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The composition of plant functional traits varies in response to environmental condi-
tions due to processes of community assembly and species sorting. However, there is 
a lack of understanding of how plant trait composition responds to environmental 
conditions at different spatial scales and across the plant life cycle. We investigated 
the trait composition of leaves (specific leaf area), seeds (seed mass) and seedlings 
(initial seedling height) across elevations and within elevations in relation to soil and 
light conditions in a tropical montane forest in southern Ecuador. We surveyed traits 
and communities of adult trees, seeds and seedlings on nine plots at three elevations 
(1000–3000 m a.s.l.) and calculated community-weighted mean trait values to analyse 
trait variation across and within elevations. In addition, we measured two environ-
mental factors (soil C/N ratio and canopy openness) to quantify local-scale variation 
in environmental conditions within elevations. We found that community-weighted 
means of specific leaf area, seed mass and initial seedling height decreased consistently 
with increasing elevation. Within elevations, mean trait values of trees, seeds and seed-
lings responded differently to local-scale environmental conditions. Specific leaf area 
decreased with increasing soil C/N ratio, and initial seedling height decreased with 
increasing canopy openness. Seed mass was associated neither with soil nor with light 
conditions. Our findings show that broad-scale and local-scale processes differently 
shape the composition of leaf, seed and seedling traits in tropical forests, indicating 
a scale-dependence in trait–environment associations. Furthermore, plant traits cor-
responding to different life stages were related differently to environmental conditions 
within elevations. Community assembly processes may therefore lead to differences in 
species sorting at early and late plant life stages.
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Introduction

Investigating variability in plant functional traits contrib-
utes to the understanding of demographic processes and 
the prevalence of ecological strategies in plant communities 
across environmental gradients (Westoby 1998, Lavorel and 
Garnier 2002, Moles et al. 2005, Adler et al. 2014, Kraft et al. 
2015a). In particular, studies focusing on the composition of 
plant functional traits in ecological communities can offer 
insights into processes of community assembly because the 
functional trait composition varies between and within eco-
systems (Dı́az and Cabido 2001, Bouchard et al. 2024). Field 
studies have revealed that environmental filtering along envi-
ronmental gradients shapes variation in trait values and the 
dominance of different ecological strategies at distinct loca-
tions (Albrecht et al. 2018, Homeier et al. 2021, Pierick et al. 
2021, Rosbakh  et  al. 2022). For instance, mean values of 
traits such as specific leaf area, seed mass and wood density 
increase with increasing mean annual temperature at large 
spatial scales (Bruelheide et al. 2018, Bouchard et al. 2024). 
While climate and soil conditions explain functional compo-
sition of such plant traits globally, microclimatic and local soil 
conditions can also shape trait variation at small spatial scales 
due to their effects on plant growth and survival (Lebrija-
Trejos et al. 2010, Kraft et al. 2015b, Wieczynski et al. 2019). 
However, the effects of local scale environmental variation 
on plant trait composition are yet little known, especially for 
highly diverse tropical ecosystems.

Several plant species maintain high trait plasticity along 
the plant life cycle (Visser  et  al. 2016, Falster  et  al. 2018) 
and plant ecological strategies may change over their ontog-
eny in response to changing environmental conditions 
(Dayrell et al. 2018). Thus, plant communities respond dif-
ferently to environmental filtering depending on their stage 
in the plant life cycle. While species turnover in seedling 
communities, for instance, can be shaped by biotic pressures 
and environmental heterogeneity (Barczyk et al. 2023), spe-
cies turnover in adult trees appears to be more sensitive to 
soil conditions (Werner and Homeier 2015, Peguero  et  al. 
2023). In consequence, species sorting may differently affect 
plant communities at early and late life stages (Clarke et al. 
2001, Foster et al. 2011, Larson and Funk 2016). Capturing 
the composition of functional traits that reflect plant growth, 
reproduction and recruitment strategies can therefore reveal 
new insights into how plant traits, such as leaf, seed or seed-
ling traits, are filtered along environmental gradients at dif-
ferent plant life stages. 

Leaf traits are powerful predictors of changes in the growth 
strategies of plants, mainly reflected by the leaf economics 
spectrum (Wright et al. 2004, Díaz et al. 2016, Maynard et al. 
2022). The leaf economics spectrum describes the tradeoff 
between nutrient-rich, ‘acquisitive’ leaves and long-lived, 
‘conservative’ leaves. Specific leaf area (leaf area per dry mass; 

SLA) is a key functional trait that reflects the main tradeoffs 
in investment strategies and variability in resource allocation 
(Westoby 1998, Wright et al. 2004, Maynard et al. 2022). For 
instance, species with long-lived, conservative leaves tend to 
dominate under harsh environmental conditions at high ele-
vations, while species with acquisitive leaves are more abun-
dant in lowland tropical rainforests (Hulshof et al. 2013). In 
addition, local-scale variation in environmental conditions 
can lead to changes in community weighted means of leaf 
functional traits (Schmitt et al. 2020, Báez et al. 2022). 

