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Ecological strategies reflect the mechanisms used for species to sustain a population. 
Predicting plant growth in ecological communities is crucial, especially with climate 
change impacting ecosystem functioning. By employing a large dataset for the sub-
tropical Brazilian Atlantic Forest (BAF), we evaluated whether species' relative growth 
rates (RGR) are explained by their ecological strategies. Principal component analyses 
summarised the relationships among functional traits (leaf, wood and stature traits) to 
inform about ecological strategies of 121 tree species. We tested three principal com-
ponents as predictors of RGR for all species collectively, and canopy and understory 
species separately. Species exhibiting larger stature with small and structured leaves 
have faster growth. Tall canopy trees, with small leaves and softer wood grew faster, 
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Evaluating coordinated ecological strategies is key to understanding the determinants of tree 
species performance. Using data from 121 tree species in the subtropical Brazilian Atlantic 
Forest, we examined whether their relative growth rates (RGR) are explained by ecological 
strategies. A principal component analysis of leaf, wood, and stature traits identified three 
major strategy axes. Species with greater height and smaller, structured leaves exhibited 
faster growth. Canopy species with softer wood grew faster, while understory species grew 
faster with denser wood and nutrient-rich leaves. Coordinated trait strategies, especially 
greater height and smaller leaf area, determine species RGR and influence ecosystem func-
tioning in this region.
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whereas understory species with taller stature, denser wood, and more structured and nutrient-rich leaves had higher RGR. 
Therefore, strategies that combine higher stature and smaller leaf area are key determinants of the higher relative grow rates of 
tree species from subtropical BAF, conferring a greater advantage in converting local resources into stem growth. These find-
ings highlight the importance of understanding the coordination between trait-based ecological strategies and tree growth, 
which is essential for ecosystem functioning in changing environments.

Keywords: climate change, demographic trade-offs, fast-slow continuum, functional traits, maximum height, species 
performance

Introduction

Ecological strategies represent mechanisms used by species 
to sustain a population over time (Westoby  et  al. 2002), 
which may be assessed through species functional traits 
(Wright et al. 2007, Adler et al. 2014). Plant functional traits 
are morpho–physio–phenological features that impact fitness 
(Violle  et  al. 2007), affecting species performance in terms 
of growth, survival and reproduction (Laughlin et al. 2010, 
Visser et al. 2016, Siefert and Laughlin 2023). Thus, plant 
ecological strategies represent phenotypes that resulted from 
natural selection and enable a species to persist in a given 
environment (Laughlin 2023). However, the understand-
ing of the relationship between plant species performance 
and their ecological strategies is not straightforward, vary-
ing across ontogenetic stages (Lasky et al. 2014, Klipel et al. 
2021) and environmental conditions (Poorter and Bongers 
2006, Laughlin  et  al. 2018, Bialic-Murphy  et  al. 2024). 
Therefore, in the context of current global climatic changes, 
it is crucial to expand our understanding of the link between 
plant performance and ecological strategies. This should shed 
light on the species role in the forest dynamics and overall 
ecosystem functioning (Díaz et al. 2004, Wu et al. 2023).

The effect of traits on performance can be evaluated at 
the species level, where consistent tradeoffs in the resource 
economics spectrum, including leaf, wood and stature traits, 
have been found globally (Wright et al. 2004, Chave et al. 
2009, Díaz et al. 2016). The fast-acquisitive and slow-conser-
vative tradeoffs in the plant economic spectrum may reveal 
species strategies across different environments (Adler et al. 
2014, Reich 2014). For instance, in tropical moist forests, 
the acquisitive leaf and wood trait spectra are often related 
to light-demanding species that present fast tissue turnover 
and high resource capture, while the conservative side of the 
spectrum is related to shade-tolerant species that invest more 
in resource conservation (Reich  et  al. 2003, Poorter  et  al. 
2008). In addition, acquisitive species tend to have higher 
growth but also higher mortality rates, while conservative 
species usually have higher longevity but lower growth rates 
(Sterck et al. 2006, Kunstler et al. 2016, Brienen et al. 2020). 
On the other hand, a second major dimension of ecological 
strategies is related to the tradeoff between recruitment and 
stature (i.e. stature–recruitment tradeoff), which ultimately 
influences the abilities of species for shade tolerance and 
growth potential (Rüger et al. 2018, 2020, Kambach et al. 
2022). Therefore, species that present ecological strategies 
that confer poor demographic performance (i.e. slow growth, 

low survival, and low reproduction) may be selected against 
and go extinct, as this rare combination might be unsuccess-
ful in sustaining the population over time (Salguero-Gómez 
2017, Russo et al. 2021).

