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Below-ground traits mediate tree survival
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Reforestation is one of our most promising natural climate solutions, and one
that addresses the looming biodiversity crisis. Tree planting can catalyse
forest community reassembly in degraded landscapes where natural regen-
eration is slow, however, tree survival rates vary remarkably across projects.
Building a trait-based framework for tree survival could streamline species
selection in a way that generalizes across ecosystems, thereby increasing
the effectiveness of the global restoration movement. We investigated how
traits mediated seedling survival in a tropical dry forest restoration, and
how traits were coordinated across plant structures. We examined growth
and survival of 14 species for 2 years and measured six below-ground and
22 above-ground traits. Species-level survival ranged widely from 7.8% to
90.1%, and a model including growth rate, below-ground traits and their
interaction explained more than 73% of this variation. A strong interaction
between below-ground traits and growth rate indicated that selecting species
with fast growth rates can promote establishment, but this effect was most
apparent for species that invest in thick fine roots and deep root structures.
Overall, results emphasize the prominent role of below-ground traits in
determining early restoration outcomes, and highlight little above- and
below-ground trait coordination, providing a path forward for tropical dry
forest restoration efforts.

This article is part of the theme issue ‘Understanding forest landscape
restoration: reinforcing scientific foundations for the UN Decade on
Ecosystem Restoration’.
1. Introduction
The reassembly of diverse forests is an important component in the fight against
biodiversity loss and climate change [1]. Moreover, many countries and organiz-
ations have committed to develop large-scale forest landscape restoration projects
as part of programmes such as the Bonn Challenge [2] and the Trillion Tree initiat-
ive (1t.org). It is therefore imperative that appropriate management interventions
be applied and targeted to local conditions [3,4]. Natural regeneration is often
an optimal strategy to promote the re-establishment of native species [5,6],
yet in many degraded landscapes, planting trees is a necessary step in the
re-establishment of local biodiversity [7]. Within such environments, survival
rates can be particularly low in the early stages of tree development, and so
species selection can be a key determinant of restoration outcomes [8,9]. Identify-
ingmixtures of species that can establish and survivewithin harsh environmental
conditions is critical to ensure effective long-term outcomes of active forest land-
scape restoration efforts. Moreover, increasing plant survival in restoration
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projects across the globe is important to ensure that resources
are efficiently allocated by countries committed to the UN
Decade on Ecosystem Restoration (see https://www.deca-
deonrestoration.org/).

Despite the importance of appropriate tree species selection
for the success of restoration efforts, few studies have character-
ized the plant traits that are most effective at promoting
survival within degraded landscapes. A long history of eco-
logical literature highlights how the performance of plants is
contingent upon the expression of traits that can confer a selec-
tive advantage under a given set of environmental conditions.
A range of morphological, physiological and biochemical
functional traits [10] can predict tropical plant growth under
different environmental conditions [11,12]. Moreover, there
have been calls to use functional traits to develop species
mixes for tropical forest restoration [9,13]. Additionally,
integrating local knowledge of species life-history traits (e.g.
successional status) when designing restoration interventions
can not only improve outcomes, but also ensure that culturally
and economically important species are explicitly included
in the design process [14]. Yet, applying this knowledge to pre-
dict the survival of seedlings within a restoration context
remains a major challenge as trait expression, survival rates
and their interactions can vary significantly at these initial
stages of development. In particular, within tropical dry
forests—the second largest forested tropical biome [15] and
one of the most endangered ecosystems [16]—seedlings are
exposed to strong dry seasons within the first year of growth,
and survival in the initial years of development is imperative
to ensure that restoration is effective in this system [17,18].
Globally, tropical dry forests have been extensively deforested
[19]. It is estimated that 97% of remaining tropical dry forests
are threatened by climate change and human activities [20],
making them a top-priority for landscape scale restoration
efforts. Recent work highlights how physiological leaf traits
such as water-use efficiency can be key indicators of seedling
survival during initial phases of development in both tropical
dry [21] and wet forests [22]. As such, the selection of species
mixtures with high community-weighted water-use efficiency
could potentially improve early survival rates at the commu-
nity level. Increasing survival at early restoration stages has
direct consequences for the development of soil organic
matter [23], canopy structure [24] and subsequent recruitment
of other native species [25,26]. However, by focusing only on
the linear correlations with a few plant traits, these studies
cannot account for the majority of the variation in species sur-
vival rates, or identify the mixtures of trait combinations likely
to promote the initial survival of seedlings in the long term.

