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Effect of climate on traits of dominant and
rare tree species in the world’s forests

A list of authors and their affiliations appears at the end of the paper

Species’ traits and environmental conditions determine the abundance of tree
species across the globe. The extent to which traits of dominant and rare tree
species differ remains untested across a broad environmental range, limiting
our understanding of how species traits and the environment shape forest
functional composition. We use a global dataset of tree composition of
>22,000 forest plots and 11 traits of 1663 tree species to ask how locally
dominant and rare species differ in their trait values, andhow thesedifferences
are driven by climatic gradients in temperature and water availability in forest
biomes across the globe. We find three consistent trait differences between
locally dominant and rare species across all biomes; dominant species are
taller, have softer wood and higher loading on the multivariate stem strategy
axis (related to narrow tracheids and thick bark). The difference between traits
of dominant and rare species is more strongly driven by temperature com-
pared to water availability, as temperature might affect a larger number of
traits. Therefore, climate change driven global temperature rise may have a
strong effect on trait differences between dominant and rare tree species and
may lead to changes in species abundances and therefore strong community
reassembly.

Plant communities typically consist of a relatively few dominant and
many rare species (MacArthur, 1957; Preston, 1948). Dominant and rare
species both contribute to ecosystem function: dominant species
provide the majority of ecosystem services, and rare species can
increase ecosystem multifunctionality by expanding trait diversity1–4.
Species traits in combination with abiotic and biotic environmental
conditions therefore drive the relative abundance of species in local
communities5. Macroclimate is an important abiotic trait filter that
determines the global distribution of forest biomes6,7 and tree
species8,9. Climate change will therefore have a strong effect on the
occurrence anddistribution of forest biomes, traits, and consequently,
forest ecosystem functioning10–12. However, the extent to which indi-
vidual traits of locally dominant and rare tree species differ, and how
these differences are affected by climate, remains largely unexplored
at a global scale. This lack of knowledge limits our understanding on
theprocesses determining species abundances, functional significance
of dominant and rare tree species across the globe and how this is
affected by climate3,13.

Community assembly is the process by which species are filtered
out from the regional species pool into the local community based on
their functional traits, ecological niches or stochastic processes. In this
process, climatic factors suchas temperature andprecipitation, as well
as biotic factors such as facilitation, competition, herbivory and
pathogens act as filters on species membership in particular
assemblages14,15. It is suggested that the strength of different filters
depend on the environment, with stronger abiotic filtering at higher
latitudes because of harsh environmental conditions and stronger
biotic filtering at lower latitudes, because of intense competition
under productive conditions16.

After a species’ establishment, its abundance is defined besides
habitat suitability by competitive ability related to species’ traits5,17. A
trait is defined as any morphological, physiological or phenological
feature measurable at the individual plant level that affects plant
performance18. In forests across the globe, high wood density and low
specific leaf area (SLA) are associated with a stronger competitive
ability19. Higher wood density generally increases tissue longevity and
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shade-tolerance, as it allows species to make persistent deeper and
wider crowns that enhance light interception and shade out other
species20–22. SLA reflects the life-history strategy of plants, with a high
SLA associated with a short leaf lifespan and high growth rate, and a
lower SLA associated with a long leaf lifespan and efficient nutrient
conservation16,23,24.

Plant trait occurrence and abundance is affected by different fac-
tors, among which temperature and water availability are of primary
importance10,25. Temperature affects the energy balance of leaves, and
therefore the balance between photosynthetic rate and respiration26,27.
This leads tohump-shapedphotosynthesis-temperature response curves
which may have profound effects on whole-plant growth rate28. Lower
latitudes and altitudes have a higher mean annual temperature and are
associated with more productive environments (when water and nutri-
ents are not limiting), taller trees, increased construction costs of stem
and leaves (highwood density and low SLA that enhance tissue longevity
and shade tolerance), and increased seed mass (provide seedlings with
sufficient reserves to establish and survive in the shade)24,25,29,30. Climatic
plantwater availability, expressed as aridity (i.e., the ratio ofmean annual
precipitation over mean annual evapotranspiration), is mainly related to
traits connected to drought tolerance (high wood density and cavitation
resistance), drought avoidance (deciduous leaves with high SLA and
deep roots), or efficient water use (wide vessels, high leaf nitrogen con-
centration and photosynthetic water use efficiency)25,31,32. Extreme tem-
peratures in combination with drought can exacerbate water stress,
damage plant tissues, and ultimately lead to plant mortality and species
exclusion33–35.