Seed traits capture essential tradeoffs in plant reproductive 
strategies of adult plants (Westoby 1998, Moles and Westoby 
2006, Bolmgren and Eriksson 2010). Primarily, seed mass 
influences plant fitness through a tradeoff between the costs 
of seed production and benefits in terms of germination suc-
cess (Moles and Westoby 2006, Visser et al. 2016, Sales et al. 
2021). Consequently, plants may either produce many small 
seeds or a few large seeds, representing a size–number tradeoff 
in seed production (Moles et al. 2004, Moles and Westoby 
2006). As such, differences in seed mass influence seed-
ling survival and growth (Baraloto  et  al. 2005, Moles and 
Westoby 2006, Falster  et  al. 2018), as well as plant fitness 
and the fate of future plant generations (Terborgh et al. 2008, 
Canham and Murphy 2016, Kuprewicz and García‐Robledo 
2019). While previous studies have focused on studying seed 
trait composition across large spatial scales (Duivenvoorden 
and Cuello A 2012, Sales et al. 2021, Bouchard et al. 2024), 
little is known on differences in seed trait composition at 
local scales (Rosbakh et al. 2022, Acosta-Rojas et al. 2023a). 
Generally, canopy properties and soil conditions can trigger 
variation in seed traits (Acosta-Rojas et al. 2023a), and plants 
tend to produce larger seeds on fertile soils due to a higher 
resource allocation into reproduction (Grubb and Coomes 
1997, Jager et al. 2015). Identifying the associations between 
seed mass and environmental conditions can lead to a better 
understanding of the drivers of seed trait composition across 
different spatial scales (Saatkamp et al. 2019). 

Finally, seedling traits have drawn more attention recently, 
because they are essential for community assembly at early 
plant life stages (Auffret et al. 2017, Harrison and LaForgia 
2019, Westoby  et  al. 2022). For instance, the initial seed-
ling height shortly after germination can be a measure of the 
growth capacity and resistance of young plants (Baraloto et al. 
2005). As such, this trait reflects the energy supply provided 
to a seedling by a seed (Moles et al. 2004, Hu et al. 2017) and, 
thus, the initial capacity of seedlings to invest into growth 
(Baraloto et al. 2005, Falster et al. 2018, Umaña et al. 2021a). 
Initial seedling height can mirror the regeneration strategy of 
a plant species as seedlings of early- and late-successional spe-
cies tend to differ in size and growth strategy (Baraloto et al. 
2005). Specifically, late-successional species tend to produce 
larger seeds and seedlings than early-successional species and 
are more likely to establish in light-limited environments 
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(Dalling and Hubbell 2002, Wright et al. 2003, Visser et al. 
2016, Gibert  et  al. 2016). In contrast, seedlings of small-
seeded and early-successional species are more likely to estab-
lish in canopy gaps and can surpass large-seeded species in 
growth rates under open canopy (Dalling and Hubbell 2002, 
Baraloto et al. 2005). While local variability in soil and light 
conditions may affect seedling traits (Umaña  et  al. 2021a, 
Song et al. 2021), little is known to what extent initial seed-
ling height is associated with broad- and local-scale environ-
mental variation. 

Trait-based processes of community assembly can be 
governed by distinct environmental conditions at differ-
ent spatial scales (Lasky  et  al. 2014, Werner and Homeier 
2015). Elevational gradients provide powerful means to 
study this scale-dependency in plant community assembly 
(Albrecht  et  al. 2018, Rosbakh  et  al. 2022, Barczyk  et  al. 
2023). Generally, environmental variability across elevations 
is driven by broad climatic gradients in terms of temperature 
and precipitation (Hu and Riveros-Iregui 2016, Dantas de 
Paula et al. 2021, Pierick et al. 2023), whereas soil and light 
conditions mainly drive local-scale processes within elevations 
(Andersen et al. 2010, Pierick et al. 2021, Umaña et al. 2021a). 
Studying changes in functional trait composition across and 
within elevations can contribute to a mechanistic understand-
ing of plant community assembly at early and late plant life 
stages in highly diverse tropical ecosystems (Lasky et al. 2014, 
Homeier et al. 2021, Báez et al. 2022). 

Here, we present a cross-scale comparison of plant traits 
at different plant life stages (i.e. adult trees, seeds and seed-
lings) in relation to environmental conditions at local and 
regional scales. Specifically, we tested how the trait composi-
tion of leaves, seeds and seedlings was associated with envi-
ronmental conditions across and within elevations in highly 
diverse tropical montane forests. We calculated community 
weighted means of key traits assigned to each plant life stage 
(i.e. specific leaf area, seed mass and initial seedling height) 
and related them to broad-scale environmental variation 
across elevations and to variation in local-scale environmen-
tal factors (i.e. soil and light conditions) within elevations. 
First, we expected consistent differences in trait composi-
tion across elevations, reflected by decreasing trait means due 
to the prevalence of conservative strategies under the harsh 
climatic conditions at high elevations (Duivenvoorden and 
Cuello A 2012, Homeier et al. 2021, Umaña et al. 2021a). 
Second, we expected that trait variation within elevations is 
associated with local soil and light conditions. In particular, 
we expected that specific leaf area would be positively asso-
ciated with favourable soil conditions, due to a high alloca-
tion of resources into acquisitive leaves (Jager  et  al. 2015, 
Homeier  et  al. 2021, Pierick  et  al. 2021). Similarly, we 
expected seed mass to increase under favourable soil condi-
tions, because plants growing on fertile soils are more likely 
to allocate resources into their seeds (Grubb and Coomes 
1997, Pérez-Ramos  et  al. 2014, Jager  et  al. 2015). Finally, 
we expected initial seedling height to increase under open 
canopy, because of less light limitation (Baraloto et al. 2005, 
Song et al. 2021, Umaña et al. 2021a).

Material and methods

Study design

This study was carried out in the Podocarpus National Park 
and San Francisco Reserve, located between the Amazon Basin 
and the main ridge of the Eastern Andes in southern Ecuador. 
The protected area of the Podocarpus National Park spans 
over 1400 km2 and covers an elevational gradient of more 
than 2000 m (ca 900–3600 m a.s.l.). The area is characterized 
by mostly intact evergreen montane forests, hosting numer-
ous endemic and undescribed plant species (Homeier et al. 
2008, Kessler and Kluge 2008). The mean annual tempera-
ture ranges between 20°C at 1000 m a.s.l., 15.5°C at 2000 
m a.s.l. and 10°C at 3000 m a.s.l. (Bendix et al. 2008). The 
mean annual precipitation also varies strongly among eleva-
tions: 2432 mm at 1000 m, 2330 mm at 2000 m and 4522 
mm at 3000 m (Santillán et al. 2018, Wilcke et al. 2019). 

