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Abstract

As long-lived tropical trees grow into the multi-layered canopy and face

different environmental conditions, the relationships between leaf traits and

whole-plant survival can vary over ontogeny. We tested the strength and direc-

tion of the relationships between leaf traits and long-term survival data across

life stages for woody species from a subtropical forest in Puerto Rico.

Trait–survival relationships were largely consistent across ontogeny with con-

servative traits leading to higher survival rates. The stage-specific relationship

R2 increased by up to one order of magnitude compared to studies not consid-

ering ontogenetic trait variations. Stage-specific traits were significant predic-

tors of their corresponding stage-specific survival: Seedlings traits were better

predictors of seedling survival than adult traits, and adult traits were better

predictors of maximum adult survival than seedling traits. Our results suggest

that stage-specific leaf traits reflect different strategies over ontogeny and can

substantially improve predictability of survival models in tropical forests.

KEYWORD S
demography, forest dynamics plot, leaf economics traits, long-term tree surveys, Puerto Rico,
seedling plots

INTRODUCTION

Plant functional traits have been widely recognized as a
powerful tool for gaining a mechanistic, generalizable
understanding of ecology, including mechanisms underly-
ing species interactions, community structure, and ecosys-
tem functioning (McGill et al., 2006; Reich, 2014; Violle

et al., 2007). Trait-based approaches have mainly focused
on species-level differences using species averaged values
in comparative studied, often overlooking the role of intra-
specific trait variation (Kraft et al., 2008; Reich
et al., 1997). In particular, trait-based approaches often
assume that the effects of traits on performance remain
consistent over time and independent of the ontogenetic
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stage at which the relationship is evaluated. However,
there is mounting evidence for the role of intraspecific
trait variation in ecological processes (Bolnick et al., 2011;
Umaña et al., 2018), especially for long-lived organisms
such as trees, which undergo substantial morphological,
structural, and physiological changes over their life cycle
(Barton, 2023; Fortunel et al., 2020, Barton & Boege,
2017). Furthermore, demographic rates in trees also vary
with ontogeny (Hérault et al., 2011; King, 2011) and the
traits that optimize demography might differ across trees’
life cycle and in some cases exhibit rank reversals (Pu
et al., 2020; Visser et al., 2016, Lasky et al., 2015).
Therefore, identifying deviations from the
trait–performance relationships linked to trait variation
over ontogeny is necessary to understand stage-specific
behaviors that should be accounted for to improve predict-
ability of the trait framework.

Trait shifts over ontogeny can be the result of shifts in
allocation patterns or changes in environmental conditions
that occur over trees’ life cycle (Barton, 2023;
Pigliucci, 2001). These trait changes may subsequently
affect the relationships with performance over tree’s ontog-
eny (Visser et al., 2016). For instance, specific leaf area—
SLA, the area deployed for light interception by unit dry
mass—is typically weakly related to adult tree survival but
has been suggested to better predict survival at the seedling
stage (Kitajima, 1994). This discrepancy in the role of SLA
on demographic rates across developmental stages is attrib-
uted to variation in resource allocation with size (Falster
et al., 2011; King, 2011), where larger trees invest more in
structural tissues relative to photosynthetic tissues than
seedlings (King, 2011). As a result, the relationship between
light-related leaf traits and whole-plant performance
(e.g., survival) may be stronger in earlier ontogenetic stages
than in adult trees. In other cases, ontogenetic changes in
traits may result from shifts in local conditions, such as
increases in light availability and/or hypothesized decreases
in herbivore pressure as trees age, which results in leaves
that are more conservative in carbon processing—according
to leaf economics spectrum (LES) (Wright et al., 2004)—
and less defended (Boege et al., 2007). These leaf trait shifts
can enhance trees’ resource acquisition (e.g., carbon
processing) for the stage-specific local conditions and subse-
quently increase performance. Regardless of the underlying
sources causing trait variation, these changes may affect
trait–performance relationships over ontogeny and traits at
a particular stage may be better predictors of demography
at that stage than at other stages. To disentangle the com-
plex interplay between tree traits, ontogeny, and perfor-
mance requires stage-specific trait information.

