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PERFORMANCE TRADE-OFFS AMONG TROPICAL TREE SEEDLINGS
IN CONTRASTING MICROHABITATS
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Abstract. We investigated performance trade-offs among seedlings of ninetropical tree
species during a five-year field experiment. Seedlings were grown in eight microhabitat
types composed of paired gap and shaded understory sites in each of four soil types.

We defined performance trade-offs relevant to coexistence as significant pairwise rank
reversals for species performance between contrasting situations, of which we characterize
three types: microhabitat, fithess component, and ontogenetic. Only 2 of 36 species pairs
exhibited microhabitat trade-offs or reversed rankings for survival or relative growth rate
(RGR) among microhabitats, and only one species pair reversed performance ranks among
soil types. We found stronger evidence for rank reversals between fitness components
(survival and RGR), particularly in gap vs. understory environments, suggesting a general
trade-off between shade tolerance (survival in shade) and gap establishment (RGR in gaps).
Third, the most frequent rank reversals between species pairs occurred between early and
later ontogenetic stages, especially between fitness componentsin contrasting microhabitats.
Overall, 15 of 36 pairs of potentially competing species exhibited some type of seedling
performance trade-off, two species pairs never outperformed one another, and for 19 species
pairs one species was a consistent better performer. We suggest that ontogenetic trade-offs,
in concert with microhabitat and fitness component trade-offs, may contribute to species

coexistence of long-lived organisms such as tropical trees.
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INTRODUCTION

An ecological trade-off occurs when a higher fitness
under one set of conditions causes areduction in fitness
under another set of conditions (MacArthur and Levins
1964). The theoretical importance of performance
trade-offs in community ecology is widely accepted,
either to determine constraints on organismal mor-
phology or physiology (Poorter 1999, Walters and
Reich 1999), or to understand interspecific differences
that contribute to community structure (Grime 1979,
Givnish 1988, Tilman 1988, Latham 1992, Huston
1994). However, much less attention has been paid to
the critical empirical problem of how to actually iden-
tify trade-offs that could potentially contribute to co-
existence (Kitajima and Bolker 2003, Kneitel and
Chase 2004); in this paper, we address two central is-
sues that we argue have been underemphasized.

The first issue concerns identification of trade-offs
contributing to coexistence in a multi-species com-
munity. Theory predicts that a necessary, although not
always sufficient, condition for coexistence is that each
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species outperforms each of the others in some situa-
tion (e.g., identity of limiting resource, resource level,
microenvironment, predator occurrence) that variesin
space or time in that community (MacArthur and Lev-
ins 1964, Chesson 1985). These conditions necessarily
imply areversal in rank of performance among species
between situations (McPeek 1996, Chase and Leibold
2003, Kneitel and Chase 2004). In a plot of perfor-
mance in one situation against performance in a second
situation, rank reversals between two species appear as
a negative correlation, and trade-offs have often come
to be defined operationally as such negative correla-
tions (Stearns 1992, Kitajima and Bolker 2003). How-
ever, when dealing with more than two species, Fig. 1
demonstrates that the existence of asignificant negative
correlation in performance of species between two sit-
uations does not necessarily mean that each species
will outperform each of the others in at least one sit-
uation. Both scenarios 1 and 2 represent correlation-
type trade-offs even though many species pairsin sce-
nario 2 fail to meet the criterion of rank reversals be-
tween the two situations. Only the extreme case illus-
trated in scenario 1 adheres to the pairwise reversal
definition of a multiple-species trade-off. The corre-
lations approach to defining trade-offs may be more
appropriate for identifying general trends among traits
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Fic. 1. A conceptual framework for understanding performance trade-offs in multiple-species communities. The three
scenarios illustrate the performance of nine species (depicted as capital letters) in two contrasting situations. Shown in each
panel are the proportion of (36 possible) species pair combinations exhibiting rank reversals in performance between the
two axes. See Methods: Statistical analyses for a definition of *‘situations.”

underlying fitness differences among many species
(e.g., Wright et al. 2004).

The second important issue that we argue has been
little emphasized to date is the occurrence in nature
and potential contribution to coexistence of different
types of trade-offs. In particular, we identify three
types: microhabitat trade-offs, fitness component trade-
offs, and ontogenetic trade-offs. While the contribu-
tions of some of these to coexistence (especially mi-
crohabitats) are well understood, the consequences of
other types of trade-off are less clear, but also poten-
tially quite important.

Microhabitat trade-offs

For plants, partitioning in the relative quantities of
resource needed will mostly (but not entirely [Tilman
1982]) be reflected by differential performance in mi-
crohabitats with different limiting resources. Several
theoretical models for community structure invoke mi-
crohabitat trade-offs and predict that certain species
will dominate at given positions along a multivariate
environmental gradient, because of either differences
in competitive ability for the most limiting resource at
that point (Tilman 1988, 1994), or differences in spe-
cies' positions along a growth rate/stress tol erance con-
tinuum (Grime 1977, 1979). As a result, species per-
formance rankings for some fitness component (e.g.,
survival or growth) are predicted to shift along micro-
habitat gradients (Tilman 1990, Suding and Goldberg
2001). To the extent that communities are heteroge-
neous in space, such rank reversals in response to mi-
crohabitat can lead to coexistence (Tilman 1982, Knei-
tel and Chase 2004). Because microhabitats can be
characterized using different resource or physical fac-
tor axes, microhabitat trade-offs might be further sub-
divided; we group them here for simplicity.

