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Abstract
The initiation of a new plant community in a restoration area hinge on the performance of seedlings post-
planting. This study aimed to evaluate the impact of species functional traits—speci�c leaf area (SLA),
wood density (WD), seed dry mass (SDM), and potential height (H)—on the seedling performance after 18
months of planting, comparing two planting designs (rows and clusters) and the in�uence of fertilization
addition in clusters. The restoration area is a riparian tropical forest located at Caraguatatuba municipality,
São Paulo, Brazil. We monitored 3,017 tree seedlings and estimated their survivorship and relative growth
rate (RGR) using the diameter, height, and canopy area of the surviving seedlings and the stem biomass for
the cluster RGR estimation. Using linear mixed models, we analyzed how the planting designs and the
functional traits affect species survival and their RGR. We underscored the signi�cance of slow-growth
traits (low SLA, and high SDM and WD) in enhancing species survival, irrespective of the planting design.
Whereas, maximizing species growth entails prioritizing seedlings with greater potential height. Cluster
survival and growth improved with a greater abundance of species with low values of SDM (i.e., fast-
growth species) and low functional divergence (high similarity). Fertilized clusters improved the RGR of
slow-growth species. Including functional traits in restoration is advantageous for enhancing seedling
performance at the species level, which is an important consideration for restoration practitioners. To
optimize applied nucleation, clusters should target functional diversity at this community level to prevent
the dominance of competitive species.

1 Introduction
The performance of seedlings after plantation is crucial in establishing a new plant community in
restoration sites, as they have high mortality rates in the initial phase of ecological restoration (Grossnickle
2012). As a result of degradation, restoration areas typically present harsh environmental conditions,
including intense light, poor soil fertility, and limited water availability. These conditions challenge the
growth and survival of newly planted seedlings. Therefore, environmental factors play a signi�cant role in
shaping the success of seedlings, with some species struggling to thrive under such stressful
circumstances (Charles et al. 2018). Biotic interactions between seedlings also in�uence their performance
after planting. They can shift from positive (facilitation) to negative (competition) relationships, depending
on the density of neighboring species and their life history (Maestre et al. 2009). The facilitation
relationship is evident when the individual growth rate is enhanced in the presence of a speci�c neighbor,
whereas competition decreases the individual growth (Callaway et al. 2002; Trinder et al. 2013).
Nevertheless, biotic interactions between seedlings after planting may only occur when the crown and root
of neighboring seedlings overlap. Such interactions can begin earlier if seedlings are planted closer or in a
high-density spatial arrangement.

Planting seedlings aggregately in clusters, also known as tree islands or nucleation, is a cost-effective
technique used in ecological restoration and has been shown to alleviate stressful conditions for seedlings
during their initial stages of development (Bechara et al. 2021; Holl et al. 2020). The nucleation process
occurs when new colonizers are established in patches and spread outward through clonal reproduction or
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facilitation (Yarranton and Morrison 1974). The effects of abiotic and biotic limitations on seedling
establishment may be lower in clusters than in surrounding areas, as clustering ameliorates stressful
microclimatic conditions, promotes the colonization of new individuals, and can attract more animal-
dispersed species (Corbin and Holl 2012). Facilitation is expected in clusters, as studies have shown that
the nucleation strategy can improve or maintain seedling survivorship in the post-plantation stage
compared to traditional row plantations (Bechara et al. 2021; Bertoncello et al. 2016; Silliman et al. 2015).
Despite row plantation has been linked to a higher growth rate than the applied nucleation strategy, both
exhibited similar growth when species identity was included as an explaining factor (Bertoncello et al.
2016; Holl et al. 2011).