In addition to maladaptation to the macroclimate and competi-
tion, tree species can be locally rare because of metapopulation pro-
cesses (e.g., recent invaders or in the process of local extinction)36,
extinction of mutualists (e.g., pollinators, dispersers)37, (biogeo-
graphical) historical legacies38–40, habitat specialization (e.g., specia-
lized for locally rare habitats such as streams, rocky outcrops or
treefall gaps)41,42, or adult stature (e.g., attaining a small size, so that

only few forest strata can be occupied)19. We do acknowledge the
effect of theseprocesses on species abundances, although they arenot
directly analysed in this study.

In this study we use global datasets of tree composition of
>22,000 forest plots and 11 traits and 2 multivariate trait axes of 1663
tree species (Fig. 1) to ask 1) how do locally dominant and rare tree
species differ in their trait values in forest biomes across the globe?,
and 2) how are these patterns driven by broadscale climatic gradients
in temperature and water availability? We test the hypotheses that (i)
dominant species express themore competitive trait values and locally
dominant and rare tree species show a larger difference in traits in
harsher environments, reflecting larger differences in habitat suit-
ability and competitive ability between species43, and that (ii) differ-
ences between trait values of locally dominant and rare tree species are
more strongly driven by temperature than water availability because
temperature influences a larger number of traits25.

Results
Traits of dominant and rare tree species
The first PC axis, which included the traits of the locally dominant and
rare tree species together, explained 41% of the variation and reflected
a stem strategy spectrum ranging from angiosperms with wide vessels
and thin bark to the left, to gymnosperms with narrow tracheids and
thick bark to the right. The second PC axis explained 25% of the trait
variation and was associated with traits related to photosynthetic
carbon gain such as large crown diameter and high specific leaf area
(SLA) (Fig. 2). Hence, differences amongst biomes, and more specifi-
cally the difference between angiosperms and gymnosperms, were
particularly pronounced (Fig. 2).

Additionally, we compared traits of locally dominant and rare
species per biome. Across biomes, dominant species had taller stems
(Wilcoxon test, 39650337 >W>475549, 9721 >N > 1015, p < 0.01),
softer wood (53798800 >W> 570861, p < 0.01) and higher loadings on
the first PC axis compared to rare species (39237289 >W>463234,

Tropical Moist Forest
N=1694
Temperature =22℃
Water availability=1.6

Tropical Dry Forest
N=1015
Temperature =24.0℃
Water availability=1.3

Tropical Conifer Forest
N=20
Temperature=12.3℃
Water availability=0.3

Temperate Forest
N=9721
Temperature=7.8℃
Water availability=1.1

Temperate Conifer Forest
N=8813
Temperature=8.6℃
Water availability=0.9

Boreal Forest
N=1562
Temperature=1.1℃
Water availability=1.4

Dominant species
- Picea mariana
- Abies balsamea
- Picea glauca
Rare species
- Quercus rubra
- Fagus grandifolia 
- Alnus alnobetula

Dominant species
- Pseudotsuga menziesii
- Pinus ponderosa
- Pinus taeda
Rare species
- Abies cephalonica
- Betula alleghaniensis
- Prunus cerasifera

Dominant species
- Acer rubrum
- Abies balsamea
- Betula papyrifera
Rare species
- Alnus pendula
- Salix pyrifolia
- Tilia endochrysea

Dominant species
- Quercus arizonica 
- Juniperus monosperma
- Pinus cembroides
Rare species
- Juniperus flaccida
- Pinus pseudostrobus
- Persea americana

Dominant species
- Syzygium lanceolatum
- Heptapleurum heptaphyllum
- Garcinia xanthochymus
Rare species
-Glochidion sericeum
- Melanochyla fulvinervia
- Pouteria maxima

Dominant species
- Trivalvaria costata
- Ormosia pinnata
- Vitex trifolia
Rare species
- Lagerstroemia speciosa
- Spondias pinnata
- Terminalia amazonia