The effort to comprehend the relationship between eco-
logical strategies and species fitness (i.e. growth, survival 
and reproduction) has been extensively explored (Yang et al. 
2018, Laughlin  et  al. 2020, Siefert and Laughlin 2023). 
However, as trees are long-lived organisms, assessing their 
survival and reproduction outcomes over time is challenging 
(Rüger et al. 2018). As a result, tree growth is the most stud-
ied fitness component across forest ecosystems (Poorter et al. 
2008, Martínez-Vilalta  et  al. 2010, Bauman  et  al. 2022, 
Scalon et al. 2022). Overall, resource acquisition is expected 
to be a critical strategy for promoting plant growth during 
early life stages, such as saplings and juveniles (Poorter and 
Bongers 2006, Wright  et  al. 2010). Conversely, resource 
conservation becomes essential for enhancing tree survival 
in adulthood (Poorter et al. 2008), enabling trees to achieve 
larger stature (Rüger et al. 2020). However, previous assess-
ments have shown variable relationships between ecological 
strategies and tree growth, being positive, negative, or absent, 
which may be linked to ontogenetic stage, taxonomic level, 
regional species composition, as well as the selected traits 
(Poorter et al. 2008, 2018, Wright et al. 2010, Paine et al. 
2015, Forgiarini et al. 2015, Visser et al. 2016, Yang et al. 
2018, Scalon et al. 2022). In addition, the shade tolerance 
that shapes the forest vertical gradient in light availability 
(through canopy and understory species, see Rüger  et  al. 
2020) may also be an important factor influencing the rela-
tionships among resource-use strategies and tree growth 
(Rüger et al. 2012, Wills et al. 2018, Modolo et al. 2021). 
For instance, canopy species may benefit from the access to 
sunlight, while understory species remain shaded through-
out their life cycle (Poorter and Bongers 2006). As a result, 
similar trait strategies can have distinct effects on tree growth 
trajectories. Consequently, understanding how ecological 
strategies are related to species growth in both compartments, 
forest canopy and understory, is still an open debate.

The effect of traits on fitness depends on the environmental 
context (Shipley et al. 2016, Laughlin et al. 2018). For instance, 
in tropical moist forests, structural traits such as larger leaf area 
(LA) can enhance photosynthetic assimilation by providing a 
greater surface for light capture (Díaz et al. 2016). However, 
this also increases exposure to environmental stressors, such as 
higher evaporative demands and susceptibility to temperature 
fluctuations. Traits associated with the leaf economic spectrum, 
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such as specific leaf area (SLA), leaf nitrogen content (LNC), 
and leaf phosphorus content (LPC), are frequently linked to 
faster growth rates (Wright et al. 2004, Poorter et al. 2008). 
In the absence of water limitation or temperature constrains, 
these traits are typically associated with high resource acqui-
sition, increasing photosynthetic assimilation and enhancing 
tree growth, but at the cost of reduced tissue longevity and 
resistance to stressors. Conversely, investments in leaf dry-
matter content (LDMC) and small leaves favours the resource 
allocation in a conservative form to deal with harsh environ-
mental conditions (Fortunel et al. 2009). Similarly, wood den-
sity (WD) is typically associated with slower growth over time 
(Poorter et al. 2008, Kunstler et al. 2016), but it contributes to 
increased survival rates (Iida et al. 2014a). Whether these strat-
egies still contribute to tree growth and species’ performance 
under constrained environments requires broader empirical 
studies (Laughlin 2023). Meanwhile, tree height is often posi-
tively associated with growth, as taller trees can outcompete 
shorter individuals for light, conferring greater competitive 
advantage for resource acquisition inforests (Westoby 1998, 
Iida et al. 2014a). Assessing these traits and their coordination 
can help elucidate how tree species optimise their ecological 
strategies to enhance growth rates under distinct environments.