Species performance is based on the trade-off between mortality and growth rates and is subject to
variations based on species-speci�c strategies and the availability of natural resources. Fast-growing
species display high growth rates but may not necessarily be good survivors, in contrast to slow-growing
species that exhibit lower mortality rates, even in stressful conditions (Laughlin et al. 2020). Nutrient-rich
soil may favor the growth of highly competitive fast-growing species, while slow-growing species can have
lower mortality rates, even in poor soil conditions (Oliveira et al. 2021). In this regard, plant functional traits
can explain the capacity of species to acquire and use resources and their ability to compete and
regenerate, placing plant species across a continuum of ecological strategies (Poorter et al. 2014; Westoby
et al. 2002; Wright et al. 2004). Fast-growing plant species typically exhibit the following soft (i.e., easily
measuring) traits: a short leaf lifespan (high speci�c leaf area [SLA]), softwood (low wood density [WD]),
greater height (high potential height [H]), and small seeds (low seed dry mass [SDM]) (Garnier et al. 2016;
Poorter et al. 2014).

Studies on the role of functional traits in elucidating post-planting seedlings’ individual performance within
restoration areas have revealed varying relationships. Reproductive traits (e.g., SDM) were found to be
more important than leaf traits in in�uencing seedling survivorship and growth after 42 months of planting
(Martínez-Garza et al. 2013). Physiological leaf traits (e.g., photosynthetic rate and stomatal conductance)
associated with nutrient use e�ciency better predicted seedling growth than traits associated with water
use e�ciency and morphological leaf traits (Guimarães et al. 2018). Seedling survival and growth were
promoted in species with higher water use e�ciency, but correlation strengths varied between the wet and
dry seasons (Werden et al. 2018). In a drier environment, wood density was the best predictor of increased
seedling survivorship (Werden et al. 2018). Seedlings of shade-tolerant species (i.e., high leaf mass area
[LMA] values) grew less when planted in pastures with higher irradiance levels (Toledo-Aceves et al. 2022).
Moreover, leaf functional traits weaker explained seedling performance than their initial height in a
subtropical rainforest restoration area (Gardiner et al. 2019).

Seedling neighborhood may also in�uence planted seedling performance when accounting for biotic
interactions in aggregated plantations. Analyzing the in�uence of neighboring (“crowding”) on the survival
of focal species, Lasky and colleagues (2014) found an increase in survivorship when neighbors were
functionally dissimilar (using leaf traits of SLA and leaf dry matter content [LDMC]). This result can be
explained by the principle of limiting functional similarity, which states that two individuals sharing the
same ecological niche cannot coexist (MacArthur and Levins 1967). In this regard, competition should
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modulate the coexistence of neighboring species, leading to a functionally dissimilar community
(MacArthur and Levins 1967). However, the speci�c functional trait of wood density explained the focal
species’ survivorship independently of the crowding level (Lasky et al. 2014). In such cases, the species
that exhibit superior competitive abilities tend to outcompete and displace others, resulting in a trait-similar
community (May�eld and Levine 2010) contrasting to the functionally dissimilar community led by niche
differentiation.

Our study aimed to elucidate the role of functional traits on seedling performance by comparing the
relationship between different planting designs (row plantations vs. aggregated clusters) and fertilization
types in clusters (fertilized vs. non-fertilized) at the onset of tropical forest restoration (0–2 years). In
pursuit of these goals, we addressed two main questions. Initially, we sought to determine whether the
interaction between planting design (rows or clusters) and species’ functional traits might affect seedling
performance (growth and survival). We hypothesized that fast-growing species (e.g., high SLA and H but
low SDM and WD values) would display higher growth rates when planted in rows than in clusters due to
the presence of neighboring individuals at initial stage. In comparison, slow-growing species would present
higher survival in clusters, as these species may be favored (facilitation) in such aggregated planting
systems. Second, we examined how the functional similarity of clusters (trait mean and range) affects
average seedling performance in distinctive communities regarding soil nutrient availability (fertilized and
non-fertilized clusters). We expected that improving soil fertility would foster the growth of acquisitive
species (i.e., fast-growing), resulting in a cluster community with higher biomass stock. However, slow-
growing species were expected to perform better in poorer soil conditions (non-fertilized clusters),
improving seedling survival and the functional dissimilarity of the community.

