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ABSTRACT
Plant trait expressions and their trade-offs reflect the responses and long-term ecological adaptation to environmental gradients. 
However, how such expressions and trade-offs help plants to acclimate to a new environment remains poorly understood, which 
is a fundamental preset for plants' survival under a global change scenario. By comparing the trait–trait relationships of 4403 
tree species from different climatic regions and the variation in trait trade-offs of 746 tree species that have been transplanted to 
a tropical botanical garden for several decades, our results reveal convergent but consistent alteration in trait–trait relationships 
of trees transplanted from different climatic regions to a common environment. The convergent trends enhance the capability of 
tree species in buffering the impacts of climate change through allocating more resources to growth and tolerance. We propose 
that altered trait–trait relationships may be the key mechanisms that underlie the long-term ecological stability and resilience of 
tree species.

1   |   Introduction

Plant functional traits are pivotal for growth and survival be-
cause they can indicate the efficiency of acquiring resources, 
the rate of growth, and overall fitness (Pérez-Harguindeguy 
et  al.  2013; Sporbert et  al.  2022; Violle et  al.  2007). Plant 

functional traits also play important roles in ecosystem func-
tions, including the sequestration of carbon, the cycling of nu-
trients, and the regulation of water (Díaz et al. 2016; Maynard 
et al. 2022). In particular, the leaf economic spectrum describes 
the strategies for resource acquisition and allocation in plants, 
from the so-called quick-return end with high photosynthetic 
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capacity (Amass) and dark respiration rates (Rmass), high leaf ni-
trogen concentration (LNC), low leaf mass per area (LMA), and 
short leaf lifespan (LL) to the slow-return end with low Amass 
and Rmass, low LNC, high LMA, and long LL (Díaz et al. 2016; 
Maynard et al. 2022; Messier et al. 2017; Pan et al. 2020; Thomas 
et al. 2020; Wright et al. 2004).

The consequences of global change, such as increased fre-
quencies of heatwaves (Jacquemyn et  al.  2012; Rybicki and 
Hanski 2013), droughts (Aldea et al. 2022; Young et al. 2017), 
wildfires (Rodman et  al.  2021; Taber and Mitchell  2023), and 
frosts (Pardee et  al.  2018), can profoundly alter the expres-
sion of plant functional traits and their trait–trait trade-offs, 
leading to modified strategies across diverse climatic regions. 
Combinations of traits in response to climate change may render 
some plants more viable in emerging climatic regimens, whereas 
other plants could become less competitive or go extinct. In 
addition to ambient environmental change, trait trade-offs in 
plants are also influenced by genetic constraints and ecological 
filtering (Cadotte et al. 2013; Liu et al. 2022; Messier et al. 2017; 
Umaña and Swenson 2019).

Plants in their natural environments tend to select the most ap-
propriate combinations of traits based on their habitats (Díaz 
et al. 2016; E-Vojtkó et al. 2022; Maynard et al. 2022; Reich 2014; 
Umaña and Swenson  2019). For example, plants in tropical 
humid forests, where hydrothermal conditions are always favor-
able, often adopt resource-acquisition strategies characterized 
by increased rates of photosynthesis and growth, indicated by 
a high specific leaf area (SLA) and LNC and a large leaf area 
(Hodgson et al. 2011; Liu et al. 2023; Wright et al. 2004, 2017). 
In contrast, plants in temperate and cold regions often endure 
harsh environmental conditions, including low temperatures 
and nutrient scarcity (Liu et al. 2023). They consequently allocate 
more resources to carbon storage and physical resistance, which 
leads to thick leaves with a high leaf dry-matter content (LDMC) 
and a low SLA (Backhaus et al. 2021; Liu et al. 2023; Reich 2014; 
Thomas et al. 2020; Wright et al. 2017). By comparing the varia-
tions in plant traits and their interrelationships across different 
climatic conditions, we can infer the ecological strategies that 
plants may employ in response to climate change (Lavorel and 
Garnier 2002; Messier et al. 2017). For instance, by examining 
the differences in trait trade-offs between tropical and temperate 

species, we can predict the ecological strategies plants might 
adopt under ongoing climate warming (Tian et al. 2016).