Fitness component trade-offs

Trade-offs might also occur based on the means by
which differential performance is effected (Kitajima

and Bolker 2003). The most common fitness compo-
nent trade-off involves species with higher survivor-
ship exhibiting lower maximum relative growth rate
(RGR) (Latham 1992, Kitajima 2002, Schiesari 2004).
The consequences of fitness component trade-offs for
coexistence have not yet been explored, except for the
special case of an interaction between fitness compo-
nent trade-offs and microhabitat trade-offs. For ex-
ample, shade tolerance is regularly interpreted to result
from a trade-off between survival in low light condi-
tions and RGR in high light conditions (Kitajima 1994,
Walters and Reich 1996, 1999, Davies 2001, Dalling
and Hubbell 2002). The general case of a trade-off
between high survival at low resources vs. high growth
at high resources can lead to ‘‘nonlinearities’” in rel-
ative fitness that promote coexistence in spatially or
temporally heterogeneous environments (Armstrong
and McGehee 1980, Chesson 2000).

Ontogenetic trade-offs

A third type of performance trade-off involves
changes in species performance rankings for the same
fitness component across developmental stages in an
organism’s life history. Size-dependent shifts in reac-
tion norms for individual species may result in per-
formance rank reversals between species, even for the
same fitness component in the same microhabitat
(McConnaughay and Coleman 1999, Lusk 2004). The
contribution of ontogenetic trade-offs to community
structure has not been dealt with explicitly. However,
their existence may indicate the limitations of current
data sets for defining the lifetime fitness parameters
used in many theoretical models and underline the need
for age- or stage-structured models for community
structure (Chave 2004, Kneitel and Chase 2004). Clear-
ly, ontogenetic trade-offs are especially likely for long-
lived perennial organisms such as trees, as they present
several life history stages for which performance may
vary (Canham and Marks 1985, Clark and Clark 1992).
However, because identification of ontogenetic trade-
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TaBLE 1. Summary of traits for the focal species used in the field experiment.
Initial Seedling
seedling  Initial  transplant
Dry seed height seedling age Cotyledon Cotyledon
Species Family mass (g)T (cm)¥ mass (g)§ (weeks)  position function

Goupia glabra Goupiaceae 0.0015 4.7 0.01 8 epigeal foliar
Jacaranda copaia Bignoniaceae 0.028 6.3 0.07 3 epigeal foliar
Qualea rosea Vochysiaceae 0.096 11.2 0.24 6 epigeal foliar
Recordoxylon speciosum Caesal piniaceae 0.21 11.5 0.10 2 hypogeal intermediate
Dicorynia guianensis Caesal piniaceae 0.35 12.1 0.14 2 epigeal reserve
Sextonia rubra Lauraceae 1.18 20.3 0.70 4 hypogeal reserve
Virola michelii Myristicaceae 1.24 13.2 0.41 2 epigeal reserve
Eperua falcata Caesal piniaceae 4.23 21.2 3.64 2 hypogeal reserve
Eperua grandiflora Caesal piniaceae 27.4 335 26.7 2 hypogeal reserve

1 Dry seed mass corresponds to the mean of 30-50 groups of seeds for small-seeded species (<0.1 g), 30—50 seeds for
species of intermediate size (<3 g), and the estimated dry mass for larger seeds planted in the experiment, for which wet

mass was measured.

F Mean height of seedlings transplanted into the field experiment at 2—4 weeks of age (n = 288 seedlings per species).
§ Mean dry mass of 30 seedlings from among those transplanted into the shadehouse experiment at 2—8 weeks of age,

including remaining seed reserves.

offs requires long-term data from field observations or
experiments, few studies have examined their occur-
rence, especially relative to microhabitat and fithess
component trade-offs.

Although an evaluation of these three types of trade-
offs for multiple species would provide insight into
mechanisms of coexistence in any community of po-
tential competitors, it is of particular relevance in trop-
ical forests. Tropical forests are among the most spe-
cies-rich plant communities described, and tropical
trees comprise a large gradient in morphological and
ecophysiological attributes (Hammond and Brown
1995, Grubb and Metcalfe 1996, Bonal et al. 2000a),
some of which change with ontogeny (Poorter 1999,
Baraloto 2001, Sack et al. 2002). Given the remarkable
diversity of microhabitat conditions that has been ob-
served in tropical forests (e.g., Nicotra et al. 1999),
such trait variation has been suggested to reflect adap-
tive differentiation to microhabitats characterized by
particular environmental conditions, including re-
source availability (Grubb 1977, Ricklefs 1977, Bur-
slem 1996, Grubb 1996). Yet the contribution to com-
munity organization of shifts in performance hierar-
chies along resource gradients remains a subject of de-
bate (Hubbell et al. 1999, Brokaw and Busing 2000).