Fig. 1 | The six forest biomes, with the number of plots, mean annual tem-
perature andmean water availability index displayed. The three most common
dominant and randomly chosen rare tree species, according to our dataset, are

indicated per forest biome. An overview of the temperature and water availability
range per biome can be found in Fig. S5.
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p <0.01) (Fig. 3, Fig. S6 & Table S1). The other trait differences varied
with biome, indicating that the environmental context selects for dif-
ferent traits affecting species abundance (Figs. 3 & S6). In temperate
and boreal forests rare species had, compared to dominant species,
deeper roots (49369516 >W> 1306032, 9721 > N> 1562, p <0.001) and
wider stem conduits (56055893 >W> 1163685, p <0.001), while in the
tropical biomes and temperate conifer forest rare species had a higher
SLA (47709647 >W> 1579690, 8813 >N> 1015, p <0.001) (Table S1).
The absolute difference in trait values between locally dominant and
rare species increases more than eightfold going from moist tropical
forest (meandifference between scaled traits is 0.04 s.d.) to temperate
conifer forest (mean difference between scaled traits is 0.3 s.d.), indi-
cating that in harsher environments dominant and rare species differ
more in their traits due to gymnosperm dominance (Fig. S6).

Traits of dominant and rare tree species correlated with tem-
perature and water availability
Temperature showed the strongest correlation with rooting depth
(Pearson correlation, r =0.73, t = 330.95, N = 95659, p < 0.001), while
water availability showed the strongest correlation with bark thickness
(Pearson correlation, r = −0.38, t = −127.18, N = 95659, p < 0.001)
(Fig. 2). We analysed the absolute difference of trait values between
locally dominant and rare species along an environmental gradient of
temperature and water availability. Temperature had a stronger effect
on trait differences between dominant and rare species (mean variable
importance is 34%) thanwater availability (mean variable importance is
11%) (Fisher’s F-test, F = 2.19, N = 13, p <0.001) (Figs. 4 & S7).

Interactions between temperature and water availability were often
non-significant and had an average variable importance <3%. For all
traits (except height), the difference between dominant and rare spe-
cies showedhump-shapedorU-shaped relationshipswith temperature
(Figs. 4 & S7), where the x-axis was crossed (indicating no differences
between dominant and rare species) at a temperature between 5–8 °C,
a maximum difference was attained around 15 °C, and trait difference
became close to zero at high temperatures. For all traits (except height
and PC1, PC2) the differences in trait values between dominant and
rare species increases linearly with water availability and crosses the x
axis at a water availability index of ca. 1.5 (Figs. 4 & S7). This coincides
with the dominance of gymnosperms, which is higher at temperatures
<4 °C and water availability >1.8.

Discussion
In this study, we asked (1) how do locally dominant and rare tree
species differ in their trait values in forest biomes across the globe?,
and (2) how are these patterns driven by broad-scale climatic gradients
in temperature and water availability? We found that in forests glob-
ally, dominant tree species grow taller, have softer wood and have
higher loadings on the stem strategy axis (traits associated with gym-
nosperms) compared to rare species (Fig. 2). Locally dominant and
rare species show a larger difference in traits in boreal compared to
tropical forests (Fig. 3), and the differences in traits are more strongly
driven by temperature than by water availability (Fig. 4).

Of the 11 traits and 2 multivariate trait axes evaluated, we found
only three consistent trait differences across all biomes, and they are

Height

Crown diameter

Bark thickness

Wood density

SLA

Leaf N

Leaf NP

Stem conduit diameter

Root depth
Seed mass

Temperature

Water availability

Gymnosperm

−5.0

−2.5

0.0

2.5

5.0

−5.0 −2.5 0.0 2.5 5.0
PC1 (41%)

P
C

2 
(2

5%
)