Given the multitude of approaches that plants use to com-
pete for space, light, water and nutrients within heterogeneous
environments, it is rare that any single trait can directly predict
tree survival rates in a given location [27]. However, certain
traits can be indicative of general life-history strategies. In par-
ticular, the growth rate of trees is a well-described indicator of
changes in community assembly over time, with fast-growing
resource-demanding species dominating in early successional
stages and being gradually replaced by slower-growing species
with more efficient resource-use [28]. As such, differences
between ‘acquisitive’ (i.e. typically fast-growing species that
maximize resource capture and are sensitive to abiotic stress)
and ‘conservative’ (i.e. typically slow-growing, stress-tolerant
species with higher resource-use efficiency) functional strat-
egies (sensu [27]) may provide a useful framework for
guiding species selection that leads to high establishment
rates of planted seedlings within a restoration context.
Indeed, in a tropical dry forest field experiment, Gerhardt
[29] highlighted that within-species tree seedling survival
increasedwith higher height increment growth rates. However,
although this ‘acquisitive’ growth strategy may promote tree
survival within early stages of succession, rapid growth can
often come at the expense of more ‘conservative’ strategies
(e.g. that can be critical for species survival in harsh dry
conditions).

In tropical dry forests, tree growth and survival are strongly
limited by seasonal water availability [30], and species survival
may be tightly linked to the successful development of deep,
robust rooting systems [31]. However, while below-ground
plant traits have been linkedwith plant vital rates (e.g. survival
and growth) across terrestrial ecosystems, these traits are rarely
considered when evaluating plant performance, especially in
the context of restoration [32]. If investment in fast above-
ground growth (i.e. acquisitive strategy) comes at the expense
of plant investment in thicker absorptive fine roots and
deeper supporting root systems (i.e. conservative strategy),
then it may potentially limit seedling survival within tropical
dry forest. Yet, until now, no study has explored the relative
importance of below-ground traits relative to above-ground
traits, or the trade-offs between trait combinations, that may
be essential for improving species selection to promote
increased survival rates within tropical dry forest restoration.

In this study,we examined growth and survival of 14 native
tree species (840 seedlings in total) within a tropical dry forest
restoration experiment in Costa Rica. These species are
common in early successional forests in the region, are inclus-
ive of the most dominant tree families [33] and encompass a
wide range of life-history and resource-use traits [34]. Across
all species, we measured six below-ground and 22 above-
ground traits used to place species on leaf, stem and root econ-
omic trait spectra so that we could group trait values onto an
acquisitive to conservative gradient [35], then examined how
interspecific trait variation corresponds to species survival
rates over the first 2 years of seedling growth. By examining
the interactions between trait complexes, we test the relative
importance of above- versus below-ground traits, and examine
how interactions between trait combinations mediate seedling
survival rates. Last, we investigated if trait syndromes (i.e. fast
versus slow [35]) are coordinated across above- and below-
ground organs, an area of open debate for tree species [36].
Ultimately, by taking a broad scope, we aim to identify a
clear hierarchy of traits that should be considered in order to
promote the survival of planted seedlings within tropical dry
forest restoration.
2. Material and methods
(a) Study system
Our study was conducted at Estación Experimental Forestal Hor-
izontes (10.712N, 85.594W) in Área de Conservación Guanacaste
(ACG) in northwest Costa Rica. This tropical dry forest has a
mean annual precipitation of 1730 mm, mean annual temperature
of 25°C and a strong five- to six-month dry season fromNovember
to May, with little to no rainfall (http://www.investigadoresacg.
org/main_eng.html). The study site was previously used for
cattle grazing and agricultural crop production for decades, simi-
lar to land use in other tropical dry forests across Central America

https://www.decadeonrestoration.org/
https://www.decadeonrestoration.org/
http://www.investigadoresacg.org/main_eng.html
http://www.investigadoresacg.org/main_eng.html