In this paper, we assess the frequency of microhab-
itat, fitness component, and ontogenetic trade-offs
among nine sympatric canopy tree species from French
Guiana grown in afive-year field experiment. First, we
assess the evidence for differential performance among
species in microhabitats representing the range of light,
soil moisture, and soil nutrient conditions found in this
lowland tropical forest. Second, we examine whether
fitness component trade-offs between growth rate and
survival occur within and among microhabitat types.
In particular, we test the predicted rank reversals be-
tween survival in low-resource environments and
growth in high-resource environments. Finally, we de-
termine if species reverse ranks between two well-de-

fined intervals in the experiment. We discuss the per-
formance advantages to species with particular suites
of traits across the resource gradient, and the impli-
cations of the identified trade-offs for the community
structure of this tropical forest.

METHODS
Sudy site

The study was conducted in the Paracou Reserve
(5°18' N, 52°55' W), alowland tropical rain forest near
Sinnamary, French Guiana. The site receives >60% of
the annual 3160 = 161 mm of precipitation (mean *=
se) between mid-April and mid-June, and <50 mm/mo
in September and October (Bonal et al. 2000b). The
soil structure of the reserve is heterogeneous, and four
soil types can be identified in the field that correspond
broadly to topographic position and texture. Few sharp
ridges occur across the landscape, and the relatively
flat plateaus can be characterized as white sand (pod-
zol) or clay (plateau) soils. Midslope from clay plateau
sites are clay soils with superficial drainage (slopes).
Seasonally inundated sites characterize areas of the
lowest topography, which we have grouped here as
swamp soils. These four soil types represent contrast-
ing conditions of nutrient availability and soil moisture
(see Appendix A). At one extreme are the midslope
soils, where both nutrient availability and soil moisture
are low. At the other extreme are swamp forest soils,
where both nutrient availability and soil moisture are
high.

Species

Seeds were collected from nine sympatric species of
canopy trees from January to March, 1999. The nine
focal specieswere chosen to represent the range of seed
and seedling size among tree species from the Paracou
reserve (Table 1; Baraloto 2001).

To control for the influence of maternal effects or
local adaptation, more than 50 seeds were collected
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from within a 10 m radius of each of at least six adult
trees per species; when transplanted, seedlings were
chosen at random with respect to maternal source. All
germinating seedlings were kept for at least two weeks
in germination boxes (50 cm deep) containing homog-
enized forest soil, in a shaded understory site. For the
larger seeded species (Eper ua fal cata and Eperua gran-
diflora), seeds were weighed prior to germination.

Experimental design

Thefield experiment was designed to investigate per-
formance along the complete gradient of resources
present in the forest. Because soil resources to which
seedlings respond are more likely to comprise contin-
uous gradients along which the four soil types we iden-
tified are distributed, we used a split-plot design for
the experiment, in which replicate sites within a soil
type were chosen and used as random effects nested
within soil type in the analyses. To determine how spe-
ciesresponses to soil resourcesinteract with light avail-
ability, weincluded both gap and understory plotswith-
in each planting site.

In January 1999, we located 36 recently formed light
gaps of small to medium size (50—200 m?) across the
Paracou landscape. At each site, a 1.5 m deep soil core
was taken to determine soil type using color and texture
analysis of 20-cm horizons. Based on these cores and
measurements of gap size, 24 gaps were chosen, 6 on
each of the four soil types described in Appendix A.
In addition, we established understory plots 25 m from
each gap where color and texture results from 1.5-m
soil cores were similar to those from the paired gaps.
Thus, within each soil type were six planting sites, each
consisting of a pair of gap and understory plots. En-
vironmental characterization of the plots is given in
Appendix A.

In February 1999, a triangular exclosure 2.3 m on
each side was established in each of the 48 plots using
wire cages of 1-cm mesh to a height of 1 m, within
which all vegetation was removed. The exclosure was
bent and staked at the soil surface to discourage mam-
malian predators such as Agouti paca, Dasyprocta le-
porina, and Myoprocta acouchi, which harvest re-
maining seed reserves, or Mazama spp., which graze
young seedling stems. In April 1999, we transplanted
six individuals of each of the nine focal species into
each plot (n = 288 individuals per species). Theinitial
planting density of 23.5 individuals/m? represents the
maximum observed juvenile density in thisforest (18.5
+ 7.9 stems <100 cm tall per m? [mean = sp]; C.
Baraloto and J.-F. Molino, unpublished data). Seedling
age at planting varied among species, from two to eight
weeks depending on fruiting phenology and germina-
tion delay (Table 1). The stem length of all individuals
was measured at the planting date as the initial height.
Individuals that died within the first two weeks after
planting were replaced. All individuals were censused
eight times during a 54-month period from the planting
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date. At each census, mortality was noted in addition
to measurements of height, leaf number, and leaflet
number.