Forest Biome
Tropical moist

Tropical dry

Tropical conifer

Temperate

Temperate conifer

Boreal

Traits dominant and rare tree species

Fig. 2 | A PCA visualizing 10 traits of dominant tree species (circles) and rare
tree species (triangles). The dominant and rare species per plot are visualised in
this graph, and the circles and triangles represent therefore individual trees. The
climatic variables temperature (purple arrow) andwater availability (brownarrow),
and gymnosperms (green arow) are as well indicated with an arrow. The six

different forest biomes are visualized with different colours, see the legend for the
colour explanation. The cluster on the left is dominated by angiosperms, while the
cluster on the right is dominated by gymnosperms. For the same graph on species
level, see Fig. S3A. Source data are provided as a Source Data file.
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therefore globally important in determining local dominance and
rarity. Dominant species are, compared to rare species, taller, have
softerwood, andhigher loadings on themultivariate stem strategy axis
(soft wood, narrow conduit diameter), which are often characteristics
of gymnosperm species (Figs. 2 & 3)44,45. Dominant species, therefore,
seem to be canopy species and are fast and tall growers to secure light
resources, leading to a taller stem height and lower wood density19,46.
In contrast, rare species are likely understory or subcanopy species,
and are shade-tolerant, slower-growing species with higher wood
density22. The consistent trait differences between dominant and rare
species might indicate that dominant species are earlier successional,
faster growing species and that rare species are later successional
slower growing species, a possible indication of human or natural
disturbance in the forests evaluated in this study47,48. The difference in
tree height is smallest for the tropical forest biomes and we found
indeed that difference in height between dominant and rare tree
species decreases with higher temperatures and water availability
(Fig. 4). This might indicate that in the tropical biomes, dominant and
rare species are present in multiple canopy strata, while in the tem-
perate and boreal forests tend to have two canopy strata, where rare
species are more restricted to the understory or subcanopy due to
their small adult stature49,50. In sum, in forests globally, dominant tree
species invest in faster growth and larger tree sizes compared to rare
species.

For the other 8 traits and 1 multivariate trait axis, differences in
trait values between locally dominant and rare species are dependent
on the biome (Fig. 3 & S1), and therefore on the regional biotic and

abiotic environmental context. These results are in line with studies
across kingdoms of life, concluding that species abundances are rela-
ted to certain trait values that depend on the environment13,51–53. Tro-
pical dry and wet forests showed relatively few (4, 5) significant trait
differences between dominant and rare species compared to other
biomes, which is probably a reflection of the higher species diversity
and, hence, functional redundancy in the tropics54–56. A higher func-
tional redundancy may result in less striking trait differences between
dominant and rare species, as species have more similar trait values54.
Additionally, differences between dominant and rare species may be
more difficult to detect because of the long tail of rare species in
tropical forests, which may differ widely in their trait values57. Domi-
nant tropical forest species had, next to the three traits mentioned
above, also a lower SLA (Fig. S6), which may reflect stronger adapta-
tions to shade for rare species, as moist tropical forests tend to be
denser and continuously shaded compared to other forest biomes58,59.
Regarding the dry tropical forests, a lower SLA could indicate a
drought-tolerance strategy of the dominant, sun-exposed canopy
trees60–62.

Gymnosperms form a dominant component in temperate conifer
and boreal forests, and are subordinates in temperate forests, which
mayexplainwhymore traits (axes)differences in temperate andboreal
forest biomes are significant (10–13) and larger compared to tropical
biomes. The trait differences probably reflect a two-layered canopy
structure, with a canopy layer occupied by dominants and an
understory layer occupied by rare species (King et al.50). Gymnosperm
trees have three unique features that set themapart fromangiosperms
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andmakes themwell adapted to harsh environmental conditions such
as low soil fertility, drought63, pathogens64,65 and mainly cold44,45,66,67.
First, their water conducting conduits consist of narrow tracheids,
which makes them more resistant against freezing- and drought-
induced cavitation65,68,69. Second, mechanical strength is delivered by
the relatively thick cell walls of their tracheids, and therefore they do
not make (heavy) fibres, resulting in a low wood density65. Third, they

make structurally enforced needles, with low SLA and leaf nitrogen
concentration that increases leaf longevity, and results in an evergreen
leaf habit for nearly all gymnosperm species70. As a result, gymnos-
perm species differ strikingly from angiosperms in their traits and
multivariate strategies (Fig. 2).