2 Materials and Methods

2.1 Study site
The restoration site encompasses an experimental area spanning 6.5 hectares, featuring a 1.3-kilometer-
long and 50-meter-wide riparian zone that has undergone reforestation (Fig. 1). This area is situated
alongside the Camburu River and is situated within the Petrobras company, speci�cally within the Monteiro
Lobato Gas Treatment Unit (UTGCA). This site is located on the Southeastern coast of Brazil on the coastal
plain between a mountain range (Serra do Mar) and the ocean in the municipality of Caraguatatuba, São
Paulo state. The original vegetation of the site is a wet tropical forest established on white sandy soil,
locally called Restinga forest, part of the Brazilian Atlantic Forest. The area has a humid subtropical
climate, with no dry season, and a hot summer (Cfa) with an annual average temperature of 20.6° C.
Accumulated annual precipitation is 1,957 mm on average, July being the driest month, having 67 mm
precipitation, and January the rainiest month with 268 mm (Alvares et al. 2013). Originally, the soil had a
sandy texture but after a landslide occurred in 1967, the original sandy soil was mixed with clayey soil
from the slopes of Serra do Mar throughout the entire plain, albeit with varying intensities (Vieira et al.
2015). Before restoration, the area was a pasture for at least the past 50 years, covered by invasive exotic
grasses, with some castor (Ricinus communis) and guava (Psidium guajava) trees.
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(Fig. 1)

2.1.1 Experimental design
The tree planting was conducted in 2012 using an experimental design that considered two main factors:
planting design (row plantations, and aggregated clusters) and fertilization (chemical fertilizer, organic
fertilizer, and non-fertilized seedlings). The two planting systems had different spacing between seedlings,
resulting in two distinctive densities of individuals in the immediate neighborhood for each species.
Seedlings in traditional row design were planted with a spacing of 2 x 2 m, resulting in a low neighbor
density. In the cluster systems, 13 seedlings were planted aggregately, spacing 0.3 m between them;
however, these clusters were 5 m apart from each other. The spatial-aggregated cluster design aimed to
understand how species could perform under intense biotic interactions, simulating initial conditions in
natural regeneration areas. Although there was a high density in the immediate neighborhood of each
seedling inside the clusters, there was more space among clusters in a plot (5 m). The average density of
seedlings in the row design was approximately 2,088 ind. ha− 1 (± 32.3 ind.) and in the cluster design was
3,625 ind. ha− 1 (± 60.9 ind.). Therefore, we emphasized that the two plant designs of row plantations and
aggregated clusters (hereafter called “rows” and “clusters”) are characterized by low and high immediate
neighborhood density, respectively.

We had two distinctive �oristic compositions in clusters (clusters A and B) but maintaining the ratio of �ve
pioneers and eight non-pioneer species (Table 1). For chemical fertilization, a 100-gram dose of an NPK
ratio of 06:30:06 was applied at the seedling hole, following a recommendation from the previous soil
analysis. To maintain this fertilization treatment for the clusters, an NPK fertilizer with a ratio of 20:0:20
was applied to each seedling every three months for two years. Organic fertilizer consisted of the addition
of 2 L of humus at the seedling hole. These led to six combinations of factorial treatments (2 planting
designs x 3 levels of fertilization) implemented at 20 m × 50 m plots that were grouped into eight blocks
(Fig. 1). For more details about the experimental design, see Bertoncello et al. (2016).
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Table 1
The number of seedlings monitored from each species in the two types of non-fertilized planting design:

row plantations vs. aggregated clusters; and two types of fertilization in clusters (non-fertilized vs.
chemically fertilized). P = pioneer and NP = non-pioneer.

Botanic Family Species name1 Cluster
Composition

Ecological
group

Rows Clusters

non-
fertilized

non-
fertilized

fertilized

Anacardiaceae Schinus
terebinthifolia
Raddi

A,B P 48 82 85

Arecaceae Euterpe edulis
Mart.