Statistical analyses

We used different models to evaluate the growth and
survival components of seedling fithess through time.
For survival, we examined the effects of species, gap
treatment, and soil type using a split-plot partially nest-
ed mixed-model analysis of variance (ANOVA) with
repeated measures. To account for variability of plant-
ing sites within soil types, we included planting site (6
gap—understory pairs per soil type) in the models as a
random effect, nested within soil type. This model was
appropriate for measures of survival, where differences
among sites might occur that are related to site con-
ditions that we did not measure (e.g., presence of insect
predators or pathogens). However, for growth response,
the environmental descriptions we made were more
likely to allow us to partition variance between sites
than the simple nested effect. Here we used an AN-
COVA model on the dependent variable of seedling
height, with the measures of light, soil phosphate, and
soil moisture for each plot included as covariates. In
thisway, we also tested for the overall effect of agiven
resource on species’ response. In both models, the eight
census intervals were included as repeated measures,
with the real time of the census measurement included
in the model.

Our initial examination of the datarevealed two time
periods between which seedling performance changed
consistently among species, with mortality decreasing
and seedling height increasing markedly. These pat-
terns reflected the age at which seed reserves had been
exhausted for even the larger seeded species, as well
as a point during which lateral extensions of stems and
roots has been observed for several of the focal species
in separate trait screenings (Baraloto 2001). We thus
distinguished two ontogenetic stages in the experiment,
an early seedling stage from O to 18 months, and a later
stage from 18 to 54 months. For each stage, we calculated
the proportion survival in a site as well as the relative
height growth rate (centimeters per centimeter per year)
of each surviving individual after Hunt (1978) as

In(height;.4) — In(height;,)

RGR = - -
timeny — tMey;

We identified performance trade-offs using pairwise
comparisons among species across the 32 microhabitat
X fitness component X ontogenetic stage situations.
Our conceptual model predicts that coexistence of par-
ticular species pairs is promoted if each species out-
performs the other in at least one situation (a rank
reversal; Fig. 1). Under this model, any pairwise rank
reversal is determined to be biologically significant if
the evidence for it is statistically significant when ac-
counting for multiple comparisons. Accordingly, we
assessed whether each species significantly outper-
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TABLE 2. Summary of split-plot ANOVA for survival in the field experiment.

Source df MSE F
Between subjects
Species 8 26.03 54.8***
Gap 1 72.16 51.1***
Soil type 3 5.36 2,97
Species X gap 8 3.21 7.99%**
Species X soil type 24 1.44 3.04x**
Gap X soil type 3 2.09 1.48
Species X gap X soil type 24 0.36 0.90
Site(soil type) 20 181 4.50%**
Species X site(soil type) 160 0.48 1.18
Gap X site(soil type) 20 141 3.52%**
Error 159 0.40
Within subjects

Months 7 32.81 425 5% **
Months X species 56 0.69 19.0***
Months X gap 7 1.67 30.6***
Months X soil type 21 0.26 3.37x**
Months X species X gap 56 0.15 4.59%**
Months X species X soil type 168 0.06 1.55%**
Months X gap X soil type 21 0.04 0.78
Months X species X gap X soil type 168 0.03 0.88
Months X site(soil type) 140 0.08 2.34%**
Months X species X site(soil type) 1120 0.04 1.10
Months X gap X site(soil type) 140 0.05 1.66***
Error 1113 0.03

Notes: Factors include the effects of species (n = 9 species), light (gap, understory), and
site (six replicates, random effect) nested within soil type (plateau, slope, white sand, and
swamp). Survival data are the proportion of seedlings surviving at eight census dates over a
period of 54 months since planting, in each of 48 planting sites, angularly transformed for the

analysis.
**% P < 0.001.

formed the other under each of the 32 situations using
Wilcoxon's Z statistic with a probability level set to
0.95, with Bonferroni adjustment. For each species pair
in each situation, we tested the null hypothesis of
equivalent performance across the six replicate plots
of a given situation.

The types of performance trade-offs occurring for
each species pair were identified by the situational axes
across which any rank reversals were observed. Mi-
crohabitat trade-offs were identified as rank reversals
for a given measure of performance (survival, RGR)
between any combination of gap and soil type. Fitness
component trade-offs were identified as rank reversals
between survival and RGR. Ontogenetic trade-offs
wereidentified asrank reversals between early and later
stages. We also identified trade-offs involving inter-
actions between the three types. For example, rank re-
versals between survival in one microhabitat and
growth in another would be a microhabitat X fitness
component trade-off.

REsuLTs

For survival, species responded significantly differ-
ently to soil types, even when the variation of sites
within soil types was accounted for (Table 2; Appendix
B: Fig. B1). Dicorynia guianensis and Eperua gran-
diflora had similar survival across all soil types. In
contrast, Goupia glabra, Qualea rosea, Jacaranda co-

paia, and Sextonia rubra suffered greater mortality in
white sand and midslope sites than in other soils, while
Recordoxylon speciosum, Virola michelii, and Eperua
falcata suffered greater mortality in the swamp forest
soils. Species also responded significantly differently
to gaps (Table 2). Although most species responded
positively to gaps, D. guianensis and E. grandiflora
experienced only slight survival advantagesin gap sites
(Appendix B: Fig. B1). At the other extreme, G. glabra
and J. copaia survived almost exclusively in gap sites,
and survival of Q. rosea and R. speciosum almost dou-
bled in gap relative to understory sites.

