period.

Photosynthetic measurements

In the wet season of 2008, we selected five fully
expanded, young to medium-aged and apparently
healthy leaves of each species (one leaf per individual) in
each shade treatment for photosynthesis measurements.
Photosynthetic measurements were taken from 09h00
to 11h30 under clear skies (July—November 2008). The
measurement order of treatments and seedlings was
randomized each day. Maximum photosynthetic capacity
(Amax) was measured using a portable leaf chamber
and open-system infrared gas analyser (IRGA) (LI-6400;
Li-Cor Inc., Lincoln, NE, USA). Amax was measured at
ambient CO, concentrations (approximately 370 mmol
mol~!) and 1500 mmol m~2 s~! photosynthetic photon
flux density (PFD) provided by a red-blue light source
(6400-02B; Li-Cor Inc., Lincoln, NE, USA). Ambient
temperature ranged from 24 °C to 28 °C, and leaf
chamber temperature was about 25 °C. Amax was
inducedin a stepwise fashion at PED levels of 500, 700 and
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1000 mmol m~2 s~! before it was measured at
1500 mmol m~2 s~!. The dark respiration rate (Rd) was
measured in dark-adapted leaf blades.

Seedling measurements and derived parameters

All seedlings were grown for 12 mo, commencing
September—December 2007. At the end of the study,
10 seedlings of each species in each treatment
were destructively harvested, and morphological
characteristics were measured. Seedlings were separated
into roots, stems and leaves, and dried at 72 °C in a forced
air oven for 48 h before quantifying dry mass. Roots were
washed carefully prior to drying. Leaf area of all leaves
of each seedling was measured using a LI-COR LI-3000
leaf area meter (Li-Cor Inc., Lincoln, NE, USA). Plant
dry mass values did not include cotyledon remains as in
many cases these had dropped off. The following growth
parameters were derived from basic measurements:
Relative growth rate in mass (RGRm, g g~! mo~!) =
(InW,—InW1)/(T>,—T;), Relative growth rate in height
(RGRh,cmcm™!mo~!) = (InH,—InH;)/(T,—T;), W, and
W arethefinal andinitial (i.e. mean of the plants from the
initial harvest) total dry weights per plant, H, and H, are
the final and initial total heights per plant, and T, —T; is
the growth time interval (12 mo). Specific leaf area (SLA,
cm? g~!) = leaf area/leaf mass. Leaf mass ratio (LMR, g
g~1)=leafmass/total plant mass. Stem massratio (SMR, g
g~1) = (stem + petiole mass)/total plant mass. Root mass
ratio (RMR, g g~ ') =root mass/total plant mass. Leaf area
ratio (LAR, cm? g~!) = total leaf area/total plant mass.
Net assimilation rate (NAR, g cm™! mo™!) = [(W,—W;)
(IDAZ —hlA] )]/[(Az—A]) (Tz —T] )], Wz and W] are the
final and initial (i.e. mean of the plants from the initial
harvest) total dry weights per plant, A, and A; are the
final and initial total leaf area per plant, and T,—T; is
the growth time interval (12 mo). Cotyledon masses were
excluded. Absolute growth was also calculated in terms
of biomass and height.

Data analysis

Patterns of variation among species and simulated
light environment in seedling allocation pattern and
physiology, and their contribution to growth, were
explored using ANOVA models. Analyses were performed
on the means of the seedlings of each species grown
on each shade house (n = 10 per species per
treatment). Differences in final seedling mass (and
height), and RGRm (and RGRh) among light treatments
were examined separately using one-way ANOVAs; if
significant treatment differences were detected (P < 0.05)
then Tukey’'s multiple range test was used for mean
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Table 2. F values and significance values from ANOVA for
analysis of variance of total biomass, total mass relative growth
rate (RGRm), relative height growth rate (RGRh), root mass ratio
(RMR), stem mass ratio (SMR), leafmass ratio (LMR), specific leaf
area (SLA), leaf area ratio (LAR), net assimilation rate (NAR),
maximum photosynthetic capacity in area (Amax) and dark
respiration rate (Rd). Three light levels and nine species are
considered as fixed factors.