Table 1. The 14 focal tropical dry forest tree species from the restoration experiment, their life-history traits, final survival percentages and relative height
growth rates (RGR) over 2 years. Trait abbreviations are as follows: dispersal syndrome (W, wind; A, animal), leaf habit (D, deciduous; EG, evergreen), leaf
compoundness (S, simple; C, compound).

species family
dispersal
syndrome

leaf
habit

leaf
compoundness

nitrogen
fixer

survival
(%)

RGR (ln(cm)
d−1) *1000)

Albizia saman Fabaceae A D C yes 13.4 1.15

Cochlospermum vitifolium Bixaceae W D S no 7.8 0.77

Cordia alliodora Boraginaceae W D S no 19.4 1.17

Crescentia alata Bignoniaceae A D S no 90.1 1.86

Dalbergia retusa Fabaceae W D C yes 41.7 1.87

Gliricidia sepium Fabaceae W D C yes 9.4 0.83

Guazuma ulmifolia Malvaceae A D S no 33.6 1.22

Hymenaea courbaril Fabaceae A D C no 13.1 0.50

Luehea candida Malvaceae W D S no 15.3 0.99

Lysiloma divaricatum Fabaceae W D C yes 48.3 1.32

Rehdera trinervis Verbenaceae W D S no 57.7 1.38

Simarouba glauca Simaroubaceae A EG C no 38.8 1.14

Tabebuia rosea Bignoniaceae W D C no 73.6 1.32

Thouinidium decandrum Sapindaceae W D C no 19.1 1.75
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[37] and the globe [19]. Succession is arrested in the study area,
which had been regenerating for approximately 28 years before
management intervention, due to intensive use that both com-
pacted the soil and led to nutrient depletion [38]. As a result,
the study site is dominated by only three tree species, Cochlosper-
mum vitifolium (Bixaceae), Crescentia alata (Bignoniaceae) and
Guazuma ulmifolia (Malvaceae) [38], making it particularly
species-poor given that more than 60 tree species are observed
in nearby forest inventory plots [39].
(b) Experimental design and species-level survival and
growth

Here we report new observations of above- and below-ground
plant functional traits that complement published data on
seedling survival and growth in an experimental species selec-
tion trial [38]. Our original experiment aimed to determine
how above-ground traits and soil amendments can be used to
improve restoration outcomes in degraded Vertisols. Vertisols
are soils that impede regeneration due to high shrink–swell
clay content that leads to cracks in the dry season and flooding
in the wet season [40]. In brief, in September 2014 we planted
approximately 60 individuals of 32 native tropical dry forest
tree species (N = 1710 seedlings) common across this landscape
[33] and that have a wide range of functional strategies [34].
Seedlings were grown in an on-site nursery, and we accounted
for intraspecific variation by collecting seeds across the ACG
from at least three trees per species separated by at least 1 km.
Seedlings were planted at 1 × 1 m spacing, with each species
planted randomly in rows across four soil amendment (hydrogel,
rice hulls, rice hull ash, sand) and two control blocks. Previous
results showed that soil amendments did not influence survival
or growth of seedlings after 2 years, so we do not consider this
factor in the current study. Seedling competition with remnant
vegetation (e.g. exotic forage grasses) was minimized by fully
clearing around all seedlings with machetes at regular intervals
(October and November 2014, and July 2015). We conducted
the current study with species (N = 14) that had least three
surviving individuals 2 years after planting (table 1).
We leveraged data collected in the original experiment to cal-
culate species-level survival and growth rate for 14 species [38].
We made an effort to control for the influence of plant size on
calculated species-level growth rates by initiating production
of all species in the nursery at the same time. Mean planted
seedling heights were similar at the species-level both when
initially planted (mean: 29.8 cm; s.d.: 13.7) and after 2 years
when harvests were made (mean: 72.9 cm; s.d.: 25.6). As such,
we effectively compared growth rates between species computed
from similarly sized seedlings. We calculated final species-level
survival percentages and average relative height growth rate
(RGR; ln(cm) d−1) after 2 years (two full growing and dry sea-
sons; September 2014–June 2016) on 60 seedlings per species
(N = 840). RGR was calculated using the standard equation:
(ln[final height]−ln[initial height])/(final day−initial day) [41]
and assumptions for this approach were met (i.e. RGR did not
slow or approach an asymptote over time). In July and August
of 2016, we measured physiological traits and whole-plant
structural characteristics in situ, then harvested both above- and
below-ground biomass of two-year-old seedlings of each species
(electronic supplementary material, figure S1). All measurements
were made on three individuals of each species (N = 42 individ-
uals total; see electronic supplementary material, table S1 for
above- and below-ground trait list).