For seedling relative height growth, light transmis-
sion had the strongest effect among covariates for the
ANCOVA model (Table 3). Nevertheless, theinclusion
of light in the model did not eliminate the significant
effect of gaps, suggesting that growth responds to un-
measured aspects of gaps, aswell asto light availability
and the microclimatic conditions with which it is cor-
related. Neither soil moisture nor soil phosphate were
significantly correlated with seedling height overall,
although soil phosphate was significantly positively
correlated with seedling height in later seedling stages,
resulting in a significant interaction with the repeated
measure (Table 3).

Height differences between gap and understory sites
varied widely among species. D. guianensis and E. fal-
cata increased in height by nearly 50% in gaps relative
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TABLE 3. Summary table of a repeated-measures ANCOVA for seedling height in the field

experiment.

Source df MSE F

Between subjects
Light availability (% full sun) 1 8.09 21.5%**
Soil PO,-P (mg/kg) 1 0.61 1.61
Soil moisture (m3/mg) 1 0.58 1.54
Species 8 150.8 400.5***
Gap 1 145 38.5%**
Soail type 3 0.58 1.55
Species X gap 8 2.88 7.66***
Species X soil type 24 0.44 1.16
Gap X soil type 3 0.81 2.16
Species X gap X soil type 24 0.33 0.87
Error 884 0.38
Within subjects

Months 7 0.63 17.0%**
Months X light 7 2.09 56.1***
Months X soil PO,-P 7 0.13 3.50***
Months X soil moisture 7 0.03 0.73
Months X species 56 0.18 4.82%**
Months X gap 7 2.05 55.0%**
Months X soil type 21 0.11 2.81***
Months X species X gap 56 0.17 4.47***
Months X species X soil type 168 0.04 1.16
Months X gap X soil type 21 0.10 2.80%**
Months X species X gap X soil type 168 0.03 0.69
Error 6188 0.04

Notes: Factors include the effects of species (n = 9 species), light (gap, understory), and
soil type (plateau, slope, white sand, and swamp). Data are seedling height of all individuals
surviving to eight census dates to 54 months, In-transformed for the analysis. Environmental
factors measured at each site (summarized in Table 2) were included in the model as covariates.

*** P < 0.001.

to understory sites, nearly doubling their relative
growth rates (Appendix B: Fig. B2). At the other ex-
treme, S. rubra height did not respond to gaps and had
the lowest relative growth rate overall.

Pairwise performance contrasts and rank reversals

Table 4 illustrates performance contrasts among all
species pairsin the experimental community. The upper
part of the table indicates the number of cases out of
32 possible in which a species (row or column) sig-
nificantly outperformed the other species. None of the
nine species outperformed each of the other eight spe-
cies in even one of the 32 contrasting situations. Four
species were significantly outperformed by most other
species. (Q. rosea and J. copaia never outperformed
each other, but Q. rosea was outperformed by all other
species at least once.) Four other species (D. guianen-
sis, V. michelii, E. grandiflora, and E. falcata) were
rarely outperformed.

Of the 36 species pairs, 15 exhibited at least one
kind of trade-off, defined as a rank reversal such that
each species significantly outperformed the other under
at least one situation (Table 4). Only three species pairs
exhibited strict microhabitat trade-offs, in which the
rank reversal occurred between microhabitats for the
same fitness component and the same ontogenetic
stage, even though significant statistical interactions
between species and microhabitat were detected for

both survival and growth rate (Tables 2 and 3). For
example, although G. glabra, J. copaia, and Q. rosea
all exhibited much greater survival in gap than under-
story sites, this augmentation in survival did not re-
verse their survival ranking relative to the other six
species for which survival was higher in both gap and
understory sites. As a result, these three species were
consistently ranked among the three lowest for survival
(Table 4). In fact, survival rankings were strongly con-
served in gap—understory contrasts across all four soil
types at both early and later ontogenetic stages. Similar
patterns occurred for the magnitude, but not the qual-
itative outcome, of growth response to microhabitat
(Table 4).

Only two species pairs exhibited strict fithess com-
ponent trade-offs (within a microhabitat for the same
stage); respectively, R. speciosum and E. grandiflora
survived better initially but grew more slowly than J.
copaia or G. glabra in gap sand or slope plots (Table
4). Eight species pairs had fitness component trade-offs
across microhabitat types that involved lower under-
story survival but higher gap RGR of G. glabra or J.
copaia vs. one of the seven other species (Table 4).

Only one species pair showed a strict ontogenetic
trade-off; in understory plateau plots E. grandiflora
grew faster initially than V. michelii, but this reversed
in the later period (Table 4). Seven species pairs
showed microhabitat X ontogenetic trade-offsin which
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the better performing species (for survival or RGR)
switched between early and later parts of the experi-
ment across microhabitats. This result is concordant
with the highly significant repeated-measures term and
its interactions with species for both survival and RGR
(Tables 2 and 3). Ontogenetic rank reversals were most
pronounced for RGR and were driven by increased
RGR response in gaps for species with intermediate
rankings in the earlier stage (Fig. 2). An additional five
species pairs showed interactions between ontogenetic,
microhabitat, and fitness component trade-offs (Table
4).