Species Light Species x Light
Biomass 79.6%** 5517 28.2%%*
RGRm 209%** 230%** 35.6%*
RGRh 33. 1% 640*** 12.4%**
RMR 29 2% 66.6™** 6.8%*
SMR 25.6%** 104%** 10.8%**
LMR 52.2%%* 309** 7.0
SLA 126™* 483+ 17.17%*
LAR 34.2%% 538%** 29.6%*
NAR 45.0%* 551%** 19.1%*
Amax 19.2%* 232k 6.1**
Rd 17.37% 1.4 3.0%

separation. Data were transformed where necessary to
meet the assumptions of normality and homogeneity
of variance. The relationships between seed mass and
RGRm (or RGRh) in 13% (or 46%) sunlight, and seedling
survival in 2% sunlight were determined using simple
linear regression. Pearson’s correlation coefficients were
calculated between seedling survival in 2% sunlight and
both RGRm and RGRh in the 13% and 46% treatments.

RESULTS

All seedling attributes measured responded to variation in
light treatment (Table 2). The most responsive variables
were RGRm, followed by A,.x and SLA. Species also
varied significantly for all attributes measured, and
in many cases, including RGR, inherent differences
among species accounted for less variation than did light
responses. Similarly, interactions between species and
light treatment were significant with the exception of Rd
(Table 2).

Seedling survivorship

We found interspecific differences in seedling survival in
all light treatments (Figure 1). In low-light treatment,
Eriobotrya deflexa, Artocarpus styracifolius and Sterculia
alata experienced the highest survival, indicating higher
shade tolerance than other species included in the study.
Homalium hainanense experienced the lowest survival,
indicating that this was the least shade-tolerant of the
nine species examined.

Seedling survival in deep shade showed a significant
negative relationship with both moderate-light RGRm
(r = —0.788, P = 0.012) and high-light RGRm
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Figure 1. Relationships between survival in deep shade (2% sunlight)
and relative mass growth rate (RGRm) (a), and relative height growth
rate (RGRh) (b) for seedlings of nine tree species. Relative growth rates
(both RGRm and RGRh) are for seedlings of nine tree species grown
at two different levels of irradiance in experimental shade houses: 46%
sunlight (solid line, solid squares) and 13% sunlight (dashed line, hollow
squares). Each point represents a species mean.

(r = —0.694, P = 0.038). The correlation was
stronger with RGRm in moderate light than in
high light (Figure 1la). Seedling survival in deep
shade also showed a significant negative rela-
tionship with moderate-light RGRh (r = —0.835,
P =0.005), but contrary to expectations, survival was not
correlated with high-light RGRh (r=—-0.549,P=0.126)
(Figure 1b). Seedling survival in low-light treatment was
significantly correlated with the dry mass of seed reserves
(r=0.945,P < 0.001) (Figure 2).

Relative growth rates in moderate and high light

Relative mass growth rates (RGRm) showed a wide spread
of values among species (Figure 3a). In both high and
moderate light, RGRm values did not correspond linearly
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Figure 2. Relationship between survival in deep shade (2% sunlight) and
seed mass for nine tree species. Species codes are given in Table 1.

with seed mass (Figure 3a). Relative growth rates in
height (RGRh) also showed comparable variation in the
two treatments (Figure 3b). Species differed in initial
seedling height, but differences in RGRh led to a number of
crossovers in the rank order of species according to height
(Figure 3b).

No significant correlation existed between low-light
and high-light RGRm (r=—0.301,P=0.431) or between
low-light and moderate-light RGRm (r = —0.349, P =
0.357) across species (Figure 4a). RGRh in high (and
moderate) light both decreased with increasing low-light
RGRh (r = —0.628, P = 0.070 and r = —0.455, P =
0.218, respectively) (Figure 4b). High-light RGRh was
not significantly correlated with high-light RGRm across
species (r=0.612, P =0.079), but moderate-light RGRh
showed a strong positive relationship with moderate-light
RGRm across species (r=0.916, P < 0.001).