In general, trait differences are more driven by temperature
compared to water availability, and the relationships between climate
and trait differences seem to be mostly driven by adaptations to
temperature-related productivity and biodiversity gradients, partly by
angiosperm-gymnosperm differences, and to a lesser extent by
drought adaptations. We found that temperature has a stronger effect
on trait differences between locally dominant and rare species com-
pared to water availability and that the interaction between tempera-
ture and water availability has a negligible effect (Figs. 4 & S7). These
results indicate that it is mainly temperature that drives the range of
trait values of dominant and rare species25. Temperature corresponds
to the latitudinal gradients in species diversity, biomes, growing sea-
son length and productivity, while precipitation is less consistently
related to latitude71–74. Therefore, in global analyses, temperature
might influence a wider spectrum of traits, while water availability
specifically has a stronger effect on traits related to drought
resistance25. Indeed, we observed that water availability only has a
stronger correlation with differences in bark thickness compared to
temperature75,76 (Fig. 4).

For all traits (except height), the difference between locally domi-
nant and rare species showed hump-or U-shaped relationships with
temperature (Figs. 4 & S7). At intermediate temperature conditions
(around 15 °C, which coincides with temperate conifer forests) domi-
nants and rare species show themost striking trait differences (Fig. S5).
This probably reflects the trait differences between the dominant
gymnosperm species and rare angiosperm species (Fig. S7). At colder
temperatures (<5 °C, which coincides with boreal forests), the trait
differences between dominant and rare species reverse, probably
because this reflects a higher gymnospermdominance (Fig. S7). At high
temperatures (ca 25 °C, which coincides with tropical forests) the traits
of dominant and rare species tend to converge, probably because of the
high diversity and functional redundancy of tropical forests77.

For all traits, the differences in trait values between locally
dominant and rare species increased (nearly) linearly with water
availability and crossed the x-axis at a water availability index of ca. 1.5
(Figs. 4 & S7). A higher water availability relates to an increase in pro-
ductivity, forest height, density, complexity and species diversity, and
hence, a stronger light competition45,78–80. In humid ecosystems, the
dominant species show a more acquisitive strategy, as they are larger
(larger crown diameter, rooting depth and higher seedmass)46,81, have
a higher water transport capacity (larger conduit diameter)65,82, more
productive leaves (larger SLA, leaf nitrogen concentration, and leaf N:P
ratio)70,83, and higher wood density (angiosperms)65. In arid systems,
the dominant species aremore conservative, as they are smaller, more
drought resistant with narrow conduits or save water with a low SLA.
These conservative trait values might indicate a survival strategy in
arid systems, with traits adapted to drought to avoid cavitation84.

Global databases of forest inventories are typically under sampled
in more speciose tropical regions, potentially leading to an under-
estimation of trait variation among rare species at biome level.
Nevertheless, we found that rare species in these regions (i.e., moist
and dry tropical forests) already contain larger trait diversity than the
dominant species, indicating that potential under sampling would not
lead to a large bias of the overarching patterns (Fig. S8). The trait
values used here were estimated based on phylogenetic and environ-
mental information. This allowed for the incorporation of trait plasti-
city across environmental gradients, but it also introduces model-
baseduncertainty into the predictions. The imputation uncertainty has
been shown to have negligible bias when averaging over many
species45. Finally, there are processes shaping tree communities which
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wedidnot consider in this study and are subject to future studies, such
as metapopulation processes, historical (management) legacies,
habitat specialization, and successional stage19,36,38,42,85,86.

Ecosystems consist of dominant and rare species, which have their
own unique contribution to ecosystem functioning. Here, we evaluated
differences in trait values of locally dominant and rare tree species
across global forests and explored how these trait profiles vary along
broad environmental gradients. The difference between traits of
dominant and rare species is more strongly driven by temperature
compared to water availability, as temperature might affect a larger
number of traits. Therefore, climate change driven global temperature
risemay have a strong effect on the trait differences between dominant
and rare tree species and may lead to strong community reassembly.

Methods
Forest inventory data
To identify dominant and rare species at plot level, we initially incor-
porated H1,2 million forest inventory plots sourced from the Global
Forest Biodiversity Initiative (GFBI database). Each forest plot contains
information on tree species richness, tree species abundance, year of
measurement, plot size and location. Tree ferns and palms are not
included in the database.