(c) In situ physiological measurements
Physiological traits related to photosynthesis and water-use
were made on individuals in the field prior to destructive
harvests. We used an LCi portable photosynthesis system
(ADC Bioscientific Ltd, Hoddesdon, UK) to measure maximum
photosynthetic capacity at 1200 par (Amax; μmol CO2 m−2 s−1),
transpiration (E; mmol m−2 s−1) and instantaneous water-use
efficiency (WUE; μmol CO2 mmol H2O

−1). Next, we measured
the change in leaf water potential (Ψ) from pre-dawn to mid-
day (Ψdiurnal; MPa) to place species on a drought-tolerator
versus avoider spectrum [42]. We measured pre-dawn and
mid-day Ψ on two leaves per seedling with a Scholander
pressure chamber (1505D, PMS Instruments, Albany, OR,
USA), then calculated Ψdiurnal.
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(d) Full seedling measurements and harvests
For all harvested seedlings (N = 3 per species), we quantified a
suite of above- and below-ground functional traits related to
resource acquisition and stress tolerance. This sample size did
not allow for intraspecific comparisons; however, we were able
to compare how an extensive suite of above- and below-
ground traits differed concurrently between many focal species
using principal component analysis. In the field, we measured
the crown radius (cm) by measuring from the seedling stem to
the tip of the furthest leaf, then excavated whole seedlings
taking care to harvest the entire root system, including all fine
roots (roots≤ 2 mm diameter). During harvests we measured
the maximum lateral rooting extent by measuring from the
base of each seedling to the end of the furthest excavated fine
root tip (root lateral extent; cm) and maximum depth of the dee-
pest fine root (root depth; cm). No harvested seedlings were
observed competing for either above- (i.e. no overlapping cano-
pies) or below-ground resources (i.e. no overlapping root
structures) with adjacent seedlings.

We washed then scanned all fresh fine roots (absorptive first-
and second-order roots≤ 2 mm diameter; functional classifi-
cation sensu [43]) to calculate fine root traits for each individual
with a transparency scanner (Epson Perfection V800, Suwa,
Japan; 2–4 images per individual), placing roots in a clear poly-
carbonate tray filled with water to ensure no root overlap. We
used IJ_Rhizo [44] to calculate mean fine root diameter from
scanned images. We then dried roots and calculated specific
root length (SRL; m g−1) and tissue density (RTD, g cm−3)
using total fine root length and volume calculated from images.

On three fresh leaves per harvested individual (N = 126
leaves total) we measured petiole length (mm) and leaf thickness
(mm), then scanned and calculated leaf area (cm2) with IMAGEJ
[45]. To quantify whole-plant light capture capacity we scanned
all fresh leaves of each individual and calculated whole canopy
leaf area (total leaf area; cm2) and leaf perimeter (total leaf
perimeter; cm). We then dried all leaves at 60°C to constant
weight and calculated specific leaf area (SLA; cm2 g−1) and leaf
density (g cm−3). We bulked these leaves per individual and
transported them to the University of Minnesota, where they
were ground and analysed for foliar carbon to nitrogen ratio
(C : N) and stable isotopes (δ13C; ‰).