Highly diverse forests exposed to varying climatic condi-
tions throughout the year may exhibit high dimensionality 
in ecological strategies (Rodrigues et al. 2021). For instance, 
the subtropical Brazilian Atlantic Forest (BAF) is charac-
terised by having a great thermal amplitude throughout the 
year (temperature annual range varying between 16.3 and 
23.2°C), with occasional frost and snow, and no dry season 
(Giehl and Jarenkow 2012, Alvares et al. 2013). This climatic 
constraint influences community assembly by shaping species 
composition and trait distributions in this region, favouring 
conservative traits (Klipel et al. 2023, 2024). Ultimately, the 
occasional adverse environmental conditions caused by tem-
perature variability create harsh conditions that may shape trait 
coordination and species ecological strategies, thereby influ-
encing overall ecosystem functioning across subtropical BAF 
(Forgiarini et al. 2015, Bordin et al. 2021, Klipel et al. 2023).

By using a large network of monitored plots in the 
Brazilian Atlantic Forest, we assessed whether tree species' 
relative growth rates (RGR) can be explained by their eco-
logical strategies, in both canopy and understory forest strata. 
We selected seven functional traits related to species perfor-
mance, including leaf, wood, and stature traits to obtain the 
species ecological strategies, and then, related them to the 
species RGR. We expect to observe a relationship between 
the ecological strategies and RGR, as well as differences in 
the ecological strategies of canopy and understory species. 
We predict that overall species employing more conserva-
tive strategies will exhibit higher RGR across the subtropical 
BAF, given their capacity to withstand adverse environmental 
conditions throughout the year in this region. However, for 
canopy species, we predict that those taller species with more 
acquisitive strategies will show higher RGR, as they typically 
have better access to sunlight and can allocate resources to 
growth efficiently. Finally, for understory species, we expect 

that those with more conservative strategies will grow faster 
than their counterparts with acquisitive strategies, as under 
shaded conditions they may allocate more resources towards 
survival and stem growth over time.

Material and methods

Study sites and vegetation sampling

The Brazilian Atlantic Forest (BAF), characterised by a high 
level of biodiversity but also a high level of fragmentation 
(Ribeiro  et  al. 2009), covers a broad latitudinal range (from 
latitude 05°–30°S) with a notable environmental heteroge-
neity (Oliveira-Filho and Fontes 2000, Marques and Grelle 
2021). The subtropical region begins at latitude 23° and acts 
as a significant abiotic filter for species occurrence, as it is char-
acterised by a high thermal amplitude throughout the year, 
without seasonal variation in precipitation (Alvares et al. 2013, 
Forgiarini et al. 2015, Klipel et al. 2023). In addition, the high 
temperature during the summer usually leads to higher evapo-
transpiration, generating some atmospheric water deficit, while 
the winter season may be excessively cloudy in some regions, 
reducing light availability and consequently, photosynthe-
sis (Cristiano  et  al. 2014, Díaz Villa  et  al. 2022). There are 
three major forest types within the subtropical BAF: Araucaria 
Forest, Seasonal Forest, and Atlantic Forest sensu stricto (s.s.) 
(Oliveira-Filho et al. 2015). Some tree species are more associ-
ated with a particular forest type, subject to specific climatic 
conditions. For instance, Araucaria Forest is characterised by 
the presence of two conifer species (Araucaria angustifolia and 
Podocarpus lambertii), as well as other temperate species (e.g. 
Weinmannia paulliniifolia) (Rambo 1951). On the other hand, 
Seasonal and Atlantic Forest s.s. are mainly characterised by 
tropical families, such as Lauraceae, Fabaceae and Myrtaceae 
species (Waechter 2002, Bordin et al. 2019).

We are using data from 60 permanent plots that were 
established and sampled twice to obtain forest dynamics 
information. The time census intervals are approximately five 
years on average, and individual growth may be derived from 
different time intervals. In addition, see the Supporting infor-
mation for census intervals, plot size, spatial location, species 
richness, total number of stems, and average tree height per 
plot. Most forest inventories followed the RAINFOR proto-
col (Phillips et al. 2001, ForestPlots.net et al. 2021) (80% of 
the plots, Supporting information). In most plots, the diam-
eter at breast height (dbh, in mm) was measured for all stems 
≥ 50 mm, except for one plot where the dbh cutoff was ≥ 
95 mm (FNC-01). For this plot, only the species present in 
other plots were selected, to avoid size-based bias. Each tree 
was identified at the species level and had the tree height (m) 
measured using telemetric or laser tapes. The stem measure-
ments were taken at 1.3 m above the ground or 30 cm above 
buttresses/trunk irregularities using a diameter tape. This 
protocol was implemented during the first census (t0) and 
repeated during the second census (t1) when all surviving 
stems were re-measured to account for tree growth.
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Species relative growth rates