A,B NP 49 82 85

Arecaceae Syagrus
romanzo�ana
(Cham.)
Glassman

A NP 39 40 44

Bignoniaceae Jacaranda
puberula
Cham.

B NP 42 42 41

Calophyllaceae Calophyllum
brasiliense
Cambess.

B NP 45 42 41

Fabaceae Erythrina
speciosa
Andrews

A,B P 48 82 85

Lamiaceae Aegiphila
verticillata Vell.

A P 46 40 44

Lauraceae Ocotea
pulchella
(Nees & Mart.)
Mez

A NP 44 40 44

Malvaceae Eriotheca
pentaphylla
(Vell. &
K.Schum.)
A.Robyns

A,B NP 51 82 85

Myristicaceae Virola
bicuhyba
(Schott ex
Spreng.) Warb

A NP 35 40 44

Myrtaceae Eugenia
astringens
Cambess.

A,B NP 51 82 85

1 The R package �ora (Carvalho 2020) was used to check the scienti�c names of plant species
according to Flora e Funga do Brasil (2020).
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Botanic Family Species name1 Cluster
Composition

Ecological
group

Rows Clusters

non-
fertilized

non-
fertilized

fertilized

Myrtaceae Eugenia
brasiliensis
Lam.

B NP 40 42 41

Myrtaceae Myrcia
ilheosensis
Kiaersk.

B NP 37 42 41

Myrtaceae Myrcia
multi�ora
(Lam.) DC.

A NP 42 40 44

Pentaphylacaceae Ternstroemia
brasiliensis
Cambess.

B NP 47 42 41

Primulaceae Myrsine
coriacea (Sw.)
R.Br. ex Roem.
& Schult.

A,B P 52 82 85

Sapotaceae Pouteria Aubl. A NP 38 40 44

Solanaceae Solanum
cinnamomeum
Sendtn.

B P 44 42 41

Verbenaceae Citharexylum
myrianthum
Cham.

A,B P 48 82 85

TOTAL       846 1,066 1,105

1 The R package �ora (Carvalho 2020) was used to check the scienti�c names of plant species
according to Flora e Funga do Brasil (2020).

(Table 1)

To answer our �rst question, as we were only interested in evaluating the role of planting design on
seedling performance, we selected only the non-fertilized plots for both rows and clusters, resulting in 16
total plots (Fig. 1). For our second question, aiming to understand the role of fertilization at a cluster
community level, we used the data set only from cluster plots with and without chemical fertilization
(Fig. 1). We did not use the plots with the addition of organic fertilizer in our study as it was not maintained
during the period of the survey, only applied at the seedling hole during planting.

To mitigate mortality resulting from post-planting stress, all deceased individuals were replanted one
month later. Subsequently, 30 days post-replanting, we conducted individual measurements to assess the
seedling survival and growth. The range of initial heights of surveyed seedlings spanned from 2 cm to 140
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cm. The monitoring survey occurred at two different moments, one month after the replanting (August
2012) and 19 months after it (March 2014). The survey counted a total of 3,017 individuals monitored
from 19 species (Table 1). For plant design comparison at the species level, we sampled 1,912 seedlings of
which 846 seedlings were from the row design treatment and 1,115 seedlings from non-fertilized clusters.
For the analysis at the cluster community level (fertilized and non-fertilized), we used 2,171 seedlings
(Table 1).

2.2 Traits collection
We chose to select four functional traits mostly related to the resources-use continuum and the mortality-
growth trade-off: (i) speci�c leaf area (SLA); (ii) wood density (WD); (iii) potential height, and (iv) seed dry
mass (SDM). SLA re�ects the balance between resource acquisition and conservation, where species with
lower SLA values, termed conservative, have leaves with longer lifespans and lower photosynthesis rates
(Perez-Harguindeguy et al. 2016; Wright et al. 2004). Species with higher WD negatively explain tree growth
but positively in�uence survivorship (Chave et al. 2009; Kunstler et al. 2016). Plant species with greater
potential heights – H (i.e., maximum height at maturity) tend to exhibit enhanced competitive abilities for
accessing light and achieving robust growth (Westoby et al. 2002). Finally, species with larger seed dry
mass (SDM) often experience improved seedling survival rates, which can contribute to their overall
success and persistence in a community (Garnier et al. 2016).