One further limitation when assessing the relationships
between traits and performance is that trees exhibit impor-
tant ontogenetic changes in their demographic rates (King
et al., 2006). Tree survival typically follows a hump-shape

pattern as trees increase in size (often used as a proxy of
ontogeny), with lower survival rates in young and older
trees (King et al., 2006; Ryan & Yoder, 1997). Earlier stud-
ies have used species mean rates to assess the
trait–demography relationships (Martínez-Vilalta
et al., 2010), but this approach overlooks potential incon-
sistencies in these relationships across trees’ life cycle
(Chen et al., 2018; Lasky et al., 2015). To address this limi-
tation, recent studies have developed approaches that
account for size-dependent mortality asymmetries, provid-
ing promising avenues for building an integrated and com-
pelling demographic framework for studying demography
in forest communities (Needham et al., 2018, 2022). For
example, Needham et al. (2018) examined size-dependent
survival for tree species that moved beyond mean popula-
tion parameters and accounts explicitly for individual het-
erogeneity across developmental stages in demography.

In this study, we sought to bridge survival rates and leaf
traits over ontogeny for trees occurring in a species-rich
community in a subtropical forest in Puerto Rico. We com-
piled long-term census data from tree and seedling com-
munities and measured leaf traits for seedlings and trees
(Thompson et al., 2002; Umaña et al., 2015, 2016; Uriarte
et al., 2005, 2009). We focused on four leaf traits capturing
photosynthetic and structural functions that have shown
weak relationships with tree survival (Wright et al., 2010;
Visser et al., 2016) and wide intraspecific variation
(Fortunel et al., 2020; Siefert et al., 2015). Specifically, we
ask: (1) Does the directionality of the relationships between
leaf traits and survival remain consistent throughout ontog-
eny? (2) Is the stage-specific trait–survival relationship
stronger when traits are measured at the matching stage?
We hypothesize that the direction of the relationship
between traits and survival rates will remain consistent
throughout ontogeny, with leaves with acquisitive LES
traits (e.g., high SLA) and lower investment in structural
tissues (e.g., low leaf C content) showing higher survival
rates. However, we expect that the strength of the relation-
ship will vary depending on the trees’ developmental stage.
For instance, the leaf trait–survival relationship will be
stronger during the seedling stage due to a higher alloca-
tion of resources to photosynthetic tissues. Additionally, we
predict that the relationship will be stronger when consid-
ering trait and survival rates at the same developmental
stage, such as seedling trait and seedling survival or adult
traits and adult survival.

METHODS

Study site

The study was performed at the 16-ha Luquillo Forest
Dynamics Plot (LFDP) located in a subtropical wet
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forest in the northeastern part of Puerto Rico (Thompson
et al., 2002). The mean annual rainfall is 3500 mm/year,
the mean temperature is 25�C, and the elevation of the
LFDP ranges between 333 and 428 m above sea level.
The forest harbors around 143 tree species and is domi-
nated by the palm Prestoea acuminata and the tabonuco
tree (Dacryodes excelsa) (Thompson et al., 2002). The for-
est composition is the result of human and natural distur-
bance; the hurricanes that are most relevant for the data
used are hurricane Hugo (category 3, 1989) and hurri-
cane George (category 3, 1998) (Thompson et al., 2002;
Zimmerman et al., 1994).

Tree and seedling censuses

All woody stems ≥1 cm in dbh (≥1 cm at 1.3 m)
(except for lianas) present in the LFDP were tagged,
mapped, and species-identified (Thompson et al., 2002;
Zimmerman, 2021). Status (alive or dead) and diameter
were recorded in 2000, 2005, 2011, and 2016. All free stand-
ing seedlings <1 cm in diameter were monitored across
150 seedling plots (2 × 1 m) (Uriarte et al., 2005). Seedling
censuses were conducted in 2000, 2004, and annually from
2007 to 2016, and all surveys were used to estimate species
seedling survival. For further details, see Appendix S1:
Section S1, Table S1 (data available at: Luquillo long term
ecological research [LTER] data, Zimmerman, 2021).