We calculated the relative growth rate of each stem employ-
ing the formula from Eq. 1:

RGR
dbh

dbh=
1

0
t

	  (1)

where dbht1 and dbht0 are the final and initial dbh of each indi-
vidual stem, respectively, and t is the time census interval in 
years (Kamimura et al. 2023, Rodríguez-Alarcón et al. 2024). 
To ensure reasonable precision of species-specific growth rate 
estimates and their functional traits, we selected species that 
had at least 10 stems within the dataset (Poorter et al. 2008), 
totalling 121 species and 11  264 stems (Supporting infor-
mation). We calculated the mean RGR for each species based 
on the stem growth per species across all plots, resulting in a 
single value for each species derived from the summarisation 
of data from all plots. By using this equation, we minimise 
year-to-year variation in individual measurements, obtaining 
a robust estimate of the species’ relative growth rates.

Functional traits

We selected species-level traits related to the leaf economic 
spectrum (Wright et al. 2004): specific leaf area (SLA), leaf 
nitrogen and phosphorous content (LNC and LPC); leaf 
dry-matter content (LDMC) and leaf area (LA); wood den-
sity (WD), a trait related to the wood economic spectrum 
(Chave et al. 2009); and maximum tree height amongst the 
tree individuals sampled (Height), which is a trait related to 
tree stature (Westoby 1998). All traits were measured in indi-
vidual trees in different sites within the subtropical BAF, and 
the values used here correspond to the mean species value 
across this region. The trait sampling followed standardised 
protocols (Pérez-Harguindeguy et al. 2013) and species val-
ues are available elsewhere (Missio et al. 2017, Oliveira et al. 
2019, Kattge  et  al. 2020, Klipel  et  al. 2021, Müller  et  al. 
2021). For leaf traits, we collected at least ten leaves per indi-
vidual and at least three individuals per species. Leaf area was 
calculated from scanned fresh leaves, and all simple leaves 
were measured including petioles, whereas for compound 
leaves the leaflet area was considered, without rachis. The 
functional traits selected to represent species' ecological strat-
egies, their rationale, mean values across the sample, standard 
deviation and minimum and maximum values can be found 
in the Supporting information.

Canopy and understory species categorisation

The vertical structure of South American tropical and sub-
tropical forests typically consists of multiple vegetation layers, 
including understory and canopy strata (Borma et al. 2022). 
Our analysis focuses specifically on adult trees (dbh ≥ 50 mm), 
excluding other layers primarily composed of saplings, seed-
lings, shrubs, herbs and tree ferns. According to Borma et al. 
(2022), understory species in Brazilian moist and rain forests 

typically occupy a vegetation layer up to 10 m in height. To 
ensure that species from the subtropical BAF align with this 
classification, we conducted a quantitative assessment based on 
species height measured in our dataset. We first determined 
the median height of each species within our dataset (see the 
Supporting information for all species median height) and then 
divided the data into two quantiles – 70 and 30% – reflecting 
the higher proportion of individuals in the understory com-
pared to the canopy. Using median values helped minimise 
potential biases from extreme individual heights, which could 
skew the results. In our sample, the 70th percentile of median 
height corresponded to a threshold of 10 m. Thus, species with 
a median height < 10 m were categorised as understory species, 
while the remaining 30% (≥10 m median height) were classi-
fied as canopy species (Supporting information). This classi-
fication aligns with the framework proposed by Borma et al. 
(2022). Although we acknowledge that this classification may 
not perfectly reflect ecological functional groups – since some 
canopy species may occupy gaps or receive light without reach-
ing the median height defined here – we are confident that 
understory species primarily represent shade-tolerant species, 
while canopy species correspond to shade-intolerant species 
within the context of subtropical BAF.