Relative growth rates and seed reserves

RGRm and RGRh were negatively correlated with seed
reserve dry mass in both high- and moderate-light
treatments (Figure 5). The correlation was stronger in
moderate light than in high light for both RGRm (Figure
5a) and RGRh (Figure 5b).

Final seedling height was not correlated with initial
seedling height either in moderate light (r = —0.314,
P = 0.411) or in high light (r = —0.068, P = 0.862),
nor was it correlated with seed reserve mass in either
moderate light (r = —0.198, P = 0.609) or high light
(r = —0.290, P = 0.450). Initial differences in height
were overcome by differences in RGRh. Final seedling
mass was negatively correlated with seed mass in both
moderate light (r = —0.812, P = 0.007) and high light
(r=-0.681, P =0.043). Initial differences in mass were
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Figure 3. Relative mass growth rate (RGRm) (a), and relative height
growth rate (RGRh) (b), for seedlings of nine tree species grown in both
46% (solid columns) and 13% (hollow columns) of full daylight. Mean
(£ SE) is shown; n = 10 seedlings per species per treatment. Species
for RGRm are arranged according to seed mass. Species for RGRh are
arranged according to initial seedling height. Species codes are given in
Table 1.

overcome by differences in RGRm. Cross-overs in rank
growth rate between gap sizes were therefore clear.

Relative growth rates and seedling traits

Interspecific variation in RGRm was associated with
different plant traits depending on light level (Table 3). In
high-light conditions, RGRm was significantly correlated
with net assimilation rate (NAR) across species but was
not correlated with leaf area ratio (LAR) or specific leaf
area (SLA) (Table 3). Neither RGRm nor RGRh was
significantly correlated with stem mass ratio (SMR),
root mass ratio (RMR), or leaf mass ratio (LMR). RGRh
was also not significantly correlated with NAR, LAR
or SLA; although RGRh tended to increase somewhat
with increasing NAR, this trend was not statistically
significant. LMR was negatively correlated with SMR (r =
—0.769, P < 0.05) but not with root mass ratio (RMR)
(r=-0.310,P > 0.05).
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(2% sunlight) vs. moderate light (13% sunlight) and high light (46%
sunlight) treatments for seedlings of nine tree species. Each point is a
species mean.

In moderate light, RGRm and RGRh were both
significantly correlated with NAR but not with LAR
or SLA. RGRm was significantly positively correlated
with SMR but was not correlated with either RMR or

WEN]JIE YANG ET AL.

0.0 —_—
00 05 10 15 20 25 30 35

Logy seed mass (mg)

05 r b
T, 04
E r=-0.806
e 03 F~—~_ P =0.009
2 ) T
g 2 Tl e
=02 | T~
= r==0.672 o
® 01 F P =0.047 o
0.0 - - — : - -

00 05 10 15 20 25 30 35
Logsq seed mass (mag)

Figure 5. Relationships between dry mass seed reserve and RGRm (a), and
RGRh (b) for seedlings of nine tree species grown at two different levels
of irradiance in experimental shade houses: 46% full daylight (solid line,
solid squares) and 13% full daylight (dashed line, hollow squares). Each
point is a species mean.

LMR. RGRh was not correlated with SMR, RMR or LMR.
LMR was significantly negatively correlated with RMR
(r = —0.58, P < 0.05) and SMR (r = —0.60, P <
0.05).

Table 3. Correlation matrix for seedling traits of nine species grown in 13% and 46% sunlight. Values are Pearson’s correlation coefficients
(n = 10), with significant correlations indicated by asterisks: *P < 0.05, **P < 0.01. Numbers below the diagonal refer to plants grown
in 13% daylight, whereas values above the diagonal refer to plants grown in 46% sunlight.