Plot sizes range from 0.0002 to 20ha in the database and the
plots include all trees with stem diameter at breast height ≥ 5 cm. As
rare species are likely not captured accurately in very small plots, and
trait variation is correlated with plot size as well87, we excluded plot
sizes smaller than the first quantile of 0.02 ha and outliers larger than
2 ha (in total 8.3%of thedatabase). Additionally, plotsmeasuredbefore
1990 were filtered out, as these plots likely do not represent current
forest composition and do not match with the climatic data we used
(filtering out 21% of the remaining database). Also, trait values of the
rare and dominant species change with successional forest age85, we
therefore excluded early successional plots with a forest age of less
than 25 years, which corresponds to 1.3% of the remaining database88.
Different forest age thresholds could potentially affect trait values of
dominant and rare species. Yet, when comparing trait values using the
25-year threshold with 30- and 35-years thresholds we got very similar
results (Fig. S11).Within the filtered database, the correlations between
plot size and number of dominant species (r =0.23, r2 = 0.05, p < 0.01),
and plot size and number of rare species was equally weakly related
(r = 0.23, r2 = 0.05, p <0.01) (see for definition of dominant and rare
species methods section Identifying dominant and rare tree species).
See for an overview of the distribution of plot size within every forest
biome Fig. S1 and the relationship between species abundances and
plot size for this database78,89. In ourfiltered dataset, themeanplot size
is 0.07 ha, the mean measurement year is 2004 and 53 years is the
mean forest age, whereas 1.4% of the dataset is made up of old-growth
forest (older than 140 years). Elimination of forest plots based on size,
year of measurement, forest age, and incorporating only plots within
the forest biomes90, resulted in 660,552 plots in the filtered dataset
(Fig. 1). Additionally, we incorporated only plots with six or more
species, to clearly separate dominant and rare species, which included
23% of the filtered dataset based on plot size, measurement year
and age.

Species names in the GFBI dataset were standardised using The
Plant List91. 1.4% of the species names could not bematched using The
Plant List, therefore subsequently the Global Biodiversity Information
Facility (GBIF) backbone was sourced to standardize these species
names to accepted species names92. In every forest plot the dominant
and rare species were identified.

Identifying dominant and rare tree species
Dominant and rare species were identified as the top and bottom 10%
species according to the rank abundancecurve at theplot level93–96.We
defineddominant and rare species at the plot level, as this is the spatial

scale at which species interact more directly with each other, and
therefore the outcomeof both abiotic and biotic interactions affecting
species abundances is reflected reflected97,98. There aremany different
definitions of dominant and rare species, however, we choose the 10%
most and least abundant individuals in terms of number of stems as
this resembles the outer parts of the species abundance distribution.
Also, the number of individuals is not automatically related to trait
values, while for example, abundance based on basal area is related to
the traits height, crown length and leaf area index99–101. As the defini-
tion of dominant and rare species could affect the results, a PCA was
made where the dominant and rare species were classified as respec-
tively the top and bottom 10% of the number of stems in a plot
(Fig. S3B), showing a very similar pattern to Fig. 2. Additionally,
dominant and rare species were defined as the top and bottom 5% and
15% of individuals in the plot, showing that the stricter the definition
(e.g. lower percentage), the more plots are filtered out and the more
pronounced the difference between dominant and rare species trait
values are (Fig. S10). As described in Hordijk et al. (2024), both the
dominant and rare species in the GFBI database are geographically
widespread89.

In forest plots containing between 6 and 19 species, the top two
andbottom two speciesweredefined as respectively dominant or rare,
whereas for plots with >=20 species the 10% most and least abundant
species were identified as dominant or rare, respectively. Additionally,
if the rarest species in a plot comprised >10% of the sum of the stems,
then this plot was excluded. This assured that the rare species are
clearly distinguishable in abundance from the dominant species.
Additionally, it also selected for the species-rich plots in the Boreal
forest zone. Lastly, we randomly selected 10,000 plots from the tem-
perate forest biome for the plot-level analyses, instead of a total of
135,043 plots, to reduce computational timeand have amore balanced
dataset representing the different forest biomes. The used subset of
the temperate forest biome is a good representation of the traits of
dominant and rare straits in this biome, which is verified with a boot-
strapping procedure (Fig. S9).