Last, for each harvested individual, we dried all plant parts
(leaves, stems, roots) to constant weight at 60°C and determined
their mass (g), then calculated leaf (LMF), stem (SMF) and root
(RMF) mass fractions for each seedling. In final individual-level
biomass calculations, we included the mass of all leaves and
roots used to quantify all traits above. For all species, we com-
piled a list of life-history traits from a previous study in the
region [34]: dispersal syndrome (wind or animal), leaf habit
(deciduous or evergreen), leaf compoundness (simple or
compound), nitrogen-fixing status (fixer or non-fixer), seed
mass (g) and stem wood density (g cm−3). We calculated
species-level trait means for statistical analyses (electronic
supplementary material, table S2).
(e) Statistical analysis
In an effort to consider all above- or below-ground traits simul-
taneously, we performed principal component analysis, using
the prcomp function within R statistical software [46]. All variables
were centred and scaled relative to their means and variances to
facilitate interpretation of principal components. We performed
two principal component analyses, one using all above-ground
traits, and a second using all below-ground traits. This generated
two sets of species-level principal components which reflected
variation in above- and below-ground traits, respectively.

We analysed survival rates at the species level using Bayesian
phylogenetic generalized linear models (GLM) to account for
species relatedness, via the MCMCglmm function in R [47] and
a phylogeny built with V.PhyloMaker [48]. Tree species survival
rates were logit-transformed prior to analysis, as raw pro-
portional data violate the assumption of homoscedasticity [49].
To ensure that results were equivalent to using non-transformed
survival values, we compared the logit-transformed Bayesian
phylogenetic GLMs to beta GLMs and found that model fits
and results were almost identical (electronic supplementary
material, figure S2 and table S3). To understand how relative
growth rate, above-ground traits, below-ground traits and poten-
tial interactions influenced species-level survival rates we fit five
statistical models. We focused on predicting species’ survival
rates rather than growth rates as the goal of our study was
to develop a framework for restoration species selection that opti-
mizes initial survival of planted seedlings. The first three models
were univariate regressions between survival rate and either rela-
tive growth rate, the first principal component (PC1) of above-
ground trait variation, or PC1 of below-ground trait variation.
Then, we considered potential interactions between relative
growth rate and trait principal components by fitting models
with relative growth rate, PC1 of above- or below-ground trait
variation, and their interaction, respectively.

(1) Survival rate∼ above-ground PC1
(2) Survival rate∼ below-ground PC1
(3) Survival rate∼ relative growth rate (RGR)
(4) Survival rate∼RGR + above-ground PC1 + RGR * above-

ground PC1
(5) Survival rate∼RGR + below-ground PC1 + RGR * below-

ground PC1

We explored how additional principal components of above-
and below-ground trait variation influenced survival rates, but
these models performed substantially worse than models fit with
the first principal component, and so were excluded from further
investigation. Additionally, we performed a ‘whole-plant traits’
PCA including all above- and below-ground traits, however, PC1
of this PCA only described slightly more variation in survival
than above-ground traits PC1, and far less variation than the
below-ground traits PC1, so it was excluded from analyses. To
determine the extent to which traits were coordinated across plant
organs, we calculated pairwise Pearson’s correlation coefficients
(r) with bootstrapped standard errors and p-values (10 000 samples)
between all continuous above- and below-ground functional traits.
3. Results
Survival to 2 years varied from 7.8% to 90.1% among species.
Overall, relative growth rate was the strongest single predictor
of tree species survival rate (R2

adj ¼ 0:42), indicating that species
with faster growth rates typically had higher survival. How-
ever, PC1, which captured the greatest amount of variation in
either above- or below-ground traits on their own, were poor
predictors of tree species survival. However, when relative
growth rate and tree species traits were considered in combi-
nation (relative growth rate, PC1 of below-ground trait
variation and their interaction), variance explained increased
by approximately 32% compared to models fit with relative
growth rate alone (R2

adj ¼ 0:73 versusR2
adj ¼ 0:41, respectively).