Functional traits

Four leaf traits were collected related to light acquisition—
representing the LES and structure (Poorter &
Rozendaal, 2008; Wright et al., 2004)—for seedlings and
adult species: leaf area (LA, in square meters), leaf percent-
age carbon (%C), leaf percentage nitrogen (%N), and SLA
(in square centimeters per gram) (Umaña et al., 2015,
2016; Uriarte et al., 2009). For further details, see
Appendix S1: Section S1; Swenson & Umana, 2015).

Analyses

Survival rates

To estimate species mean seedling survival, we fit a linear
mixed effect model across all species in which seedling
survival (0 = dead, 1 = alive) of seedling i of species
s was modeled as a function of initial seedling height
as a fixed effect to account for size-dependent
mortality. Plot ID and species were included as
intercept-specific random effects to account for variation
in survival across plots and species. The model equation

was: S�height + 1jspeciesð Þ+ plotð Þ: From the model fit,
we extracted the intercept values that represent species
mean seedling survival rates for subsequent analysis
(Umaña et al., 2023). For this analysis, we used the func-
tion “lmer” in “lme4” package in R (Bates et al., 2015).

To estimate species juvenile (JS) and maximum sur-
vival (MS), we modeled size-dependent survival of individ-
ual i of species s with logistic functions that capture the
hump-shaped survival of most species, that is, the decrease
in survival at small and at very large sizes (Needham
et al., 2018, 2022). To obtain robust estimates of survival,
we only used species with more than 200 individuals and
excluded the palm P. acuminata that lacks radial growth.
The selected species represented 31 species and 68% of the
total basal area including palms and 88% excluding palms.
From the model fit, we obtained species survival probabil-
ity at 1 cm dbh (JS) and MS per census interval, subse-
quently averaged across all censuses. We used Bayesian
Markov Chain Monte Carlo (MCMC) with the “rstan”
package in R (Goodrich et al., 2020), and we ran three
chains with 2500 iterations per species. For further details,
see Appendix S1: Section S1; Umaña et al. (2023).

Relationships between demography and
functional traits

To examine the relationship between traits and demogra-
phy, we fit linear models for each combination of (1) devel-
opmental stage for leaf trait measurements (seedlings or
adults) and (2) survival rates (seedling, JS, or MS),
representing a total of 24 models. Given that multiple sta-
tistical tests may increase the probability of type I error,
we performed a Benjamini–Hochberg false discovery rate
test (Benjaminit & Hochberg, 1995; Verhoeven et al.,
2005). We log-transformed LA and SLA to reduce skew-
ness and used the function “lm” in R to fit the models
(R Development Core Team, 2017). The models using JS
and MS included 25 species, while the models for seedling
survival included 34 species. The variation in species num-
ber was due to differences in availability of demographic
and trait data at the different developmental stages. The
species used in the analyses are included in Appendix S1:
Table S1. Furthermore, we examined the pairwise relation-
ships between survival rates at each stage to ensure the
consistency in species ranking across ontogeny.

RESULTS

Overview

Mean LA was smaller in seedlings than adults, while
mean SLA and leaf carbon content (LCC) were larger in
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seedlings than adults, and leaf nitrogen content (LNC)
was not significantly different between the two stages
(Table 1). Leaf trait correlations between seedlings and
adults were always positive and significant, except for
LCC (Appendix S1: Table S2). Survival rates increased
through developmental stages across all species: mean
seedling survival was 0.76, mean JS was 0.87, and
mean MS was 0.97 (Appendix S1: Table S3). Survival
rates at the seedling stage were significantly and posi-
tively related to JS but not related to MS. JS and MS were
significantly and positively related (Appendix S1:
Table S4).

Relationship between traits and survival
over ontogeny

We found that leaf traits measured in adults captured JS
and MS rates, but not seedling survival rates. Specifically,
maximum tree survival rates declined for species with
high SLA (Figure 1; Appendix S1: Table S5; R2 = 0.26).
JS decreased for species with high LNC (Figure 1;
Appendix S1: Table S5; R2 = 0.37). In addition, leaf traits
measured in seedlings captured seedling and JS rates, but
not MS rates. In particular, JS decreased for species with
high SLA (Figure 1; Appendix S1: Table S5; R2 = 0.22).
Seedling survival declined for species with low LCC and
high SLA (Figure 1; Appendix S1: Table S5; R2 = 0.15,
0.11, respectively).