The survey of functional traits was done in September 2022. For this, �ve individuals per species were
randomly selected within the plots. For each tree individual, we collected three leaf samples and one
sample of developed wood (stems between 2.5 and 5.0 cm in diameter and around 10 cm in length). The
functional traits collection and measuring followed the protocol described in Perez-Harguindeguy et al.
(2016). We measured the wet and dry weights of leaves and estimated their leaf area using the software
ImageJ (Rasband 2012). We drought the wet leaf samples in a dry chamber at 40 ºC for 3–5 days until
constant weight. From these measurements, we estimated the speci�c leaf area (SLA, mm2. mg− 1) that is
the leaf area divided by its dry weight. Using the water-displacement method (Perez-Harguindeguy et al.
2016), we divided the stem wet volume by its dry weight and estimated the wood density (WD, g. cm− 3).
Then, for SLA and WD, we averaged the leaf and stem individual samples per species to build the species
traits matrix. For the estimation of seed dry mass (SDM, mg) we used local data from 10 species from
dataset of Zimback et al. (2023) and complemented the other species using two main databases: (1)
Neotropical Tree Communities Database – TreeCo (available at http://labtrop.ib.usp.br/) and (2) Plant Trait
Database – TRY, available at https://www.try-db.org (Fraser 2020; Kattge et al. 2020). For the estimation of
potential height (H, m), we used the database from the NeoTropTree – NTT, available at
http://www.neotroptree.info/ (Oliveira-Filho 2017) and �ltering data from herbarium dataset, available at
http://rb.jbrj.gov.br/v2/consulta.php. As the SDM and H traits have less intraspeci�c variation we could
complement our species traits matrix with these secondary datasets.

2.3 Data analysis

2.3.1 Performance
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Seedling performance was estimated by measuring survival and growth rate at individual (n = 1,912),
species (n = 19), and cluster (n = 167) levels. To calculate the percentage of species survival, we used the
binary values of survival (1) and mortality (0) of each individual, but also averaged it per species. For
cluster survival, we estimated the percentage of survived individuals for each cluster (13 individuals
planted). All survival variables were calculated at 19 months after planting.

We measured the following seedling variables in the survived individuals to estimate growth: (i) height (H,
cm); (ii) diameter at ground level (DGL, mm), and (iii) canopy area (CA, cm2, using an ellipse area from the
perpendicular diameters of the canopy). For growth estimation, we used the relative growth rate (RGR)
formula from Pommerening and Muszta (2016), as shown in the equation below:

in which, Yk is the seedling variable at the �nal time and Yk−1 at the initial time, Δt is the period of analysis
(in our case Δt = 18 months), leading to an RGR per month unit.

Then, the RGR at the individual level was averaged by species. For the RGR at the cluster level, we used its
total aboveground biomass – AGB (stem in Kg) using the equation described in Chave et al. (2005), as
following:

in which, F is the tree taper that we used F = 0.033 considering a uniform shape (conical shape); ρ is de
wood density of species (g.cm − 3); we used DGL (converted to cm) for tree diameter (D); and H is the
individual height (converted to m) (Chave et al. 2005).

2.3.2 Functional traits
Using the species traits matrix, we estimated the value of the community-weighted mean (CWM) at the
cluster level. CWM is the average of the functional trait weighted by the relative dominance of each species
(using basal area). After 19 months of planting, we calculated three independent functional diversity
indices: functional richness – FRic, functional divergence – FDiv, and functional evenness – FEve
(Mouchet et al. 2010). They cover three groups of functional diversity as described by Garnier et al. (2016),
which are: richness (related to taxonomic richness and does not take species abundance into account),
divergence (functional distance between pairs of species considering their abundance), and equity
(demonstrates inequalities in distribution attributes along the functional axis, also weighted by species
abundance). For this, we used the FD package in R (Laliberté et al. 2014).