Our research was conducted on nine 1-ha plots (three at 
each elevation; Fig. 1a) in the frame of the DFG Research 
Unit 2730 (RESPECT) that established these plots along 
an elevational gradient ranging from 1000 to 3000 m a.s.l. 
in old-growth forests (Bendix et al. 2021). The lowest study 
plots were located in evergreen premontane forest along the 
Bombuscaro River (1000 m a.s.l., 04°06′S, 78°58′W). The 
plots at mid elevations were placed in lower montane for-
est in the San Francisco Reserve (2000 m a.s.l., 03°58′S, 
79°04′W). The high elevation plots were located in upper 
evergreen tropical montane forest in Cajanuma (3000 m 
a.s.l., 04°06′S, 79°10′W). All plots had a minimum pair-
wise distance of 100 m (Bendix et al. 2021). While climatic 
conditions (temperature and precipitation) differ strongly 
across elevations (Supporting information), local microhabi-
tat conditions (in particular, soil moisture and canopy condi-
tions) also vary strongly among and within plots at the same 
elevation (Barczyk et al. 2023).

Within each plot, we established several subplots to study 
the variability in leaf, seed and seedling trait composition. 
Subplots were differently sized given the different life stages 
corresponding to each of these traits. To measure leaf traits 
of adult trees, we divided each 1-ha plot into 25 subplots of 
400 m2 (tree census; framed with green colour in Fig. 1b). In 
total, this resulted in 225 subplots, where leaf measurements 
were taken on a total number of 418 individual trees (75 sub-
plots per elevation). To capture variability in seed trait com-
position, we established 18 seed traps (0.6 × 0.6 m; seed trap 
area = 0.36 m2) per plot to capture seed rain, regularly dis-
tributed across the plots (seed traps; yellow dots in Fig. 1b). 
In total, we captured seed rain in 162 seed traps across the 
elevations (54 traps per elevation). Finally, we set up nine 
regularly distributed 1-m2 subplots (1 × 1 m) per plot, to 
monitor recruiting seedlings (recruitment census; blue quad-
rates in Fig. 1b). In total, we recorded seedling recruitment 
at 81 subplots (27 subplots per elevation). Hence, we were 
able to study variability in the respective traits representing 
different plant life stages with a coherent study design captur-
ing changes in trait composition within and across elevations. 
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Environmental conditions

To quantify environmental conditions within elevations, 
we measured the soil C/N ratio and canopy openness. We 
measured these two environmental factors because they are 
proxies for two crucial resources for plants: nutrients and 
light (Wright et al. 2003, Umaña et al. 2021b). In 2018, we 
collected 418 representative samples from the mineral soil 
(0–10 cm soil depth) across the nine study plots (Velescu et 
al. 2022). The samples were taken close to those tree indi-
viduals (n = 418) that had been selected for leaf trait measure-
ments, and covered a total number of 167 out of 225 tree 
census plots. The soil samples were taken with a soil auger 
at five locations close to each tree and bulked to a composite 
sample. They were dried at 40°C, sieved to <2 mm and an 
aliquot was milled in a planetary ball mill. We determined 
total carbon (C) and nitrogen (N) concentrations by elemen-
tal analysis via thermal combustion at 1020°C, catalytic 

reduction and detection by thermal conductivity after chro-
matographic separation of CO2 and N2 (Flash 2000 HT Plus, 
Thermo Scientific). Because soils were free of carbonates and 
were moderately to strongly acidic, all C was assumed to be 
organic C. Based on C and N concentrations in the soils, 
mass-related soil C/N ratios were calculated to approximate 
the organic matter turnover in the soils and the availability 
of nutrients to plants. High soil C/N ratios indicate slow 
turnover of organic matter, resulting in low N availability 
to plants (Post  et  al. 1985, Wilcke  et  al. 2020). Values of 
soil C/N ratios were averaged for each tree census subplot 
(n = 225). We then averaged these mean C/N values and 
assigned them to the spatially closest seed trap (n = 162) and 
recruitment census subplot (n = 81). Thus, soil C/N ratios 
were assigned to each individual census (trees, seeds and seed-
lings) accounting for the different subplots of each life stage 
(Supporting information).

In October 2019, we visited all study plots to take hemi-
spherical photos and to estimate light conditions. We photo-
graphed the canopy 0.7 m above ground at each recruitment 
census subplot (n = 81). Photos were taken with a digital 
camera fitted with a fish-eye converter lens. All photos were 
taken in the mornings with overcast sky. The hemispherical 
photos were analysed in Gap Light Analyzer ver. 2.0 (1999, 
SFU/IES, Canada/USA). For each photograph representing 
one subplot, we calculated canopy openness, defined as the 
percentage of open canopy in relation to full canopy cover 
(0–100%). Values of canopy openness were matched to the 
corresponding recruitment census (n = 81) and were then 
assigned to the spatially closest seed trap and tree census at 
the subplot level (Supporting information). Canopy open-
ness was only weakly correlated with soil C/N ratio (Pearson’s 
r = 0.44, p < 0.01, n = 67 subplots).