Fig. 2 illustrates how many performance rank shifts
occurred as interactions among microhabitat types, fit-
ness components, and ontogenetic stages. For example,
in microhabitats where soil resources are least limiting
(swamp forest soils), species with high RGR in gap
sites had the lowest survival in understory sites (Fig.
2). However, in microhabitats where soil resources are
most limiting (midslope soils), no consistent pattern
existed. The apparent explanation is that two species,
Q. rosea and S. rubra, experience reduced understory
survival in midslope soils, with no accompanying in-
crease in gap RGR (Appendix B). Furthermore, the
overall shifts with ontogeny dissolved the fitness com-
ponent trade-offs between gap and understory micro-
habitats that were apparent in the early stage in all but
the swamp soils. In most microhabitats, S. rubra re-
tained its low rankings for both survival and RGR, yet
shifts among the other species resulted in some onto-
genetic trade-offs in which species ranked highest for
afitness component in the early stage were ranked low-
er in the later stage (Fig. 2).

Twenty-one of 36 species pairs showed no evidence
of performance trade-offs of any kind. In two of these
cases (J. copaia/Q. rosea; E. grandiflora/E. falcata),
coexistence might still be promoted because neither
species ever outperformed the other (Table 4). One spe-
cies consistently outperformed the other in the 19 re-
maining cases, 12 of which involved one of the four
highest performing species outperforming J. copaia,
Q. rosea, or S. rubra.

DiscussioN

To evaluate the relative importance of microhabitat,
fitness component, and ontogenetic trade-offs, we dis-
cuss the evidence for each of these in turn, as well as
the interactions among them. We then summarize the
implications for the potential contribution of trade-offs
to the community structure of tropical forests.

Microhabitat trade-offs

The extent to which microhabitat trade-offs contrib-
ute to coexistence has been the subject of much recent
debate (Hubbell et al. 1999, Brokaw and Busing 2000).
One point of contention has been the way in which
rank reversals should be measured and interpreted.
Sack and Grubb (2001, 2003) have suggested that any
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difference between species in the reaction norm of a
fitness component along an *‘ ecologically relevant’ re-
source gradient (e.g., ‘‘crossovers’ between species of
the functions relating RGR to light) be considered ev-
idence for a performance rank reversal. However, as
Kitgjima and Bolker (2003) correctly point out, such
an analysis often requires extrapolation of the shape of
the reaction norm to resource levels for which no data
exist, and thus may inflate the actual number of rank
reversals occurring between two species (for which no
empirical rank reversal has been observed). Our study
comprised a large proportion of the full resource gra-
dients to which these species are exposed, and repre-
sents similar gradientsto other lowland tropical forests.
The size of the single-treefall gaps we chose was sim-
ilar to ~70% of gaps reported in this and other tropical
forests (Hubbell et al. 1999, Baraloto 2001). Further-
more, the range of phosphate values exhibited across
al soil types is similar to gradients found in other
lowland tropical forests on oxisols or ultisols, where
mean extractable phosphate levels <3 mg/kg are com-
mon, yet microsites with as much as 30 mg/kg are
occasionally reported (Vitousek and Denslow 1986,
1987, Burslem et al. 1994, Raaimakers 1994). Never-
theless, we found few rank reversals for RGR or sur-
vival across microhabitats for a given ontogenetic
stage. Only 2 out of the 36 species pairs exhibited strict
microhabitat trade-offs (Table 4), strongly supporting
the argument that rank reversals occur infrequently
with respect to microhabitat and by themselves con-
tribute little to community organization in tropical for-
ests (Kitajima and Bolker 2003).

Furthermore, the observed exchanges in rankings
were restricted almost exclusively to the gap/understo-
ry contrast rather than among soil types. In fact, only
one of the two species-pair microhabitat trade-offs (late
stage survival between D. guianensis winning swamp
gaps and V. michelii winning plateau gaps,; Table 4)
occurred between soil types without any gap—under-
story contrast. This case was likely due to extensive
herbivory suffered by V. michelii in the swamp forest
gaps (C. Baraloto, personal observation) rather than
response to soil type per se. Fine et al. (2004) show
that soil type effects on seedling performance of 20
Peruvian tree species are mitigated in part by differ-
ential herbivore pressures between white sand and clay
soil types. Further research will be necessary to de-
termine the extent to which herbivore pressure varies
across microhabitats, and the potential consequences
of herbivore suppression for microhabitat specializa-
tion in different tropical forests.

In contrast with a recent field experiment in Malay-
sian forests that found differential species growth re-
sponse to soil type (Palmiotto et al. 2004), we found
little evidence for differential performance across soil
types differing in soil moisture and phosphate avail-
ability. We suggest that these edaphic factors may play
a subordinate role to light availability in filtering spe-
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TABLE 4. Pairwise performance contrasts among the nine species in the experiment across 32 field situations.