By contrast, models fit with relative growth rate, PC1 of above-
ground trait variation and their interaction slightly decreased
model R2

adj relative to a model fit with relative growth rate
alone (adjusted R2

adj ¼ 0:28, figure 1).
To better understand how the PC1s of above- and below-

ground trait variation are driven by individual traits, we
visualized bi-plots of principal component analyses with
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covariate vectors superimposed, as well univariate
regressions between four traits that best correlated with
PC1 within each analysis (figures 2 and 3; see electronic sup-
plementary material, table S4 for variable contributions to
and correlations with PC1). Below-ground trait variation
was dominated by a trade-off between either having thick
fine roots (high values of fine root diameter) or high biomass
allocation to roots (root mass fraction), greater root length per
unit root mass (SRL) and higher root tissue density (figure 2).
Above-ground trait variation was dominated by a trade-off
between low versus high values of total leaf area and
perimeter, crown radius and δ13C (figure 3).

To evaluate the interaction between below-ground traits
and relative growth rates, we used the fitted model to
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develop an interaction plot that allowed us to vary relative
growth rate at fixed levels of below-ground PC1. We varied
relative growth rate from its 5% to 95% quantile in the data-
set, and then set below-ground trait PC1 at either its 5%, 50%
or 95% quantile. The 95% quantile of below-ground trait PC1
reflects thick fine roots and deeper maximum rooting depth,
but lower root allocation and root tissue density. We refer to
the 95%, 50% and 5% quantiles of PC1 as ‘conservative’,
‘average’ and ‘acquisitive’ below-ground trait syndromes,
respectively. We observed that the interaction between rela-
tive growth rate and below-ground trait variation has a
strong effect on estimated tree species survival rates, so
much so that trees with otherwise high relative growth
rates have much lower survival rates if those trees also
have thin fine roots and high overall biomass allocation to
roots (figure 4).

To examine trait coordination between plant organs, we
generated a correlation matrix of pairwise Pearson’s corre-
lations between above- and below-ground traits (electronic
supplementary material, figure S3). Root traits were largely
not correlated with above-ground traits; however, some pat-
terns emerged with respect to biomass allocation. Notably,
no above-ground traits were correlated with root diameter,
and only one above-ground trait (SMF) was correlated with
root depth (i.e. species with deeper roots allocated more
resources to stems; r = 0.60). In the few cases where SRL
and RTD correlated with above-ground traits, relationships
were typically negative; however, species with high RTD gen-
erally had high stem wood density (r = 0.69). Species that
allocated more biomass below-ground (i.e. higher RMF)
had acquisitive leaves (i.e. higher SLA; r = 0.66), narrower
crowns (r =−0.74) and allocated less resources to leaves
overall (i.e. lower LMF, lower total leaf area and perimeter;
r of −0.58, −0.61 and −0.65, respectively). The opposite pat-
terns were observed for species with high root lateral extent
(i.e. lower SLA, larger crowns, higher total leaf perimeter
and area; r of −0.54, 0.78, 0.75 and 0.76, respectively) and
these species also allocated more resources to stem biomass
(i.e. higher SMF; r = 0.73).
4. Discussion
The selection of tree species remains a major challenge facing
restoration projects in tropical dry forest. Given the harsh
growing conditions, characterized by prolonged dry seasons,
mortality rates can be exceptionally high in the first 2 years
following seedling establishment [38,50]. Surviving this
initial growth phase is key to ensure effective restoration
outcomes. In this analysis, only 34% of planted seedlings
survived this initial 2-year period. Yet, survival rates of
different tree species ranged from 7.8 to 90.1%, highlighting
that effective species selection is necessary to maximize the
chances of initial seedling establishment when restoring this
ecosystem type.