Specific leaf area

The tree inventory included all woody stems with a diameter 
at breast height (DBH) ≥ 10 cm and was conducted on the 
25 tree census subplots inside each 1-ha plot (n = 225 sub-
plots in total; Fig. 1). All trees were labelled and herbarium 
specimens were collected for taxonomic identification. The 
abundance of each species was defined at the subplot level as 
the total number of individual stems of a respective species 
encountered at each subplot. Trait measurements were done 
on a representative subset of 52 species representing differ-
ent successional stages and plant families (32 plant families 
in total). The preselection of species was made by choosing 
the abundant tree species in the study plots at each elevation 
which covered different ecological strategies from early-suc-
cessional pioneers to late-successional tree species and from 
understory species to tall canopy trees (Homeier et al. 2021). 
The preselected species represented a substantial part of the 
community and accounted for about 41% of total basal area 
within the 1-ha plot at 1000 m a.s.l., 50% at 2000 m a.s.l. 
and 32% at 3000 m a.s.l.; Homeier et al. 2021). All individ-
ual trees of the preselected species in the tree census subplots 
were marked with a plastic tag. From 5–10 randomly selected 

Figure 1. Study design within and across elevations. (a) Nine 1-ha 
plots were located along the 2000-m elevational gradient at 1000, 
2000 and 3000 m a.s.l. (three plots at each elevation). (b) Within 
each plot, subplots were established to measure trait variation in 
three distinct life stages: tree census (green frames, 20 × 20 m), seed 
traps (yellow dots, 0.6 × 0.6 m), and recruitment census (blue 
quadrates, 1 × 1 m). Analyses within elevations were controlled for 
variation in trait composition among elevations.
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individuals of these species (n = 418 in total), we collected 20 
young and undamaged sun leaves attached to two to three 
branches cut by a pruning tool from the top of the tree crown 
under as much sun exposure as possible. The entire branches 
were kept in sealed polyethylene bags with water-soaked tis-
sues prior to measurements. Subsequently, all leaves were 
dried at 60°C for 3–4 days to measure leaf dry mass. 

To capture variability in the leaf economics spectrum 
(Wright et al. 2004, Díaz et al. 2016, Maynard et al. 2022), 
we calculated specific leaf area. To this end, we quantified 
leaf area by scanning 20 undamaged leaves using the software 
WinFOLIA 2014 (Régent Instruments) and obtained aver-
age leaf area of all individual trees [cm2]. Leaf dry mass was 
obtained with a high precision analytical balance (precision 
0.0001 g). Specific leaf area [cm2 g−1] was then calculated 
as the proportion between leaf area and leaf dry mass (see 
Homeier et al. 2021 for further details).

Seed mass

To capture seed rain, we installed a total of 162 seed traps 
(trap area 0.6 × 0.6 m = 0.36 m2, 1.5 mm nylon mesh; 
Fig. 1). The traps were placed about 1 m above the ground 
and the content was emptied every 15 days between January 
2019 and January 2020. The material collected in the traps 
was separated into fruits and seeds. In most cases, the disper-
sal units matched seeds in a strict botanical sense, however 
some diaspores were comprised of seeds and the surrounding 
fruit structure. Seeds with a length < 1 mm were discarded, 
as these could not be captured by the nylon mesh. We identi-
fied the dispersed seeds to the lowest possible taxonomic level 
using reference plant material from the forest or from herbar-
iums, field guides and the help of botanical experts (Acosta-
Rojas et al. 2023a). Based on these samples, we obtained the 
abundance of all species and morphospecies at each seed trap 
pooled over repeated censuses. All seeds were dried at 60°C 
for 3–4 days and then weighted with a high precision analyti-
cal balance (precision 0.0001 g). 

We chose seed mass as a key trait to describe variability 
in plant reproductive strategy (Moles and Westoby 2006). 
We measured seed mass [g] of all individual seeds collected 
from all seed traps. Seed mass was calculated from the dried 
samples. For tiny seeds, it was calculated as a mean seed 
mass based on the total weight divided by the number of 
these seeds in a sample. All further details including the 
methodology of seed measurements can be found in Acosta-
Rojas et al. (2023a). In addition, photos of the most abun-
dant woody species included in this study are compiled in 
Acosta-Rojas et al. (2021). 

Initial seedling height

We surveyed seedling recruitment on 81 subplots over a one-
year period between May 2019 and July 2020 (Barczyk et al. 
2023). Prior to seedling monitoring, we manually cleared 
existing vegetation within the 1-m2 subplots to better spot 
recently germinated seedlings. We conducted the first census 

in September 2019 and the observations were repeated every 
four months to capture an entire year of seedling recruit-
ment. We recorded all species and morphospecies emerg-
ing from seeds (i.e. at least cotyledons had been developed) 
and classified them into species, genus or family levels. All 
unidentified individuals were classified as separate morpho-
species at each elevation. We obtained the species abundance 
of surveyed seedlings at each subplot by computing the sum 
over repeated censuses. 

Initial seedling height is a good proxy of a plant’s capac-
ity to establish and grow, because it reflects the net energy 
provision of seeds to seedlings (Moles and Westoby 2004, 
Baraloto et al. 2005). At each visit, we measured initial seed-
ling height [cm] for each recently established seedling (within 
the last four months; Baraloto  et  al. 2005). Precisely, the 
height of each seedling was measured as a distance between 
the stem base and the terminal bud using manual callipers 
enabling a precision of 1 mm. To validate that initial seedling 
height is associated with the growth strategy of seedlings, we 
related initial seedling height with the relative growth rate 
over four-months intervals for a subset of seedlings in the 
dataset (n = 220 seedling individuals from 83 species). For 
these seedlings, we calculated the relative growth rate (RGR) 
as described in Baraloto et al. (2005) with the Eq. 1:

RGR ln height at censustime

height at thecensustime

ti

� � � �

� �

2

1- ln

/ mmeinterval indays�
Initial seedling height was negatively related to RGR within 
and across species (linear mixed model (LMM) with a ran-
dom term of species identity: estimate = −0.11, SE = 0.01, p 
< 0.001) indicating that seedlings with a small initial height 
were fast growing, whereas initially large seedlings were slow 
growing (Supporting information). This close correlation 
suggests that initial seedling height reflects different growth 
strategies at the seedling stage (Adler et al. 2014, Reich 2014, 
Falster et al. 2018). 