Species G. glabra J. copaia Q. rosea R. speciosum D. guianensis
G. glabra 2,1 2,1 2,4 2,6
J. copaia M X O 0,0 1,5 0,4
Q. rosea M X F nonet 0,4 0,10
R. speciosum MXEMXFXO EMXEMXFXO none 2,3
D. guianensis M X FEM X F X O none none M,M XO MXFXO
S rubra M X F none none none none
V. michelii M X O, MXFXO none none none M, M X O,M X F
E. falcata MXEMXFXO none none M,MXO MXFXO FXO
E.grandiffora FEM XEM X FX O none none none none

Notes: The field situations were: two ontogenetic stages X two fitness components X eight microhabitats; see Methods for
details). The upper part of the matrix showsthe number of situationsinwhich each species (row, column) exhibited significantly
higher performance across the six replicate plots, after Wilcoxon’'s Z statistic with Bonferroni-corrected P < 0.05. Trade-
offs between each species pair are indicated in the lower part of the matrix as cases when performance rankings significantly
reversed across microhabitats (M) within any fitness component or stage, between the fitness components survival and RGR
(F) within any stage or microhabitat, between ontogenetic stages (O) within any component, or as interactions among these

types.

T Neither species had higher performance under any situation.

cies at the seedling stage in this tropical forest. This
result moderates many of the conclusions drawn from
pot experiments in this and other tropical forests in
which significant interspecific differencesin RGR have
been found in response to soil nutrient and moisture
mani pulations (Huante et al. 1995, Burslem 1996, Raai -
makers and Lambers 1996; C. Baraloto, D. Bonal, and
D. E. Goldberg, unpublished data).

Fitness component trade-offs

Microhabitat does appear to play a significant role
by interacting to create trade-offs between the fitness
components of survival and RGR. Eight species pairs
showed rank reversals between RGR and survival
across microhabitats at the same ontogenetic stage (Ta-
ble 4). Seven of these fitness component trade-offswere
between RGR in gap plots (higher in the small-seeded
heliophilic G. glabra or J. copaia) and survival in un-
derstory plots (higher in one of six other larger seeded
species).

For the nine-species community, a negative trend
exists between RGR in gaps and survival in the un-
derstory for the early seedling stage across all soil types
(r2 = 0.13, P = 0.03), lending some support to the
notion that shade tolerance involves a general trade-
off between survival in the shade and rapid growth in
the “‘sun’ (Kitajima 1994, 2002, Davies 2001, Dalling
and Hubbell 2002). However, this weak negative re-
lationship was strongest in swamp soils where soil re-
sources are least limiting, and did not occur in midslope
soils where both mineral nutrients and water are most
limiting (Fig. 2). The outcome of fitness component
trade-offs thus appears to depend not only on gap mi-
crohabitats as demonstrated by Kitajima (1994), but
also on interactions between gaps and soil conditions.
Several authors have recently noted the lack of inves-
tigation of tropical tree seedling response to below-
ground resources in the field (e.g., Bloor 2003). Here
we underline the importance of testing for these dif-
ferences across light environments.

Ontogenetic trade-offs

A highly significant contribution of this study is the
demonstration of rank reversals that can occur between
ontogenetic stages, especially across some microhab-
itats and/or fitness components. Thirteen of the 15 spe-
cies pairs exhibiting trade-offs reversed rankings in
some measure of performance between the early and
later stages of the experiment (Table 4). Seven of these
switches occurred for a given fitness component; for
three species pairs, reversalsin RGR between early and
later stages were the only evidence for rank reversals
that might permit these pairsto coexist. Clark and Clark
(1992) provided evidence for similar ontogenetic trade-
offs among nine Costa Rican tree species at sapling
and subadult stages, and they made a strong case for
examining microhabitat preferences and performance
hierarchies at all life history stages. Svenning (2000)
also found ontogenetic differences in light microsite
occupation among 7 of 20 understory speciesin Yasuni,
Ecuador. And Davies (2001) observed shifts in both
growth and mortality rates with tree size among 11
species of Bornean Macaranga. Yet most studies ex-
amining performance rankings among tropical tree
seedlings have focused on short-term experiments to
detect crossovers. While this may be necessary to avoid
pot limitation in shadehouse experiments (e.g., Bloor
2003), more field experiments will be necessary to de-
termine how species rankings may shift over the tens
of years required in many cases for successful adult
recruitment (Clark and Clark 1992).

Performance trade-offs and community structure

Our results demonstrate that almost half of the spe-
cies pairs in this nine-species community meet the re-
quirement of species performance trade-offs necessary
to promote coexistence (see Table 4). However, wheth-
er these trade-offs alone are sufficient for coexistence
depends on population dynamics phenomena, including
the distribution of these microhabitats in space and
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TABLE 4. Extended.

S rubra V. michelii E. falcata E. grandiflora

2,2 2,4 1,8 2,8
1,0 0,7 0,10 0,7
0,1 0,2 0,7 0,7
9,0 1,0 2,6 0,3
9,0 52 11 0,1

0,7 0,12 0,9
none 1,4 2,2
none M X O 0,0
none O, M X O nonet

time, and across scales. In particular, understanding the
contribution of fitness component and ontogenetic type
trade-offs to species coexistence will require the de-
velopment of theoretical models that integrate individ-
ual fitness across the entire life cycle, especially for
long-lived organisms such as tropical trees.
Coexistence might also be promoted if species are
ecologically equivalent; that is, neither species out-
performs the other under any situation and are thus
ecologically neutral (Hubbell 2001, Chave 2004). Re-
markably, only two species pairs we studied were‘‘ eco-
logically-equivalent” in performance such that neither

Early (age 0—18 mo)
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outperformed the other under any experimental situa-
tion.