Trait selection
Using the trait imputationmodels ofMaynard et al. (2022), a total of 18
trait values were computed for each tree occurrence in the GFBI
dataset, encompassing a variety of leaf, wood and root traits with
training data sourced from the TRY database102. In case the tree was
identified up to genus level, the species-level average of that trait
within that genus was calculated and used as an approximation of the
trait value. These models incorporate intraspecific variation and thus
provide a unique prediction of each trait for each of the 1663 species in
each location where the species occurs, based on the combination of
phylogenetic and environmental information. From every trait cluster
identified by Maynard et al (2022), at least one trait was included for
further analysis to guarantee sufficient statistical independence and to
cover the range of plant life-history strategies. Ten traits were included
reflecting the global Leaf-Height-Seed plant strategy scheme103, and
the global spectra of plant formand function44. The traits are related to
the size of trees (tree height, crown diameter, rooting depth) and their
propagules (seed dry mass), tissue construction costs (wood density,
specific leaf area), hydraulics (stem conduit diameter), leaf economics
and photosynthesis (leaf nitrogen per mass, leaf nitrogen/phosphorus
ratio) and stem defence against disturbances such as fire and insects
(bark thickness). For an overview of the traits and their ecological
significance see Table 1. The trait values were log transformed (natural
logarithm), to diminish the effect of outliers, and trait values were
standardized to compare different trait units accurately in the
analysis104. For the distribution of the untransformed trait values, see
Fig. S2. Additionally, as gymnosperm and angiosperm species have
distinct trait values (see also Fig. 2), the dominant and rare species
were identified as either gymnosperm or angiosperm, based on their
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family, and the percentage of dominant and rare species comprising
gymnosperms was calculated per plot.

Evaluating the difference between the traits of dominant and
rare tree species
To evaluate general trade-offs between traits of the dominant and rare
species, a PCA was performed including all dominant and rare species
in the six different forest biomes; tropical moist forest, tropical dry
forest, tropical conifer forest, temperate forest, temperate conifer
forest and boreal forest90 (Fig. 2). The loadings of the dominant and
rare species per plot level on the first and second axes of the PCAwere
incorporated in further analyses. Among a total of 10 traits, the gym-
nosperm percentage and PC axes loadings, six are presented in the
main text, to decrease the information displayed, and seven are pre-
sented in the supporting information. The results related to the traits
tree height, wood density, leaf nitrogen concentration, seed mass,
rooting depth, and the first PC axis are displayed in the main text as
they represent a broad spectrum of traits related to different life his-
tory strategies44,45,105. To give an insight into the species-level differ-
ences, a PCA was made with dominant and rare species as data points
in the PCA, rather than the different tree individuals (Fig. S3A). Addi-
tionally, to verify if the results arenot only causedbychanceor theway
of calculating the dominant and rare trait values per plot, we rando-
mised the data 100 times within the five main forest biomes, indivi-
dually keeping the total number of trees per plot and the total number
of individuals per tree species constant. Afterwards, we calculated the
traits of the dominant and rare species in three different ways: using
the traitmean, themedian and the interquartile range. The nullmodels
indicate that, after randomization of the dataset, the three different
ways of calculating trait values show a large to complete overlapping
frequency distribution for each of the groups, indicating robust results
using the median trait plot level value (Fig. S4).

For the dominant and rare species, themedian trait value per plot
was calculated, as otherwise, a different number of dominant or rare
species could affect the difference in trait values. We calculated the
difference in scaled trait value of the dominant and rare species by
subtracting the scaled trait value of the rare species from the scaled
trait value of the dominant species in the same plot. We included
intraspecific variation in the analyses, since across plots trait values of
the same species can fluctuate (see methods section Trait selection).
With a Wilcoxon signed-rank test, the difference between the mean
trait values was evaluated per forest biome. When evaluating the

differences between traits for dominant and rare species, the tropical
conifer forest was excluded from the analyses due the low number of
plots in this biome (N = 182) and therefore high standard error in trait
differences between dominant and rare species.