2.4 Statistical analysis

RGR =

(log )Yk

Yk−1

Δt

AGB = Fxρx( ) xH
πD2

4
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To assess differences in seedling survival and relative growth rate (RGR)—based on seedling height,
diameter, and canopy area—between row and cluster planting designs, we used generalized linear mixed-
effect models. The models incorporated the planting design as a �xed effect and block as a random
intercept. For analyzing the impact of species functional traits on their survival and growth, the models
included treatment, species trait values, and their interaction as �xed effects, with blocks as random
intercepts. Due to potential multicollinearity, as some traits showed high correlations (see Online Resource
1), a single model was executed for each functional trait (SLA, SDM, WD, and H).

To evaluate the effect of chemical fertilization on seedling survival and growth (biomass RGR) at the
cluster-community level, another set of generalized linear mixed-effect models was applied. These models
considered the treatment of fertilization, the community trait values (community-weighted mean – CWM,
and functional diversity – FD indices), and their interactions as �xed effects, with blocks as random
intercepts. Single models were run for each community trait value to avoid issues arising from inter-index
correlations (Online Resource 1).

Models with survival as the response variable were �tted with a binomial distribution, while those for RGR
(at species and cluster levels) assumed a normal distribution. All leaf traits (SLA, LDMC) and seed dry
mass required log transformation to satisfy normality assumptions. These analyses were conducted using
linear mixed-effects models in the R Core Team (2021) employing the lme4 package (Bates et al. 2009).

3 Results

3.1.1 Seedling performance
We found that seedling performance (individual level) was signi�cantly different between the planting
designs (rows and clusters without fertilization) and fertilization types (non-fertilized vs. fertilized clusters).
After 19 months of planting, seedling survival in rows (45.5 ± 49.8%) was lower (z = 3.876; P < 0.001) than
the planting in clusters (53.6 ± 49.9%). However, the RGR for diameter (DGL) was higher (t = -8.94; P < 
0.001) in rows (0.065 ± 0.036 mm per month) than clusters (0.046 ± 0.037 mm per month). Moreover,
despite any signi�cant effect of chemical fertilization in seedling survival planted in clusters (z = -1.781; P 
= 0.075), RGR was improved for all variables (DGL: t = 6.823; P < 0.001, H: t = 2.626; P = 0.009, and CA: t = 
4.485; P < 0.001).

3.1.2 Species performance
Incorporating species functional traits into our models, the species survival was mostly affected by traits
but without interaction with the planting design (Fig. 2). Speci�cally, we found that speci�c leaf area (SLA)
was negatively related to species survival (z = -6.561; P < 0.001; Fig. 2A), whereas wood density (WD: z = 
5.609; P < 0.001; Fig. 2B), and potential height (H: z = 6.391; P < 0.001; Fig. 2C) were positively related. Only
the seed dry mass (SDM) interacted with the planting design (z = 1.979; P < 0.048; Fig. 2D) to explain
species survival, in which larger seed species had higher survival when planted in rows than in clusters.
The potential height (H) positively related to the species diameter RGR (t = 2.67; P = 0.007, Fig. 2E),
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irrespective of the planting design. All relationships of the models using the planting systems and species
traits are detailed in Online Resource 2.

(Fig. 2)

3.1.3 Cluster performance
Seedling performance at the cluster level was improved when communities were dominated by smaller
seed species (low CWM of SDM) but were functionally convergent (low divergence) when using all traits
(Fig. 3). Cluster survival increased when the community weighted mean presented low SDM values (z =
-2.080; P = 0.038; Fig. 3A) and low functional divergence values (z = -1.965; P = 0.049; Fig. 3B), both
independently of fertilization addition. Likewise, clusters with low CWM of SDM decreased the stem
biomass RGR, but a stronger negative relationship occurred in non-fertilized clusters (t = 2.930; P = 0.004;
Fig. 3C). Moreover, stem biomass RGR was improved when cluster-communities had low values of
functional divergence (t = -3.251; P = 0.001; Fig. 3D). All relationships of the models using the fertilization
type in cluster communities are in Online Resource 3 (community weighted mean) and Online Resource 4
(diversity indices).