To explain this variation in survival rates among our
species, we explored a range of above- and below-ground
traits. The prominent role of relative growth rate in governing
initial survival emerged strongly, explaining over 40% of the
variation in survival rates alone (figure 1). Specifically,
species able to tolerate conditions in this degraded soil and
allocate resources to rapid initial height growth consistently
established quickly and tended to survive throughout the
initial 2-year growth phase. These findings are consistent
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with evidence from both tree planting efforts [51] and natural
regeneration projects [29] in Neotropical tropical dry forests,
highlighting that tropical dry forest seedling growth rates
can be tightly and positively linked with survival for the
first few years of establishment. Whereas the growth–
mortality trade-off dictates that fast-growing species typically
have the highest mortality rates in closed canopy forest [52],
in these high light early successional environments this trade-
off does not appear to hold (also see [53]). Therefore, in early
stages of tropical dry forest restoration, acquisitive growth
strategies clearly promote rapid establishment and seedling
survival. This suggests that integrating fast-growing species
that persist naturally at early successional stages into planting
mixes is a straightforward approach towards improving
restoration outcomes on extensively degraded sites where
there is little to no extant canopy cover. Moreover, this pattern
was not driven by nitrogen-fixing species included in our
study, which can have much higher growth and survival
than non-fixers in regenerating tropical wet forest [54] and
can have higher growth than non-fixers in tropical wet
forest restoration plantings [55]. Rather, both fixers and
non-fixers were integrated along growth and survival gradi-
ents, highlighting that species with both strategies should
be considered for species mixes. Indeed, ensuring that species
mixes containing a wide range of functional groups with
appropriate traits for a given situation can not only restore
targeted ecosystem services, but also increase forest resilience
to ongoing global environmental change [1].
Despite the important role of seedling growth rate in
governing survival in this system, several species diverged
strongly from this linear relationship, and the inclusion of func-
tional traits considerably improved the capacity to predict
overall survival rates across species. However, the importance
of different traits varied considerably between above- and
below-ground characteristics. Although the inclusion of
above-ground traits did not significantly ( p > 0.05) affect the
model fit, the inclusion of below-ground traits considerably
improved the predictive accuracy of our model. Specifically,
the final model including relative growth rate, the PC1 for
below-ground root traits and their interaction explained 73%
of the variation in survival rates across our study species.
While our results indicate that below-ground traits are highly
predictive of initial survival rates in this system, survival
rates over longer timescales may be dictated by different
suites of traits, ontogeny [56] and/or cyclical climate cycles
(e.g. El Niño and La Niña). This prominent role of below-
ground traits in predicting initial species survival is consistent
with the idea that root investment is critical for plant survival,
especially in regions with limited water availability. Indeed,
both broad- [57] and fine-scale [58] studies consistently high-
light the importance of root investment within arid and
seasonally dry regions, as the root : shoot ratio of plants tends
to increase in drier conditions. Moreover, in this tropical dry
forest, species that allocated more resources below-ground
(i.e. higher RMF) allocated less resources to leaf construction
(i.e. higher SLA), crown development and total canopy leaf
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area (electronic supplementary material, figure S3). This trade-
off is consistent with observations fromPanama indicating that
seedling growth in tropical dry forest was maximized when
more resources were invested in roots versus leaves [59].