Community-weighted means of traits

In order to obtain community measures of plant trait compo-
sition, we calculated the community-weighted mean of each 
trait (Lavorel and Garnier 2002). First, we log-transformed 
the trait values of all measured leaves, seeds and seedlings. 
Based on the log-transformed trait measurements, we cal-
culated mean trait values at the respective subplot (i.e. tree 
census, seed traps and recruitment census) which allowed us 
to account for the intraspecific variability in leaf, seed and 
seedling traits at the subplot level. Further, we extracted the 
abundance of individuals belonging to the respective spe-
cies, morphospecies or morphotype observed at the respec-
tive subplot corresponding to the studied life stage (i.e. tree 
census, seed traps and recruitment census). For each subplot 
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and seed trap, we calculated the community-weighted means 
with Eq. 2:

CWM trait abundance� �
�
� i i

i

n

1

where traiti was the mean trait value of a (morpho)species 
i at each subplot, and abundancei was the number of indi-
viduals (trees, seeds, seedlings) of a (morpho)species i at each 
subplot.

In order to test for covariation in the composition of dif-
ferent types of traits, we correlated the trait values of leaves, 
seeds and seedlings at the subplot level using the spatial 
matching of environmental conditions (n = 81, Supporting 
information). Community-weighted means of specific leaf 
area were weakly correlated with seed mass (Pearson’s r = 0.34, 
p < 0.05) and initial seedling height (Pearson’s r = 0.43, p 
< 0.05). In contrast, no significant correlation was detected 
between the community-weighted means of seed mass and 
initial seedling height (Pearson’s r = 0.11, p = 0.061). 

In addition, we tested whether the community weighted-
mean of specific leaf area of the preselected species at 2000 m 
a.s.l. (n = 20 species) differed from the community-weighted 
mean of specific leaf area of all individual trees measured at 
the same study subplots in an exhaustive tree census at this 
elevation (n = 200 species). We found no significant differ-
ence between the community weighted-mean of the 20 
species and the entire tree community at 2000 m (paired 
Wilcoxon signed-rank test: n = 75 tree subplots, W = 1230, 
p = 0.305), indicating that the tree species included in the 
analyses were representative for the entire community. 

Statistical analyses

We tested the relationship between mean trait values and 
environmental conditions at two spatial scales (i.e. across 
and within elevations). At the large spatial scale, we com-
pared community-weighted mean trait values among plots 
located at different elevations in order to test for changes 
in trait composition across broad environmental gradients. 
To control for different scales of trait values in the analysis, 
we scaled the community-weighted means of each trait to 
zero mean and unit variance. At the small spatial scale, we 
analysed patterns within elevations after controlling for the 
variability in environmental conditions and trait values across 
elevations. Prior to this analysis, we scaled all environmental 
variables and community-weighted mean trait values to zero 
mean and unit variance within each elevation. That is, we 
only analysed the variability within elevations in this second 
analytical step so that the effect of elevation on the tested 
relationships equalled zero. 

We performed LMMs to test how community-weighted 
means of leaf, seed and seedlings varied across and within 
elevations. The first model tested how the composition of 
leaf, seed and seedling traits changed across elevations by test-
ing the interaction effects between life stage and elevation. 
The second model tested how trait composition was related 

to environmental variation (i.e. soil C/N ratio and canopy 
openness) within elevations. To simplify the interpretation of 
model estimates, we removed the intercepts and main effects 
of the environmental predictor variables from these models 
as described in Schielzeth (2010). This model formulation 
allowed us to test for the trait-specific trends in the variation 
of leaf, seed and seedling traits across and within elevations. In 
addition, all models included a random factor of plot identity 
(n = 9 plots) to control for unmeasured variability among plots. 
All analyses were conducted in R ver. 4.2.3 (www.r-project.
org) and the associated packages ‘ggplot2’ (Wickham 2016), 
‘lme4’ (Bates et al. 2015), ‘lmerTest’ (Kuznetsova et al. 2017), 
‘MuMIn’ (Bartoń 2023) and ‘tidyverse’ (Wickham 2011).

As a test of model robustness, we ran a subsampled analy-
sis to control for the uneven number of sample sizes for traits 
and the respective environmental variables (i.e. soil and light 
conditions). To this end, we only included those subplots in 
the analysis for which both trait and environmental data had 
been measured and did not match environmental variables to 
the spatially closest subplots or seed traps. These models were 
based on a restricted sample size and served to test the robust-
ness of the findings of the main analyses including similar 
number of tree census subplots, seed traps and recruitment 
census subplots (n = 81 subplots).

Results

We measured specific leaf area on 418 individual trees of 52 
plant species (20 species at 1000 m, 20 species at 2000 m 
and 12 at 3000 m) at 164 subplots (i.e. subplots without the 
respective plant species had to be discarded from the analy-
sis). Specific leaf area varied between 26 (Clusia elliptica at 
3000 m) and 241 cm2 g−1 (Mollia gracilis at 1000 m). 