Evaluating the effect of temperature and water availability on
trait differences
Climatic water availability was calculated as the ratio of mean annual
precipitation over mean annual evapotranspiration at a resolution of
30 arc sec106. A climatic water availability <1 means a water-deficient
arid environment, whereas a climatic water availability >1 corresponds
to amore humid environment. Other studies also refer to this index as
‘aridity index’, butweprefer to use the termwater availability, as a high
value indicates a humid environment. Temperature is expressed as
mean annual temperature, based on the CHELSA (Climatologies at
high resolution for the earth’s land surface areas) data at a resolution
of 30 arc sec107. Across our dataset, temperature and water availability
are weakly negatively correlated (Spearman correlation, r = −0.09,
r2 = 0.008, N = 22,825, p < 0.001), indicating that these two climatic
variables represent distinct climatic gradients. An overview of the
temperature and water availability range per biome can be found in
Fig. S5.

The relationships between trait values and the two climatic vari-
ables were evaluatedwith a Pearson correlation. To explore the effects
of temperature, water availability, and their interaction on differences
in trait values, a second-order polynomialmodel was used, inwhichwe
corrected for plot size, forest age, elevation and biome. We evaluated
the relationships with a second-order polynomial model as we expect
that the relationships between trait differences and temperature or
water availability can be a concave or convex relationship, as trait
differencesmight be largest in themore extreme climatic conditions43.
The independent variables in the model were scaled to a mean of zero
and a standard deviationof one to facilitate comparability between the
regression coefficients. To quantify the relative importance of tem-
perature, water availability, their interaction, forest age, plot size,
elevation and biome on trait differences, we used the scaled calc.re-
limp function in R108. This function evaluates the contribution of each
independent variable to the variation explained by averaging the
contribution of each independent variable to the r2 in terms of its sum
of squares across all possible fitting sequences. See Supplementary
Data 1 for an overview of the regression coefficients and variable
importance values. To evaluate the difference between the variable

Table 1 | An overview of the ten traits and their ecological significance considered in this study

Trait Ecological significance References

Tree height Taller trees intercept more light and their stature facilitates seed dispersal, which trade-offs against the increase in con-
struction and maintenance costs and risk of breakage.

110,111

Rooting depth Deeper roots enhance water uptake and tree stability, but also increases maintenance cost. 112,113

Specific leaf area (SLA) A high SLA results in a short leaf lifespan and high carbon gain, and a low SLA is related to a long leaf lifespan and efficient
nutrient conservation.

16,23,24

Stem conduit diameter Awider stemconduit diameter results inmore efficientwater transportation,which increasesplant productivitybut also the
risk of embolism.

114,115

Crown diameter A larger crown diameter is related to a higher photosynthetic capacity, asmore leaves are sun-exposed, but also increases
the risk of branch damage.

116

Wood density A higher wood density relates to better mechanical support, water transport and storage capacity of woody tissues, and is
associated with slower growing species due to the energy investment.

105

Bark thickness A thicker bark is related towater storage and fire protection, but results in a stiffer stem,whichmakes itmore prone to stem
breakage.

117,118

Leaf nitrogen Leaf nitrogen reflects a trade-off between the benefits of a highphotosynthetic potential with highnitrogen and the costs of
acquiring nitrogen and suffering herbivory.

119,120

Leaf N/P ratio A low N/P ratio indicate a high biomass production and a quick return on investments of carbon and nutrients, while a high
N/P ratio promotes stress tolerance.

70,121

Seed mass A higher seedmass results in a higher chance of seedling survival and at the same time a lower number of seeds produced
and therefore a lower colonisation ability.

122
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importance of temperature and water availability, including both the
non-transformed and squared variables, a two-sample t-test with equal
variances was performed (Fisher’s F-test, N = 13, F = 2.19, p < 0.001).

Data management and statistical analyses in this study were per-
formed with the R-Studio interface to R109.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The plot-level data of the difference between trait values of dominant
and rare tree species are stored in Zenodo https://doi.org/10.5281/
zenodo.15393651. The GFBI database is available upon written request at
https://gfbinitiative.net/data/. Source data are provided with this paper.

Code availability
The code used to perform the statistical analyses can be found in the
Supplementary Code 1.
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