The specific nature of the relationships between root traits
and species survival can provide mechanistic insights into
their effects on seedling survival. Principal Component 1
for the below-ground traits correlates negatively with root
depth, root diameter and root lateral extent and positively
with RMF, SRL and root tissue density (figure 2). As such,
the negative overall relationship between PC1 and species
survival indicates that investing in thicker fine roots, and
developing deeper and more laterally extensive root struc-
tures can promote species survival within the initial years
of seedling growth. These patterns appear to be tightly
linked to the optimization of resource capture, and obser-
vations demonstrate that early successional tropical dry
forest trees in Mexico typically have deep root structures
that increase water foraging capacity [60]. Moreover, all of
the species in this study associate with arbuscular mycorrhi-
zal fungi and species with thicker fine roots typically have
high mycorrhizal colonization rates [61], which could directly
increase root surface area for nutrient and water uptake. Our
findings likely hold across the dry tropics in forests domi-
nated by deciduous species. However, in seasonal tropical
forests with communities dominated by evergreen species,
which inherently allocate more biomass to roots [62], other
suites of traits may better differentiate between species
when predicting initial seedling survival rates. Additionally,
the low sample size of our seedling harvests may have lim-
ited our ability to well resolve trait means for specific
species, potentially influencing observed trait syndrome×-
growth rate interactions. However, our initial analysis
highlights that integrating below-ground traits into restor-
ation design is an important research direction, and further
characterizing below-ground trait variation will only help
to improve our understanding of this topic.

We also found a strong interaction between the effects of
root investment and vertical growth rate in predicting overall
survival rates. That is, fast-growing species had higher survival
if they also had thick fine roots and deep root structures
(figure 4). This interaction between root traits and growth
rate is counterintuitive as these growth traits are often con-
sidered to be associated with distinctly opposing growth
strategies. Specifically, fast vertical growth is generally con-
sidered to be associated with an ‘acquisitive’ growth strategy,
whereas the investment in thick fine roots, and allocating
resources to root structure development are often considered
to occur in ‘conservative’ species. Therefore, tomaximize initial
survival rates in this tropical dry forest region, and in other tro-
pical seasonal forests with strong dry seasons when little to no
rain falls for fourmonths ormore, it is essential to select species
that exhibit relatively acquisitive above-ground growth, with
relatively conservative root structures. Thus, assigning binary
resource-use strategies (acquisitive versus conservative) at the
whole-plant level may be misleading when attempting to
determine the drivers of plant performance in a restoration
context. Moreover, below-ground traits were largely uncorre-
lated with or decoupled from above-ground traits in this
system (electronic supplementary material, figure S3). This
finding supports growing evidence that coordination across
above- and below-ground organs in tree speciesmay be limited
[36,63]. However, there was some indication that wood and
root tissue densities were linked across species, a pattern that
has also been observed across a broad range of Neotropical
tree species [64]. Additionally, the traits tightly coupled with
seedling survival in below-ground PC1 (root diameter and
RMF; figure 2) were only correlated with above-ground traits
in one instance. Thus, our findings suggest that despite the dif-
ficulty associated with quantifying below-ground traits,
investing time into these efforts and improving our capacity
to predict species-level trait values out of sample (e.g. [65])
will most likely improve the design of tropical dry forest restor-
ations. Moreover, large-scale forest biodiversity–ecosystem
function experiments have demonstrated thatmaximizing func-
tional diversity in planted forests promotes higher productivity
[66] and increases resilience and ecosystem services [67]. Thus,
ensuring that planted species mixes are highly diverse, in terms
of both above- and below-ground functional attributes, is likely
to be important, and using planting mixes with high species
richness is a strategy demonstrated to meet this goal [68].
5. Conclusion
By highlighting the traits that predict tree seedling survival,
our analysis provides a path forward for the selection of
species to promote survival in tropical dry forest restoration
efforts. Selecting species with fast vertical growth rates has
the potential to promote rapid seedling establishment when
planted into degraded Vertisols, but this effect is only appar-
ent in species that also invest in thicker fine roots, and more
extensive root structures. As such, this analysis highlights the
importance of considering below-ground root characteristics,
relative to above-ground stem and leaf traits, when predicting
seedling survival within these seasonally dry ecosystems.
Given the typically low seedling survival rates in tropical
dry forests, these insights into species selection may poten-
tially be invaluable for promoting the initial establishment
of vegetation. By highlighting the key traits that promote
seedling survival, our study can serve as a guideline to
select species that can tolerate initial planting conditions in
tropical dry forest restoration efforts.
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