RGRm RGRh NAR SLA LAR RMR SMR LMR Amax Rd

RGRm 0.612 0.765* —0.023 —-0.437 —-0.415 0.589 —-0.281 0.235 0.067
RGRh 0.916** 0.541 0.181 —0.401 —-0.390 0.582 —0.255 —-0.268 —-0.147
NAR 0.831** 0.721* —-0.254 —0.885*  —0.814** 0.527 0.005 —-0.108 0.153
SLA 0.455 0.409 0.196 0.373 0.193 0.414 —0.560 -0.129 -0.430
LAR 0.306 0.362 -0.263 0.556 0.942*  —-0.357 —-0.224 0.280 —0.358
RMR —0.180 —0.238 —-0.357 0.097 0.279 -0.275 —-0.310 0.414 -0.297
SMR 0.672* 0.491 0.650 0.733 0.116 —-0.267 —0.769* 0.234 -0.033
LMR —-0.324 —0.087 —-0.196 —0.669* —0.261 —0.583* —0.602* —-0.320 0.247
Amax 0.548 0.542 0.350 0.248 0.392 0.266 0.358 —0.384 0.322
Rd —0.344 —0.563 0.003 -0.521 —0.680* 0.347 —-0.224 —-0.203 —-0.238
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DISCUSSION

Interspecific variation in survival and growth

Our results showed obvious species-specific differences
in survival and growth among the light treatments,
consistent with previous studies focusing on tropical
species (Bloor 2003, Sanchez-Gomez et al. 2006, Seiwa
2007). Contrary to our expectation, seedlings of all
species subjected to the low-light treatment exhibited
a high survival, suggesting that the non-pioneer light-
demanding species of Hainan generally exhibit a degree
of shade tolerance during the early establishment
stages. However, the higher-than-expected survival may
have resulted from the short duration (i.e. 12 mo) of
our study. Baraloto et al. (2005a) found that larger
seedlings did survive better within the first year, but
they were more likely to die in the subsequent 4-y
period.

Our results exhibited clear trade-off between low-
light survival and high-light growth of seedlings, which
was consistent with previous studies that included both
shade-tolerant and pioneer species (Kitajima 1994, Kobe
1999, Walters & Reich 2000; but see Bloor & Grubb
2003). This trade-off was found with respect to mass
growth but not with respect to height growth, which
is probably due to the complex effects of shade on
height growth (Sanchez-Gémez et al. 2006). Height
growth in response to shade is a shade avoidance
strategy; with poor light interception efficiency in shaded
environments, shade avoiders have adapted to grow
rapidly toward light (Pearcy et al. 2005). Our results
also suggested a potential negative relationship (not
statistically significant, however) between low-light and
high-light RGR (both in mass and in height), which
was similar to results of studies of tropical tree seedlings
(Agyeman et al. 1999), but different from some studies
that found a trade-off between RGR in low vs. high light
conditions, or a positive correlation between RGR in low
vs. high light conditions (Bazzaz 1979, Bloor & Grubb
2003, Kitajima 1994, Osunkoya et al. 1994, Poorter
1999). Thus, growth rates at different light levels may not
be the simple result of differences between shade-tolerant
and light-demanding species, but may be determined by
intrinsic plant constraints unrelated to shade tolerance,
as suggested by Bloor & Grubb (2003). Results in this
study revealed that variation in RGRm among the study
species was much greater in the moderate light than
in the high light (Figures 1, 3), resulting in a more
obvious performance trade-off in the moderate light. The
results may link to the differences in light response and
plant flexibility among non-pioneer light-demanding tree
species.
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Life history as a determinant of growth response