Data analysis

First, to evaluate the coordination of traits and assess the spe-
cies ecological strategies, we performed a principal component 
analysis (PCA) using the prcomp function (’stats’ R-package, 
www.r-project.org). Three principal components, summaris-
ing more than 65% of the explained variance, were used as 
ecological strategies, i.e. potential predictors of species RGR 
(Supporting information). We acknowledge that species infor-
mation is present in both predictors and response variables, 
which may introduce phylogenetic structure. To account for 
this, we constructed an ultrametric phylogeny for tree spe-
cies using a complete, time-calibrated phylogeny developed 
by Smith and Brown (2018) as a backbone, by using the 
‘V.PhyloMaker’ package (Jin and Qian 2019). We then fitted 
generalised least square models accounting for the phylogenetic 
correlation among species (i.e. pGLS models) using the gls 
function (’nlme’ R-package, Pinheiro et al. 2020). Upon com-
paring the AIC values between pGLS and ordinary least square 
models, the latter showed the lowest AIC values (Supporting 
information), indicating that the ecological strategies sum-
marised in the PC axes are not phylogenetically structured. 
Therefore, we did not include phylogenetic correlation in the 
final models. We used AICc (Burnham and Anderson 2002) 
and followed a parsimony principle (i.e. selecting models with 
fewer predictors that provide the same explanatory power) to 
identify the best-fit model explaining species RGR (ΔAIC ≤ 2, 
Supporting information). The PCA analysis and the modeling 
procedure were conducted for all species collectively, as well 
as separately for canopy and understory species. The species 
RGR and LA were log-scaled to improve the normality and 
homoscedasticity in the model residuals (Supporting informa-
tion). All the model coefficients and confidence intervals were 
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obtained from bootstrap by using the function Boot from the 
‘car’ R-package, using 9999 permutations (Fox  et  al. 2023). 
All analyses were conducted in R ver. 4.2.2 (www.r-project.
org). All the processed data and R codes used to conduct these 
analyses are available in https​://ze​nodo.​org/r​ecord​s/149​11032​.

Results

We analysed the effect of ecological strategies on the relative 
growth rate of 121 species distributed across the subtropical 
Brazilian Atlantic Forest (Supporting information). The mean 
RGR among species was 0.26 ± 0.09 mm mm−1 year–1. In addi-
tion, there is large variation in growth and median height among 
canopy and understory species (Supporting information).

The ecological strategies were summarised by princi-
pal components of species functional traits, considering all 
species together and separately for canopy and understory 
species (Fig. 1a–f, Supporting information). The ecological 
strategies revealed for all species (Fig. 1a, d), as well as canopy 
(Fig. 1b, e), and understory species (Fig. 1c, f ) segregated the 

species along the first axis (PC1) into a strategy associated 
with the leaf economic spectrum (Supporting information). 
In the left part of the first axis (negatively associated) for all 
species, as well as canopy and understory species, there are 
species with higher values of SLA, LNC and LPC, contrast-
ing with species in the right part that exhibit higher values of 
LDMC (positively associated). The second axis (PC2) of the 
ordination for all species was primarily associated with plant 
structure, revealing a spectrum related to light capture strate-
gies. This axis showed a positive association with larger leaves 
(LA) and a negative association with greater height and more 
structured leaves (higher LDMC). A similar pattern emerged 
for understory species, where PC2 was negatively correlated 
with LDMC, height, LPC and WD, and positively associated 
with LA (Fig. 1c, Supporting information). For the canopy 
species, the second axis captures a spectrum ranging from spe-
cies with larger leaves (high LA, positively related with PC2) 
to those with more structured leaves (higher LDMC values) 
without a clear relationship with height (Fig. 1b). Finally, the 
third axis (PC3) reflects species investments in stem struc-
tures and traits that promote photosynthetic assimilation. 

Figure 1. Ordination diagrams of principal component analysis (PCA) depict species traits across the subtropical Brazilian Atlantic Forest. 
Principal components 1 and 2 for all species (a), canopy species (b), and understory species (c); principal components 1 and 3 for all species 
(d), canopy species (e), and understory species (f ). SLA: specific leaf area, LA: leaf area, LNC: leaf nitrogen content, LPC: leaf phosphorus 
content, LDMC: leaf dry-matter content, WD: wood density, RGR: relative growth rates. Thicker arrows indicate variables with higher 
association with the axis (principal components with correlation ≥ 0.35). Dots represent canopy species, and triangles represent understory 
species. The size and colours of the shapes indicate species RGR; therefore, the largest and greenest shapes represent the species with the 
RGR. Variables that present a low correlation with the axis are shown in grey colour.