We captured 2393 individual seeds of 330 species and 
morphospecies (126 species at 1000 m, 121 species at 2000 
m and 81 species at 3000 m) in 160 seed traps (i.e. two seed 
traps never contained seeds). Seed mass ranged between less 
than 0.0001 g (e.g. Meriania sp. at 3000 m) and more than 
2.5 g (e.g. 2.58 g in Anomospermum reticulatum at 1000 m). 
We recorded 548 seedlings of 140 species (82 species at 1000 
m, 64 species at 2000 m and 63 species at 3000 m) on 73 
subplots (i.e. no seedlings were recorded on eight recruit-
ment subplots). Initial seedling height varied between 0.3 cm 
(Miconia sp. at 1000 m) and 35.4 cm (Clarisia sp. at 1000 
m). 

Changes in trait composition across elevations

Community-weighted means of all plant traits decreased with 
increasing elevation (Table 1). Mean specific leaf area of adult 
trees decreased from about 116 cm2 g−1 at 1000 m to 56 cm2 
g−1 at 3000 m a.s.l. (Fig. 2a). Mean seed mass decreased from 
0.100 g at 1000 m to 0.016 g at 3000 m a.s.l. (Fig. 2b). Mean 
initial seedling height showed a similar trend and decreased 
from 5.8 cm at 1000 m to 3.5 cm at 3000 m a.s.l. (Fig. 2c). 
The decreases in specific leaf area, seed mass and initial 
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seedling height with increasing elevation were highly signifi-
cant (Table 1). The analysis restricted to the subplots directly 
sampled for both environmental and trait variables showed 
qualitatively identical patterns (Supporting information). 

Changes in trait composition within elevations

Trait composition of leaf, seed and seedling traits responded 
differently to variation in soil and light conditions within 
elevations (Table 2). Community-weighted means of specific 
leaf area of adult trees decreased with increasing soil C/N 
ratio, and were unrelated to canopy openness (Fig. 3a, d). 
Mean seed mass was unrelated to both environmental factors, 
soil C/N ratio and canopy openness (Fig. 3b, e). The com-
munity-weighted means of initial seedling height decreased 
significantly with increasing canopy openness, but were not 
associated with soil C/N ratio (Fig. 3c, f ). In the subsampled 
analysis, community-weighted means of leaf and seedling 
traits were significantly associated with the same environmen-
tal conditions (Supporting Information), but the effect of soil 
C/N ratio on specific leaf area was slightly weaker.

Discussion

We found a consistent decrease in trait values of different plant 
life stages across elevations, highlighting the important role of 
environmental filtering at large spatial scales. In contrast, we 
found that within elevations soil and light conditions were 
differently associated with traits representing distinct plant 
life stages. Thus, our investigation revealed that the composi-
tion of leaf, seed and seedling traits was related to different 
environmental conditions, and that trait–environment rela-
tionships were highly contingent on the plant life stage. Our 
findings help to understand how environmental conditions 
shape community assembly of tropical plant communities at 
small and large spatial scales and across the plant life cycle. 

Changes in trait composition across elevations

We found that elevation had consistent effects on the trait 
composition of different plant life stages, likely because broad-
scale environmental filtering of the trait composition of plant 
communities increased with increasing elevation. Previous 

Table 1. Linear mixed models testing the effects of elevation on the trait composition of leaves, seeds and seedlings. Estimates indicate the 
effects of the respective elevational level (categorical variable) on leaf, seed and seedling traits relative to the overall mean. Specific leaf area 
was recorded at 164 tree census subplots, seed mass in 160 seed traps, and initial seedling height at 73 recruitment census subplots, respec-
tively, in the Podocarpus National Park and San Francisco Reserve, Ecuador. All study subplots were established inside the 1-ha plots across 
the three elevations (m a.s.l.). Plot was included as a random effect (n = 9). Estimates, standard errors, degrees of freedom, t values and prob-
ability of tested effects are shown in columns. Traits were log-transformed and community-weighted means were scaled for each trait prior 
to the analysis so that estimates correspond to standard deviation units for each trait. Significant values (p < 0.05) are marked with bold font.

Estimate SE df t value p

1000 m : Specific leaf area (SLA) 0.91 0.16 10.86 5.60 <0.001 
1000 m : Seed mass 0.70 0.16 11.19 4.27 0.001 
1000 m : Initial seedling height (ISH) 0.52 0.20 27.12 2.56 0.016 
2000 m : SLA −1.07 0.23 10.15 −4.74 <0.001
2000 m : Seed mass −0.81 0.23 11.10 −3.54  0.005 
2000 m : ISH −0.62 0.28 25.22 −2.18 0.039
3000 m : SLA −1.83 0.24 12.49 −7.73 <0.001
3000 m : Seed mass −1.28 0.23 11.19 −5.53 <0.001 
3000 m : ISH −0.81 0.29 27.15 −2.80 0.009

Figure 2. Community-weighted means of leaf, seed and seedling traits across elevations. Shown are: (a) specific leaf area of adult trees; (b) 
seed mass captured in seed rain; (c) initial seedling height of recruiting seedlings. Community-weighted means are based on trait values and 
abundances recorded on trees, seeds and seedlings at 164 tree census subplots, 160 seed traps, and 73 recruitment census subplots, respec-
tively, in the Podocarpus National Park and San Francisco Reserve, Ecuador. All study subplots were established inside the nine 1-ha plots 
located across the three elevations (m a.s.l.). Trait values are presented on a logarithmic y-axis (labels are back-transformed, log10). Summary 
statistics of the elevational effects on trait composition are shown in Table 1. Boxes show 25th and 75th percentiles, with the median indi-
cated, whiskers show data range and dots depict outliers. 
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studies identified temperature as a major environmental driver 
causing shifts in species and trait composition across eleva-
tional gradients (Nottingham et al. 2018, Homeier et al. 2021, 
Acosta-Rojas  et  al. 2023a). Community-weighted means  
of specific leaf area were decreasing with increasing elevation. 
This is in line with previous studies on the composition of 
other leaf traits across elevational gradients in tropical mon-
tane and lowland forests (Hulshof et al. 2013, Schmitt et al. 