Previous studies have explored trade-offs for plant traits in 
various climatic regions (Backhaus et al. 2021; Liu et al. 2023; 
Májeková et al. 2021; Poorter 2009; Umaña and Swenson 2019), 
but the critical question of how these trade-offs change under 
climate change remains unresolved. Given that plants can adapt 
to different habitats through variations in functional traits 
(Backhaus et  al.  2021; Kraft et  al.  2015; Messier et  al.  2017; 
Umaña and Swenson 2019) and regulation of trait coordination 
(Cadotte et al. 2013; Messier et al. 2017; Pan et al. 2020), we hy-
pothesize that the species that have been transplanted to a new 
environment for decades would have convergent strategies of 
trait trade-offs for acclimating to a common habitat (Figure 1). 
Botanical gardens have vast collections of species that have been 
transplanted from diverse habitats in a shared environment for 
decades (Primack et  al.  2021). Botanical gardens thus provide 
an ideal venue for identifying the impacts of climate change on 
plant trait trade-offs by allowing comparisons between trait–
trait relationships in natural habitats and botanical gardens.

We focused on the trait–trait relationships of leaf economic 
spectrum traits and leaf structural traits, including leaf car-
bon concentration (LCC), LNC, SLA, and LDMC (see details in 
Table S1). To reveal whether long-term acclimation of plants to 
a new environment causes the convergent trait–trait relation-
ships, we examined the trait trade-offs between species inhab-
iting different climatic regions based on the site-species dataset 
generated from the TRY database (Kattge et al. 2020) and those 
species that had been transplanted to a tropical botanical gar-
den—the Xishuangbanna Tropical Botanical Garden (XTBG) 
in China. We first compared the differences in the trait–trait 
relationships of 1576 species from temperate habitats and 3045 
species from tropical habitats as a baseline to demonstrate how 
trait–trait relationships vary in species of different climatic ori-
gins. We then examined the long-term acclimation of 746 species 
that have been transplanted from temperate and tropical regions 
into a tropical botanical garden for several decades. The pattern 
was further validated by categorizing the 746 species into native 
and non-native species based on their distribution records. This 
research provides a basis for understanding the plant responses 
to long-term climate change.

FIGURE 1    |    Tree species from different habitats have consistent trait trade-offs after transplantation to the tropical botanical garden for decades. 
Different slopes between traits A and B imply that the trait trade-offs are differently expressed between habitat A and habitat B, as is the case in nat-
ural habitats (a). They have consistent trait trait-offs after their transplantation to the botanical garden (b).
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2   |   Materials and Methods

2.1   |   Collection of Trait Data for Tropical 
and Temperate Tree Species in Their Natural 
Habitats

We extracted leaf-trait data for tropical and temperate tree 
species in their natural habitats from the TRY 6.0 data-
base (Kattge et  al.  2020). We used global data for the tropi-
cal and temperate species based on the sampling sites (Beck 
et al. 2018). The species names were standardized using The 
Plant List database and the “plantlist” R package (Zhang 
et  al.  2021). We filtered the data sets of the TRY database 
based on their descriptions and excluded data sets that did 
not represent natural habitats, e.g., glasshouses, greenhouses, 
and controlled and uncontrolled climatic chambers, to ensure 
that the trait data set comprised records from natural habitats 
as much as possible. We designated tree species based on the 
BGCI GlobalTreeSearch database (BGCI 2022), finally match-
ing 6439 species.

We filtered outliers following the approach by Díaz et al. (2016) 
to exclude errors or incorrect measurements. Specifically, we 
removed trait records with more than four standard deviations 
from the means of corresponding species, genera, and families. 
Trait records with more than three standard deviations from 
the means of corresponding species, genera, and families were 
also checked for plausibility. We excluded all records of gymno-
sperms to maintain uniformity with the species in the botanical 
garden. We calculated the average species traits for each site of 
each climatic region and generated a site-species dataset for the 
subsequent analyses. Totals of 3045 tropical species in 136 fam-
ilies and 1576 temperate species in 137 families (4403 species in 
total, 218 species in both tropical and temperate regions) were 
used for the subsequent analyses.