DISCUSSION

A key assumption of the trait framework is that func-
tional traits should be tightly linked to demographic per-
formance (Arnold, 1983; Violle et al., 2007). However,
earlier studies have shown that this relationship is signifi-
cant, but weak for leaf traits (Yang et al., 2018). In this
study, we tackled one of the potential reasons that may
weaken relationships between traits and performance:
intraspecific trait and demographic variation over

ontogeny. We show that stage-specific leaf traits better
predict survival at that stage, and that the strength of
these relationships is often higher than previously
reported in tropical forests. These results have implica-
tions for improving predictability of communities by
accounting for stage-dependent variations in traits and
demography. Below we discuss our results in more detail.

Our results show that the predictive power and signif-
icance of the trait–survival relationships improve when
combining traits and demographic rates measured at the
same ontogenetic stage. Adult traits were significantly
related to MS, seedling traits were significantly related to
seedling survival, and both stage-specific traits were
related to JS (Figure 1). These results agree with the idea
that trait–survival relationships are sensitive to both
the variation in demography over ontogeny (Visser
et al., 2016) and to the variation in traits across trees’ life
cycle. One reason explaining the stronger correspondence
between traits and survival at the same life stage is that
individual traits are optimized for the specific environ-
mental context of that stage. For example, leaf traits
exhibited more conservative values at the adult stage
than at the seedling stage (Table 1). These more conser-
vative values are often observed in leaves that are fully
exposed to direct sunlight (Niinemets & Kull, 1994),
which are the prevalent conditions in the forest canopy
(Chazdon & Fetcher, 1984). In the canopy, trees can
invest in more costly leaves with longer return on invest-
ment as they have full access to light (Wright
et al., 2004). This co-variation between light conditions
and leaf traits may also explain why JS rates were
explained by both seedling and adult traits, as juveniles
reach the mid-canopy and have intermediate access to
light compared to seedlings and adults.

By comparing the explanatory power from this study
with earlier studies, we noticed a substantial increase in the
strength of the relationships between leaf mass per area
(LMA, the inverse of SLA) and seedling survival rates when
using stage-specific traits. The coefficient of determination
(R2) increased by up to one order of magnitude from
R2 = 0.02 in Visser et al. (2016) and R2 = 0.01 in this study

TAB L E 1 Trait mean, ranges and Wilcoxon signed ranked test for seedlings and adults of tree species present at the Luquillo Forest

Dynamics Plot in Puerto Rico.

Trait Abbreviation (units)

Adults Seedlings Wilcoxon test

Min Mean Max Min Mean Max W p-value

Leaf area LA (cm2) 14.03 270.82 2407.06 0.33 11.47 35 103 <0.001

Leaf carbon content LCC (%) 37.31 45.61 49.83 35.52 46.54 53.78 147 0.03

Leaf nitrogen content LNC (%) 1.2 2.05 3.69 1.33 2.59 4.91 163 0.08

Specific leaf area SLA (cm2/g) 73.17 200 346.39 120.14 332.66 655.43 103 <0.001
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F I GURE 1 Legend on next page.
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using adult traits to R2 = 0.11 when using seedling traits.
Similarly, the relationships between LMA (SLA, in this
study) and adult survival showed an increase in R2 com-
pared to reported in previous tropical studies, but in a lesser
extent (R2

This study = 0.26 vs. R2
Visser et al. 2016 = 0.24, and

R2Wright et al. 2010 = 0.17). The strongest relationship
found in this study was between leaf nitrogen measured for
adults and JS. Leaf nitrogen has been less studied than SLA
(Fortunel et al., 2020; Messier et al., 2017; Umaña &
Swenson, 2019), and to our knowledge, no studies have
examined its relationships with survival across ontogeny.
However, we showed that this trait had a prevalent role
explaining survival rates at all stages (yet not significant for
seedlings after Benjamini–Hochberg correction), likely due
to its key role in synthetizing amino acids which are part of
Rubisco and ultimately influencing the efficiency of carbon
dioxide fixation. Our findings corroborate the role of leaf
economics traits on tree survival and highlight the rele-
vance of measuring traits and demography at the same
ontogenetic stage to improve survival models. Importantly,
differential responses between seedlings and adults or juve-
niles to environmental changes have strong implications
for understanding the future of tropical forests.