 16000706, 2025, 8, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1002/oik.11235 by C

apes, W
iley O

nline L
ibrary on [15/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.r-project.org/
https://www.r-project.org/
https://zenodo.org/records/14911032


Page 6 of 11

For all species, canopy species, and understory species, PC3 
shows a positive correlation with WD and LA (Fig. 1d, f ). 
In addition, for both canopy and understory species, there is 
also a negative relationship of PC3 with height (Fig. 1d, f ).

Our analyses revealed consistent relationships between eco-
logical strategies and species RGR, although these relationships 
differed when considering all species together versus canopy 
and understory species separately. We summarised the observed 
effects of ecological strategies on tree species growth in Fig. 2–3. 
For all species, PC2 negatively predicts RGR, meaning that spe-
cies strategies combining greater potential stature and higher 
LDMC with lower LA exhibit faster growth (Fig. 1a). For can-
opy species, the strategy represented by PC3 (taller species with 
lower LA and WD) favours higher RGR (Fig. 1e), while PC1 
(Fig. 1b, e) suggests a potential correlation between higher SLA 
and LPC with faster growth rates, but this relationship is weak 
(Fig. 2). For understory species, PC2 is characterised by higher 
values of height, LPC, LDMC and WD, contrasting with lower 
LA (Fig. 1c), and had a positive effect on tree growth (Fig. 2–3). 
The details of the models selected, model results, and the bivari-
ate relationships between RGR and functional traits are pro-
vided in the Supporting information.

Discussion

This is the first assessment of the relationship of plant eco-
logical strategies and species performance across the subtropi-
cal Brazilian Atlantic Forest. This study provides a description 
of the relative growth rates of a large number of tree species, 
along with a set of functional traits and ecological strategies 
and their relationship with tree growth in this region. We 
show here that tree species exhibit two primary ecological 
strategies: one combining leaf traits along the conservative-
acquisitive spectrum and another associated with tree struc-
ture, combining plant height, wood density and leaf size. 
Overall, tree species strategies primarily linked to the leaf 

economic spectrum did not strongly predict their RGR. In 
contrast, species with taller stature and smaller leaf area con-
sistently demonstrated higher RGR, even when categorising 
all species into canopy and understory species, summarising 
the importance of this ecological strategy as a driver of tree 
growth across this broad spatial scale.

The subtropical Brazilian Atlantic Forest’ species 
relative growth rates

The relative growth rates of tree species in the subtropical 
BAF varies widely. Additionally, canopy and understory 
species present large variation of RGR and heights, which 
in turn shape the ecological strategies and structure of these 
forests. Overall, the species composition across the subtropi-
cal BAF presents a few dominant species, with high turn-
over rates (Bergamin et al. 2017). These differences in species 
composition highlight that even across similar forest types, 
a broad range of species performances in terms of growth 
may be observed, as well as their traits, which will ultimately 
influence the overall forest dynamics across this region 
(Forgiarini et al. 2015, Rüger et al. 2020).

Species with tall statures and small robust leaves 
grow faster

Ecological strategies determine species performance, and this 
effect was found when considering all species together, and 
more consistently when evaluating canopy and understory 
species separately. For all species, one ecological strategy sum-
marised in the multivariate space indicates that taller species 
with high LDMC and small LA – representing the ‘plant 
structure strategy’ – have faster growth. Trees that present 
larger investments in stature, such as greater heights, poten-
tially have a greater advantage to access resources (Westoby 
1998) such as light in forest environments (Wang et al. 2022). 
Additionally, this attribute (tall trees) was combined with 

Figure 2. Confidence intervals (95%) of the relationship between relative growth rates and plant ecological strategies summarised in prin-
cipal components (PC1, PC2 and PC3) for all species, canopy species, and understory species. This information corresponds to the results 
from the selected models (Supporting information), thus, PCs non included in the selected models are not shown. Significant effects are 
expressed in black colour when the confidence intervals do not overlap with zero. Weak relationships are shown in grey colour.
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robust small leaves (high LDMC and low LA values), which 
suggests an investment that enables species to cope with 
occasional adverse environmental conditions such as higher 
evapotranspiration (in case of Atlantic Forest s.s. and Seasonal 
Forest), as well as frost and colder temperatures (in case of 
the Araucaria Forest) (Frangipani et al. 2021, Rodrigues et al. 
2021, Klipel et al. 2024). Therefore, species with small struc-
tured leaves but that can reach tall statures demonstrate a 
good strategy for fighting in the competition process and ulti-
mately, be an advantage in terms of radial stem growth across 
these subtropical forests (Klipel et al. 2024).