2020, Homeier et al. 2021). Trees growing at high elevations 
have been shown to invest more into the production of con-
servative leaves (i.e. leaves with small specific leaf area), which 
are more resistant and long-lasting to stand harsh climatic 
conditions (Westoby 1998, Hulshof et al. 2013). Similarly, 
previous studies have demonstrated that community-
weighted means of seed mass decrease in tropical and temper-
ate mountains along steep environmental gradients because 

Table 2. Linear mixed models testing the effects of environmental variables on trait composition of leaf, seed and seedling traits within eleva-
tions. Estimates indicate differences between leaf, seed and seedling traits to the overall mean and the effects of each environmental predic-
tor variable on the respective trait. Community-weighted means of each trait were computed at subplot level (n = 164, n = 160, n = 73 for 
leaves, seeds and seedlings, respectively). Plot was included as a random effect (n = 9). Estimates, standard errors, degrees of freedom, t 
values and probability of tested effects are shown in columns. Both trait and environmental variables were scaled to zero mean and unit 
variance within each elevation to control for variation across elevations. Significant values (p < 0.05) are marked with bold font.

Estimate SE df t value p

Specific leaf area (SLA) 0.02 0.06 21.87 0.27 0.790
Seed mass <0.01 0.06 24.73 0.001 0.999
Initial seedling height (ISH) −0.08 0.09 79.38 −0.94 0.348
Soil C/N : SLA −0.47 0.07 127 −7.16 <0.001
Soil C/N : Seed mass 0.06 0.06 175.6 1.08 0.282
Soil C/N : ISH −0.15 0.09 268.7 −1.72 0.088
Canopy openness : SLA 0.04 0.05 349 0.65 0.517
Canopy openness : Seed mass −0.02 0.06 347.4 −0.44 0.661
Canopy openness : ISH −0.27 0.09 349.1 −3.07 0.002

Figure 3. Relationships between community-weighted means of leaf, seed and seedlings traits and soil and light conditions within eleva-
tions. Specific leaf area (a, d); seed mass (b, e); and initial seedling height (c, f ) in relation to soil C/N ratio (a–c) and canopy openness (d–f ). 
Each point represents the community-weighted mean trait value at one subplot (n = 164 tree census subplots, n = 160 seed traps, n = 73 
recruitment census subplots). Specific leaf area, seed mass and initial seedling height were recorded in the Podocarpus National Park and 
San Francisco Reserve, Ecuador. Both trait and environmental variables were scaled to zero mean and unit variance within each elevation 
to control for variation across elevations. Summary statistics of the studied trait–environment associations can be found in Table 2. Dashed 
lines show non-significant relationships, while solid lines indicate significant associations.
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of less favourable climatic conditions and stronger abiotic fil-
tering at high elevations (Duivenvoorden and Cuello A 2012, 
Rosbakh et al. 2022). The decline in seed mass with increas-
ing elevation could also be related to the lower diversity of 
large seed-dispersing animals and thus, a lower proportion of 
endozoochorous species at high elevations in the study area 
(Quitián et al. 2018, Acosta-Rojas et al. 2023a). Further stud-
ies at different locations would be required to confirm this 
pattern, given mixed evidences for the relationship between 
mean seed mass and seed disperser size (Forget et al. 2007, 
Bolmgren and Eriksson 2010, Sales et al. 2021). We further 
found a significant decrease in community-weighted means 
of initial seedling height across elevations. To the best of our 
knowledge, a reduction in mean initial seedling height at 
high elevations has not been reported so far. The decrease in 
initial seedling height across elevations may be related to the 
decrease in mean seed mass with increasing elevation, given 
the covariation between initial seedling height and seed mass 
reported in previous studies (Moles et al. 2004, Baraloto et al. 
2005). Furthermore, this suggests that late successional spe-
cies producing large seedlings are more prevalent at lower ele-
vations corresponding to the structural changes from taller, 
more densely covered lower montane to the more open upper 
montane forests (Homeier et al. 2010, Arellano et al. 2016). 
Further exploration of differences in initial seedling height 
across environmental gradients could inform whether this 
trait can be a general predictor of seedling survival, related 
to the plant economics spectrum (Reich 2014, Winkler et al. 
2024). Overall, we found that environmental variation across 
elevations leads to consistent changes in the mean trait val-
ues of leaves, seeds and seedlings, suggesting similar shifts 
in resource allocation patterns across different plant life 
stages at large spatial scales (Lasky et al. 2014, Visser et al. 
2016, Umaña et al. 2021b). Generally, plants were forced to 
invest into less ‘expensive’ plant organs (e.g. less acquisitive 
leaves, smaller seeds and seedlings) under harsher environ-
mental conditions at high elevations. Similar patterns have 
been described for multiple leaf and root traits in association 
with a decrease in mean temperature in the same study area 
(Homeier et al. 2021, Pierick et al. 2024). 

Changes in trait composition within elevations

We detected pronounced differences in trait–environment 
associations within elevations. In contrast to our expectation, 
only specific leaf area, but not seed mass and initial seedling 
height, was related to variation in soil C/N ratios. Within 
elevations, specific leaf area was negatively associated with 
increasing C/N ratio. Previous studies found similar trends 
and showed that trees growing on more fertile soils (e.g. low 
C/N ratio) tend to produce acquisitive leaves (i.e. large spe-
cific leaf area) (Hodgson  et  al. 2011, Hulshof  et  al. 2013, 
Schmitt  et  al. 2020, Homeier  et  al. 2021). This is because 
plants growing on fertile soils invest more into growth by 
producing acquisitive leaves with high photosynthetic capac-
ity to compete for light and accelerate reproduction (Apaza-
Quevedo  et  al. 2015, Falster  et  al. 2018, Homeier  et  al. 