Our results further showed that the strength of
trait–performance relationships varied across life
stages and was stronger at the juvenile stage. This
finding is consistent with previous studies that have
shown that traits are better predictors of juvenile tree
survival than MS rates (Wright et al., 2010). This varia-
tion of trait effects on survival over ontogeny has been
attributed to increasing requirements for mechanical
and hydraulic support that occur as trees grow in size
(King, 2011) where the effect of photosynthetic traits
such as SLA or LNC on demography tends to dissipate
(Falster et al., 2011). In line with this explanation, pre-
vious studies have reported that crown architecture
and size play a larger role than SLA in predicting adult
tree performance (Sterck et al., 2011). Furthermore, an
additional factor contributing to weaker trait–survival
relationships for adults is the challenge for obtaining
good estimates of MS due to low samples sizes in tropi-
cal forests, which leads to greater uncertainty associ-
ated with survival rate estimations for larger
individuals.

At the seedling stage, we observed the weakest relation-
ships between leaf traits and survival compared to juveniles
and adults (R2

seedlings = 0.08–0.17 vs. R2
adults and juveniles =

0.12–0.36). These results contrast with theory suggesting
that smaller individuals should show stronger
trait–demographic relationship (King, 2011). Also, previ-
ous studies have reported that, at the seedling stage, SLA
tends to be a strong predictor of growth for seedlings
(Lambers & Poorter, 1992; Wright & Westoby, 1999).
One possible explanation for this inconsistency is that
previous studies recorded seedling growth under more
favorable conditions of light than those experienced by
the seedlings in our study, which were growing in dark
forest understories. Moreover, seedling performance can
be strongly impacted by cotyledons and seed mass (Metz
et al., 2023; Wright & Westoby, 1999), which may have
played a significant role influencing survival at this very
early stage.

Our findings corroborate previous trends showing
that species with conservative leaf traits, characterized
by low SLA and low LNC, exhibit higher survival rates
and this trend remains consistent throughout different
life stages. Conservative leaves have longer leaf lifespan
but require a greater investment of dry mass per unit of
LA (i.e., low SLA) (Reich et al., 1992; Wright
et al., 2004). Consequently, these species typically exhibit
slower carbon-based metabolism, resulting in slow
growth and high survival rates (Lambers &
Poorter, 1992). In seedlings, we also found that LCC
impacted survival rates, with higher carbon content asso-
ciated with increased survival. This suggests that increas-
ing carbon content at early life stages may be an effective
strategy for enhancing seedling survival by tolerating
herbivores, as previous studies have shown that leaves
with lower carbon content tends to be more susceptible
to physical damage and insect attack (Alvarez-Clare &
Kitajima, 2007).

CONCLUSION

A key step in building a solid predictive trait framework
for forest communities requires the understanding of
how demography varies over time and how traits impact
performance over different life stages (Laughlin
et al., 2020). We show that functional strategies for seed-
lings and adults are consistently linked to tree demogra-
phy across different life stages, with leaf acquisitive traits
aligned with low survival rates, yet stage-specific
traits tend to be more strongly and significantly related to

F I GURE 1 Significant relationships (after Benjamini–Hochberg false discovery rate correction) between leaf traits and survival over

ontogeny. Light green points and lines represent relationships using seedling trait data and dark green points and lines represent

relationships using adult trait data. Shaded area represents the 95% CIs. See Appendix S1: Table S2 for details on slope coefficients and

Table 1 for abbreviations and units. Illustrations by María Natalia Umaña.
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the same stage survival. This study represents an effort
for bridging traits and survival across life stages and
underscores the need for incorporating stage-specific
traits and demography to improve predictability of
communities.
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