(Fig. 3)

4 Discussion
Our study revealed how an applied nucleation technique in�uences seedling performance mediated by
functional traits at both the species and community (cluster) levels in the early stage of restoration (19
months after planting). Despite higher growth rates were found in rows and higher survivorship in clusters
at the individual seedling level, these rates did not differ between designs when including the species
functional traits, which were stronger predictors. Interestingly, our �ndings provide partial support for our
�rst hypothesis. As expected, the slow-growing species, characterized by high SDM, high WD, and low SLA,
exhibited higher survival rates. However, contrary to our expectations, neighborhood density did not exert a
signi�cant in�uence on species survivorship, except for species with larger seeds whose survival was
improved in row plantations (Fig. 2D). Regarding the species growth rate, functional traits representing
fast-growing species had a weak in�uence on it (only potential height was related to growth). Similarly, our
second hypothesis at the cluster level was partially validated. Cluster growth (biomass) increased when it
was dominated by highly competitive species (i.e., fast-growing) represented by species with lower seed
dry mass. However, unexpectedly, a highly functionally divergent community did not promote cluster
survival and growth. All relationships at the cluster level occurred regardless of the addition of fertilizer,
except for clusters richer in nutrients dominated by larger-seeded species, which increased their stem
biomass storage (Fig. 3C).

Low values of SLA (long leaf lifespan), and high values of H (taller species) and WD (hardwood) mostly
related to species survival, regardless of neighborhood density. In general, the lack of difference in species
survival between seedlings planted in rows and clusters suggests that biotic interactions did not
signi�cantly impact the in�uence of functional traits on survival, at least in the early restoration phases.
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Our results align with the �ndings of Lasky and colleagues (2014), who did not �nd a crowding effect in
the relationship between species survival and single functional traits. They found that leaf dry matter
content (LDMC) and wood density traits were the main factors that explained species survival.
Furthermore, plant functional traits associated with a slow life history (large seeds, long-lived leaves, or
dense wood) presented a stronger in�uence on survival than on growth or fecundity (Adler et al. 2014).
These species have been associated with greater resistance to drought, making them well-suited for
environments characterized by limited water availability (Oliveira et al. 2021). In this regard, slow-growing
species present a “slow-safe” strategy, as they are less vulnerable to hydraulic failure through embolism
due to their lower photosynthetic rates and fewer stomatal openings (Oliveira et al. 2021). This hydraulic
safety strategy should explain the high level of survivorship of slow-growing species in the early stages of
restoration, as seedlings face high transpiration rates.

The functional trait of potential height exhibited an intriguing pattern of positively in�uencing both growth
and survival. Species with greater potential heights seemed to gain a competitive advantage in accessing
light and, consequently, carbon (Westoby et al. 2002), driving their enhanced growth rates. In addition,
height has been associated with a more extensive root system, facilitating access to water during dry
periods (Violle et al. 2009), which may further contribute to the survivorship of taller seedlings. Although we
found a weak link between SLA and WD and species-relative growth rates, strong relationships have been
found in other studies, in a positive and negative direction, respectively (Kunstler et al. 2016; Poorter et al.
2008; Wright et al. 2010). The higher intraspeci�c plasticity found in seedling leaves (Havrilla et al. 2021)
could have in�uenced the seedling growth rate and clari�es the lack of an SLA effect. In this regard, the
SDM trait could be a better indicator of plant strategies to use than SLA, as it has less variation across the
ontogenetic stages of plant life history (Adler et al. 2014).