2021). Both inter- and intra-specific shifts from plants with 
acquisitive to conservative leaves have been reported along 
environmental gradients as a consequence of this tradeoff 
(Schmitt et al. 2020). In line with that, recent studies from 
tropical forests demonstrated that soil fertility is a main driver 
of plant community assembly, because leaf traits are crucial to 
mediate species sorting in tropical tree communities (Dantas 
de Paula et al. 2021, Peguero et al. 2023).

In contrast to our hypothesis, seed size was not sig-
nificantly associated with soil conditions within elevations. 
Although previous studies have shown that seed size may 
decrease in plant communities growing on less fertile soil con-
ditions, such an effect was not detected in our study (Pérez-
Ramos et al. 2014, Jager et al. 2015). One reason for the lack 
of this relationship could be that seed size is not only driven 
by abiotic factors, such as soil fertility, but also depends on 
biotic factors, such as the diversity of animal seed dispers-
ers (Quitián et  al. 2018, Acosta-Rojas  et  al. 2023a). Given 
that the majority of plants in tropical forests depend on seed 
dispersal by frugivorous animals, bird and mammal diversity 
may be closely associated with plant trait composition (Wang 
and Smith 2002, Vollstädt et al. 2017, Sales et al. 2021).

We found that initial seedling height, but not specific leaf 
area and seed mass, was related to variation in canopy open-
ness within elevations. Previous studies from other tropical 
forests have shown that canopy openness fosters seedling 
growth, as light is a limiting factor for seedling growth in the 
forest understorey (Baraloto et al. 2005, Song et al. 2021, 
Umaña et al. 2021a). In our study, we found that seedlings 
growing under open canopy tended to be smaller than 
seedlings growing under dense canopy cover. This relation-
ship likely reflects different ecological strategies of plants 
under different light conditions. Late-successional plant 
species are usually equipped with large seeds which yield 
large seedlings (Dalling and Hubbell 2002, Saavedra et al. 
2015). Consequently, large-seeded species can better cope 
with biotic and abiotic pressures at the seedling stage, and 
prevail over small-seeded species in the shaded under-
story (Wright  et  al. 2003, Baraloto  et  al. 2005). In fact, 
shade-tolerant late-successional species are more likely 
to establish under a dense canopy than early-successional 
species (Dalling and Hubbell 2002, Falster  et  al. 2018, 
Umaña et al. 2021a), but grow more slowly than the small-
sized seedlings of early-successional species (Baraloto et al. 
2005, Supporting information). Overall, our findings imply 
that community assembly of plants at the initial stage is 
highly dependent on light conditions at the local scale. It 
also suggests that initial seedling height is a valuable func-
tional trait that can reflect differences in growth rates and 
the prevailing successional strategy in different environmen-
tal contexts. 

Seed mass was not significantly associated with canopy 
openness. A study on seed rain from the same area recently 
demonstrated that canopy openness was negatively related 
to seed rain richness within elevations (Acosta-Rojas  et  al. 
2023a). Hence, local light conditions may influence species 
richness in seed rain, but were unrelated to mean seed mass 

 16000706, 0, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1111/oik.10421 by K

arlsruher Institut F., W
iley O

nline L
ibrary on [30/07/2024]. 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 10 of 13

at the community level. A very interesting finding of our 
study is that canopy openness affected the composition of 
seed and seedling traits differently although the two traits are 
correlated (Baraloto et al. 2005). This finding depicts differ-
ences in filtering mechanisms and species sorting at adult and 
seedling stage. The upcoming seedling communities appear 
to be characterised by a different trait composition than the 
established adult plant communities, indicating high dynam-
ics in the trait composition of tropical plant communities. 
Disequilibrium dynamics in trait–environment associations 
may be particularly strong in tropical montane forests that 
undergo rapid small-scale changes in light conditions, due to 
frequent natural disturbances (Dislich and Huth 2012). 

In our study, we investigated trait–environment associa-
tions across different plant life stages and spatial scales by 
focussing on one representative trait for each plant stage 
(Westoby 1998, Moles and Westoby 2006, Falster  et  al. 
2018). Previous studies have proposed to use multiple 
traits in studying trait–environment associations in order to 
increase the power and accuracy of analyses of trait–environ-
ment associations (Bruelheide  et  al. 2018, Saatkamp  et  al. 
2019, Maynard et al. 2022, Rosbakh et al. 2022). Given the 
close correlations between traits describing the main axes of 
the plant economics spectrum (e.g. for leaf traits, specific leaf 
area and leaf thickness), we are confident that our trait selec-
tion allowed us to describe the main axes of variation for leaf, 
seed and seedling traits. Nevertheless, we encourage future 
studies to measure multiple traits across plant life stages 
despite the challenges related to obtaining these traits. 

Conclusions

We found trait-specific variation in the functional composi-
tion of plant communities with regard to variation in soil and 
light conditions within elevations, although large-scale pat-
terns in trait composition of leaves, seeds and seedling were 
consistent across elevations. At small spatial scales, leaf trait 
variation was primarily governed by variation in soil condi-
tions, whereas variation in seedling size depended on chang-
ing light conditions. In contrast, the functional composition 
in terms of seed size seems to be shaped by factors unmeasured 
in our study or may be in disequilibrium with current abiotic 
conditions. Our study of plant traits across the plant life cycle 
shows that plant responses to environmental conditions are 
contingent on their life stage. The variable responses of plants 
at different life stages are related to scale-dependent effects of 
environmental filtering on plant communities which is likely 
to contribute to the exceptionally high plant diversity in the 
Andean tropical mountains.
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