Our study represents a multidimensional example of
scenario 2 in Fig. 1. Nineteen species pairs comprise
consistent superior and inferior performers, suggesting
that some alternative mechanism contributes to their
coexistence. It has been suggested that dispersal lim-
itation may be more important to structuring tropical
forest tree communities than performance differences
because potential competitors rarely encounter one an-
other in the field (Coomes and Grubb 2003). Although
itisunlikely that all nine species encounter one another
in the same 2.5-m? area, as they did in the experimental
plots, the focal speciesare all common and do co-occur
frequently as seedlings (Baraloto and Goldberg 2004).
Still, the initial planting density of our experiment,
while within the natural range observed in this forest,
was rather high. Wright (2002) asserts that low den-
sities in the forest understory may promote species co-
existence by limiting competitive interactions. How-
ever, such a scenario of low density occurs rarely at
Paracou, where woody plant juvenile densities, al-
though extremely variable, are on average more than
twice those described in other neotropical forests.

Late (age 18—54 mo)
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Fic. 2.

Interactions between microhabitat, fitness component, and ontogenetic trade-offs across the nine-species exper-

imental community. Panels depict survival in understory microhabitats vs. RGR (relative growth rate) in gap microhabitats
in rich, humid swamp (top panels) and poor, dry midslope soil microhabitats (bottom panels). Panels on the left side indicate
early seedling stage, from transplanted germinant to 18 months of age. Panels on the right side indicate the later seedling
stage, from 18 to 54 months of age. Symbols are the initials of the specific epithet for each focal species (see Table 1).
Results of linear regressions between the two fithess components are shown within each panel.
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Harms et al. (2004) report densities for seedlings 10—
50 cm in height from 1.1 seedlings/m? at La Selva,
Costa Rica, to 6.4 seedlings/m? at Cocha; in natural
forest at Paracou, the average density for the same size
classis 15.2 seedlings/m? (C. Baraloto and J.-F. Molino,
unpublished data).

Even when species pairs occur at the same site, par-
ticular site factors might be more important for per-
formance than the coarse microhabitat groups we es-
tablished. In our experiment, the analyses to determine
pairwise reversals in species performance grouped the
plots within particular microhabitat types, potentially
masking cases when species survived best or grew fast-
est in a particular site. In fact, if one were to choose
a winning species for each plot based on the largest
surviving seedling at the last census date, eight of the
nine species would win in at least one of the 48 plots
because of differential growth and survival through the
five years of the experiment.

Coexistence might also be promoted by ontogenetic
trade-offs at subsequent life history stages. The onto-
genetic shiftswe describe here represent abrief interval
in the life cycle of these long-lived perennial organ-
isms, and ontogenetic rank reversals are likely to con-
tinue at subsequent stages. Recent evidence for these
same nine species in French Guiana supports this as-
sertion. More than 2000 saplings (>150 cm in height
and <10 cm dbh) of the nine species have been fol-
lowed since 1992 in 768 plots of 50 m? (C. Baraloto,
unpublished data). The three species that were consis-
tently outperformed as seedlings provide relevant ex-
amples. S. rubra and Q. rosea, which here had among
the lowest RGR in most microhabitats at both early and
later seedling stages, rank second and third for sapling
growth rate. And J. copaia saplings grew faster than
four of the five species that outperformed it at the seed-
ling stage. In concert with theresults of Clark and Clark
(1992), our study suggests that an understanding of
performance trade-offs for long-lived perennials such
astropical treeswill require long-term data across mul-
tiplelife history stages for some well-chosen focal spe-
cies (Grubb 1996).

Further research will be necessary to elucidate which
trade-offs are most important in structuring tropical
tree communities. Studies such as this one must be
integrated with data on phenology and fecundity, as
well as studies on dispersal and seed and seedling pre-
dation, to analyze the contribution of trade-offs across
the entirelife cycle. Furthermore, other functional traits
typically included in ecophysiological studies (carbon
assimilation, stomatal conductance for water vapor, wa-
ter use efficiency, and leaf nutrient concentrations),
could beintegrated in focal species choice and analysis
of experiments to better understand the mechanisms
underlying the performance trade-offs observed here.
We stress that continued monitoring of experimentsand
plots for more than five years will be necessary to
determine if and how performance hierarchies change
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with subsequent ontogenetic stages. Most importantly,
further theoretical work with models structuring both
environmental heterogeneity and population structure
will be necessary to determine whether the necessary
trade-offs we describe here are indeed sufficient for
coexistence.
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APPENDIX A
Plot environmental characteristics for tropical tree seedling experiments are available in ESA's Electronic Data Archive:

Ecological Archives E086-129-A1.

APPENDIX B
Figures describing survival and growth of tropical tree seedlings are available in ESA's Electronic Data Archive: Ecological

Archives E086-129-A2.