Our study revealed that only SDM exhibited distinct responses in the two planting designs, indicating that
this trait could be linked to the presence of biotic interactions within the clusters (Fig. 2D). As expected,
larger-seed species demonstrated an improvement in their survival when planted without neighboring
seedlings in rows. A larger reserve of seed resources for seedlings after their emergence may explain their
higher survival (Moles and Westoby 2004). However, the presence of immediate clustered neighborhoods
decreased these species survival. This result suggests that competition, not facilitation (as expected), led
to the assemblage of cluster communities. In such cases, larger-seed species could not coexist in the same
niche, explained by the principle of limiting functional (MacArthur and Levins 1967). This result at species
level may explain the increased seedling performance at cluster level when they were dominated by fast-
growing species (low mean values of SDM). This result is likely explained by their high competitiveness
and rapid growth due to their high photosynthetic and transpiration rates, typically from species with more
acquisitive strategies (Garnier et al. 2016).

A high functional similarity (low FDiv values) in clusters improved seedling performance, for both survival
and growth averages. Low FDiv values indicate that the most abundant species exhibit marked similarity
and heightened competitiveness, while high FDiv (low functional similarity) values re�ect niche
differentiation between species in a community (Mouchet et al. 2010). The biotic mechanisms of
facilitation or niche differentiation should improve total resource use in a community and increase
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productivity (Loreau and Hector 2001) but did not explain seedling performance in such dense cluster
communities. Instead, a competitive hierarchy in clusters with a greater abundance of competitive species
may exclude less favorable species with functional traits not adapted to this highly competitive community
(Chesson 2000), for example, the slow-growing species. Regarding nutrients addition, chemical fertilization
improved the cluster biomass stock, but only when they were dominated by slow-growing species (i.e., high
SDM values). This result indicates that fertilization may alleviate competition and promote coexistence
between those species when soil resources are not limited. Therefore, we rejected our second hypothesis,
as we expected that the growth of fast-growing species may be favored in nutrient-rich soil because they
are highly competitive (Oliveira et al. 2021).

5 Conclusions
Using plant functional traits, our study offers valuable insights into biotic interactions between seedlings
post-plantation, which could optimize restoration strategies. First, plant functional traits can support the
process of species selection in restoration, which should be based on a mix of strategies (fast- and slow-
growing species) to promote both the survival and growth of seedlings post-plantation. Second, cluster
designs that featured dense spacing between seedlings (30 cm) led to a highly competitive community.
Despite their overall successful performance, clusters of low functional diversity are not desirable for the
long-term recovery of ecosystem functioning. Future research may evaluate the ideal spacing between
seedlings in clusters to avoid the dominance of highly competitive species in such aggregated
communities. Therefore, restoration practitioners should target facilitation or niche differentiation
mechanisms to assemble functionally diverse communities when applying nucleation techniques in
restoration.
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Figures

Figure 1

Experiment design of ecological restoration in a riparian tropical forest locate at Caraguatatuba
municipality, São Paulo, Brazil. The experimental site was divided into eight blocks (distinct colors in the
map) that contained one replicate for each treatment of planting design (rows and clusters) and
fertilization. We marked only blocks used in this study (non-fertilized rows and clusters, and fertilized
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clusters). The �gure was done using QGIS version 3.28.15. Satellite image from Google, Image © 2021
Maxar Technologies

Figure 2

Signi�cant relationships between the average of the species performance with their mean functional trait
in two distinctive planting designs (rows vs. clusters). Percentage of species survival as a function of (A)
speci�c leaf area (log-scale), (B) woody density (g.cm-3); (C) potential height (m); (D) seed dry mass (log-
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scale). Species relative growth rate (RGR) in diameter at ground level (DGL) as a function of (E) potential
height (m)

Figure 3

Relationships between the cluster performance in two fertilization types (fertilized and non-fertilized
clusters) with their trait community-weighted mean (CWM). Cluster survival with (A) CWM of seed dry mass
(log-scale), (B) functional divergence. Stem biomass relative growth rate (RGR) with (C) CWM of seed dry
mass (log-scale) and (D) functional divergence
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