In agreement with general trend, we found a significant
relationship between survival and seed size across species.
Our results indicated that seed size was negatively
correlated with relative mass growth and absolute growth
in both moderate-light and high-light conditions, which
was similar to relationships that have been observed
in woody plants of widely varying shade tolerance
(Cornelissen et al. 1996, Dalling et al. 2004, Grubb &
Metcalfe 1996, Kitajima 1994, Osunkoya et al. 1994,
Paz & Martinez-Ramos 2003, Reich et al. 1998a, 1998b;
Walters & Reich 2000). Small-seeded tree species in our
study had higher RGRh under moderate-light levels;
this strategy may be obligatory for seedlings to allow
them to escape potentially high mortality rates (Seiwa
2007). To escape shading by neighbours, particularly
in competitive, early-successional habitats, early rapid
height growth is advantageous for seedling establishment
(Ross & Harper 1972, Seiwa 2000, 2007) because
increasing seedling height can dramatically improve the
light conditions experienced by the seedlings (Givnish
1982). Seed size had a critical effect on species-specific
differences in seedling performance along the irradiance
gradient in our study. The correlations and constraints we
observed in the early stages of the experiment weakened
during subsequent growth, which led to species cross-
over in RGR, similar to observations from other studies
(Baraloto et al. 2005b, Bloor & Grubb 2003).

Physiological and allocational responses to variation
in light availability

The wide variation in RGR among species has been
explained mainly by plant morphological variables (Atkin
et al. 1996, Cornelissen et al. 1996, Maranéon & Grubb
1993, Poorter & Remkes 1990). RGR was only found to
be positively correlated with NAR in our study, similar
to results that were found in 12 neotropical pioneer
tree seedlings grown in simulated forest gaps in Barro
Colorado Nature Monument (Dalling et al. 2004). SLA
and LAR have been assumed to be good indicators of
interspecific variation in RGR among species and across
environmental gradients (Cornelissen et al. 1996, Poorter
& Remkes 1990, Westoby 1998). However, we found no
direct correlation between SLA or LAR and RGR either
in high-light or in moderate-light treatments, which was
similar to the findings of several previous studies (Bloor
& Grubb 2003, Dalling et al. 2004, Lusk & Pozo 2002,
Poorter 1999). Significant correlations between SLA and
RGR may largely reflect the difference between slow-
growing, shade-tolerant species with low and largely
invariant SLA and fast-growing pioneers with relatively
high SLA (Dalling et al. 2004). Shipley (2006), in a
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meta-analysis of growth, found that NAR but not LAR
was the best predictor of RGR, as found in this study
(see also Antunez et al. 2001, Ruiz-Robleto & Villar
2005). The relative importance of LAR in determining
RGR may depend on the irradiance (Shipley 2002). No
correlation was also found between Amax and RGR across
treatments, similar to results found in neotropical pioneer
species (Dalling et al. 2004) and Quercus species (Quero
etal. 2008). Queroetal. (2008) proposed that a correlation
between Amax and RGR would be strongest only for
plants of a range of species grown under high irradiance
and water supply; the correlation would be weakened due
to interspecific variation in the plasticity of LAR and leaf
physiology across a gradient of resource supply. Thisstudy
fails to support several proposed relationships between
growth performance and morphological and functional
characteristics of species. Thus, these variables contribute
little to variation in growth performance within the non-
pioneer light-demanding functional group.

Performance trade-off and species coexistence

Results in this study provide some evidence supporting
the hypothesis of niche-partitioning gradients of
light availability (i.e. species co-existence) in spatially
heterogeneous light environments in forests undergoing
secondary succession. This evident trade-off between
low-light survival and high-light RGR also supports the
idea of light gradient partitioning in heterogeneous light
environments (Baraloto et al. 2005b, Dalling & Hubbell
2002, Kitajima 1994, Kobe 1999, Sanchez-Gémez et al.
2006, Walters & Reich 2000). Differences in RGR led
to a number of crossovers in the rank order of species
according to height and dry mass over time in the current
study. A shifting competitive hierarchy among species in
a given light regime over time may interact with species-
specific responses to environmental variables, thereby
promoting species co-existence.
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