When evaluating all species together, we did not find evi-
dence that species with acquisitive strategies exhibit faster 
growth, or conservative species have slower growth (Salguero-
Gómez 2017, Laughlin  et  al. 2020). We found almost the 
opposite, as species with higher LDMC and lower LA have 
faster growth. The alignment of species to the acquisitive-
conservative strategies is a general expectation for tropical tree 
species from moist forests (Poorter et al. 2008, Rüger et al. 
2012, Visser et al. 2016), where species should align to a fast-
slow continuum (Reich 2014, Salguero-Gómez 2017). In the 
subtropical BAF region, species with small leaves and higher 
LDMC values, which indicate a more conservative leaf strat-
egy, exhibited faster growth (see also Augusto et al. 2025). In 
addition to these leaf attributes, the ecological strategy also 
incorporates the maximum species height, shaping the overall 
plant structure strategy of all species. Since this result is based 
on the performance of adult trees, the association between 
species growth and the resource acquisition may become 
more evident at the seedling and sapling stages (Poorter 
2001, Spasojevic  et  al. 2014, Visser  et  al. 2016). In addi-
tion, it overall indicates that the subtropical BAF possesses a 
remarkable difference in forest structure and dynamics from 
other tropical forests, which is shaped by the local environ-
mental conditions (Bordin et al. 2021, Klipel et al. 2023) and 

leads to distinct tree ecological strategies that influence stem 
growth rates.

These differences in ecological strategies are reflected in the 
stratification of subtropical BAF, where species often reach 
lower maximum heights compared to other tropical forests (de 
Lima et al. 2023). The structure of subtropical BAF is shaped 
by a constrained range of trait values, influenced by the lim-
iting environmental conditions in this region (Klipel  et  al. 
2021). Furthermore, the absence of a relationship between 
all species growth and traits such as SLA or WD potentially 
indicates that these traits are more prone to be important in 
different stages of species’ life history (Klipel  et  al. 2021) or 
even result in contrasting effects depending on the forest stra-
tum evaluated. For instance, it is widely known that SLA has a 
positive effect on maximising seedling growth in tropical forests 
(Gibert  et  al. 2016, Visser  et  al. 2016), but this relationship 
frequently does not hold in adult tree species (Poorter  et  al. 
2008, Gray et al. 2019). In the case of WD, this trait might be 
important for increasing species longevity and reducing mortal-
ity rates (Iida et al. 2014b). Additionally, it is essential to note 
that many studies often examine the impact of individual traits 
rather than coordinated relationships among traits on species 
growth, which can lead to varied responses and outcomes in 
terms of performance (Klipel  et al. 2021). Thus, this coordi-
nation among different traits into distinct ecological strategies 
shown here underscores the challenge of understanding the role 
of each specific trait throughout the life-history of tree species.

Canopy and understory species growth are 
explained by distinct ecological strategies

Separating species by considering their ability to achieve the 
forest canopy or to tolerate shaded environments (i.e. canopy 
and understory species) increased our understanding of how 
ecological strategies shape tree growth across the subtropical 

Figure 3. Summarisation of the relationship between relative growth rates and plant ecological strategies according to the principal compo-
nents (PC1, PC2 and PC3) and their correlated traits for all species, canopy species and understory species. This information corresponds 
to the results from the selected models (Supporting information). Strong effects are expressed in black straight lines and weak relationships 
are shown in grey dashed lines. The colour gradient is related to the effect of the trait on tree growth; therefore, the green colour represents 
the attributes of species with higher relative growth rates, while the yellow colour represents the attributes of species with lower relative 
growth rates. SLA: specific leaf area, LA: leaf area, LNC: leaf nitrogen content, LPC: leaf phosphorus content, LDMC: leaf dry-matter 
content, WD: wood density.

 16000706, 2025, 8, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1002/oik.11235 by C

apes, W
iley O

nline L
ibrary on [15/09/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Page 8 of 11

BAF. The ecological strategies influencing the growth of 
canopy species integrate a combination of taller stature, 
low WD, and small LA (Westoby 1998, Chave et al. 2009, 
Rüger et al. 2018). Given the variation in tree heights among 
canopy species, which contributes to the structural complex-
ity of these subtropical forests, attaining greater stature rep-
resents an efficient strategy for maximising light acquisition, 
as previously reported (Rüger et al. 2012, Scalon et al. 2022, 
Klipel  et  al. 2024). In addition, the negative effect of WD 
on tree growth was expected, as this trait is related to the 
resource allocation to enhance survival (Iida  et  al. 2014b). 
On the other hand, we could expected a positive relation-
ship between LA and growth, as this trait is related to larger 
area for the photosynthetic process (Díaz et al. 2016), but we 
observed the opposite pattern. This might be related to the 
fact that larger leaves may be more prone to be negatively 
affected by climatic adversities (such as higher evapotranspi-
ration during the summer or frost events during the winter). 
Thus, such environmental restriction can favour trees that 
allocate resources to construct smaller leaves. Moreover, the 
relationship between RGR and the acquisitive strategy associ-
ated with the leaf economic spectrum for canopy species was 
not strong. This suggests that while some canopy species with 
acquisitive leaf traits might exhibit faster growth rates, this 
pattern is not consistent across the studied species.

The ecological strategies that emerged for understory spe-
cies show a combination between conservative traits (i.e. high 
WD and LDMC) with greater stature, and small LA, which 
positively influence their growth in this region. In addition, 
LPC, an acquisitive trait related to the leaf economic spec-
trum, also emerged as an important trait in enhancing the 
growth of understory species. In general, smaller and more 
structured leaves may reduce self-shading, which can increase 
the assimilation rates across the plant, even in a light-limited 
environment (Grady  et  al. 2024). Additionally, taller trees 
in the understory layer also show faster growth rates, high-
lighting the importance of this attribute in maximising the 
advantage in acquiring resources and enhancing tree growth 
(Poorter et al. 2008, Scalon et al. 2022, Klipel et al. 2024). 
On the other hand, while denser wood is often associated 
with lower growth rates and increased survival in tropical trees 
(Poorter et al. 2008, Iida et al. 2014a, Kunstler et al. 2016, 
Kambach et al. 2022), here, higher WD among understory 
species is also correlated with faster growth rates. Furthermore, 
the integration of structural conservative traits in the ecologi-
cal strategy that enhances RGR underscores their dual role 
in enabling adaptation to constrained environmental condi-
tions while simultaneously promoting tree growth. This strat-
egy also incorporates smaller and nutrient-rich leaves, which 
might enhance photosynthetic efficiency even in shaded envi-
ronments (Wright  et  al. 2004, Easdale and Healey 2009). 
Therefore, we may conclude that species ecological strategies 
and their growth performance across the subtropical BAF are 
acting as a result of a complex set of trait coordination and 
tradeoffs, primarily related to plant structure (combining tall 
stature and small leaves), which ultimately shape the overall 
demographic dynamics across these forests.

Concluding remarks: the challenge in 
predicting tree species fitness

Understanding the underlying mechanisms that determine 
species fitness is a major challenge. In this study, we assessed 
the relationship between plant ecological strategies and their 
relative growth rates, which is one of the fitness components 
(Siefert and Laughlin 2023). We found that ecological strat-
egies predict tree growth rates, but they varied when evaluat-
ing all species versus when assessing canopy and understory 
species separately. Overall, the analyses indicate a prevailing 
trend of conservative species with higher stature growing 
faster. The results presented here are fundamental in the con-
text of ongoing global changes, as the species demography 
is related to forest dynamics and might be affected by the 
changes in climate, which will in turn impact species perfor-
mance over time (Menezes‐Silva et al. 2019). Furthermore, 
this information can be employed in restoration projects, 
which require refined information to determine the set of 
species to be used (Coutinho et al. 2023). Species with faster 
growth rates might be particularly valuable for inclusion in 
these projects, as they will efficiently remove carbon from 
the atmosphere, potentially enhancing ecological processes 
such as carbon storage and carbon sink (Bordin et al. 2021, 
2023). Therefore, future studies should focus on other 
aspects of the demographic dynamics of species, as well as 
the underlying mechanisms that promote high growth and 
survival. Understanding these complexities is essential to 
predict and mitigate the effects of climate change in forest 
ecosystems.
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