2.2   |   Trait Data for the Botanical Garden

The Xishuangbanna Tropical Botanical Garden (XTBG) 
(101.25° N, 21.92° E) was established in 1959, covers an area 
of 1125 ha, and is the most renowned botanical garden with 
the largest area and richest living collections of plants in 
China. The garden has a tropical monsoon climate with three 
distinct seasons: a dry hot season (March to April), a wet hot 
season (May to October), and a foggy cool season (November 
to February). The mean annual temperature (MAT) is 21.8°C, 
and the mean annual precipitation is 1492.9 mm. The leaf 
traits were sampled between late December 2020 and early 
January 2021.

We sampled leaves from all available tree species in XTBG, 
including gymnosperms and angiosperms. These species have 
lived in the botanical garden for at least 10 to about 60 years. 
The gymnosperms were not included in the analysis due to 
the small sample size (13 species) compared to angiosperms 
(746 species). The species selected covered the main phylo-
genetic clades of angiosperms (The Angiosperm Phylogeny 
Group 2016).

2.3   |   Measurements of Functional Traits 
and the Original Habitats

At least three healthy and mature individuals of each spe-
cies were sampled in the botanical garden. All individuals 
of a species were sampled if the number of individuals was 
< 3. We sampled a total of 2120 trees and measured four leaf 
traits, LCC, LNC, SLA, and LDMC, following the method de-
scribed by Pérez-Harguindeguy et al. (2013). At least 10 “sun 
leaves” (outer canopy leaves growing under relatively opti-
mal conditions) per individual were collected for measuring 
the leaf traits. We collected 3–5 leaves if the leaves were ex-
tremely large, e.g., Carica papaya. Leaves were collected from 
the outer canopy and were then immediately placed in sealed 
moist plastic bags. Leaf fresh weight (LFW) was measured in 
the laboratory on the same day of sampling. We scanned the 
leaves after weighing and determined leaf area (LA) using 
ImageJ (Schneider et  al.  2012). The leaves were then oven-
dried at 65°C for 48 h, and their dry mass (DM) was weighed. 
LDMC and SLA were calculated as LDMC = DM/LFW and 
SLA = LA/DM. The dry leaves were grained and analyzed 
using an elemental analyzer (UNICUBE trace, Germany) for 
determining the nutrient traits.

The climatic regions of the species were defined based on their 
original habitats before they were transplanted to the botanical 
garden. Obtaining relevant information about their original hab-
itats, however, is currently impossible due to the lack of detailed 
information about the transplantation site for most species in 
the botanical garden. As an alternative, we categorized the cli-
matic regions of the species in the botanical garden based on 
species occurrence records of their global distribution from the 
Global Biodiversity Information Facility (GBIF, https://​www.​
gbif.​org/​). If the species occurrence records on GBIF were sparse 
or absent, we determined the climatic regions of the species 
based on floras, including the List of Plants in Xishuangbanna 
(Li et al. 1996), Flora of China (http://​www.​flora​ofchi​na.​org/), 
and eFloras (http://​www.​eflor​as.​org/​). Species names were 
standardized using the “plantlist” R package (Zhang et al. 2021) 
before the analyses.

The classification of climatic regions followed the criteria pro-
posed by Beck et  al.  (2018). Species in the botanical garden 
were categorized into tropical, temperate, and widespread 
species. In this study, for each species with more than 30 spe-
cies occurrence records in GBIF, a climate is designated as 
the primary climatic region for a species if it occurs in more 
than 70% of the species' occurrence records. For example, if 
more than 70% of a species' occurrence records are in a trop-
ical climatic region, the species is considered primarily dis-
tributed in that climatic region (tropical species). Conversely, 
a species is considered widespread (widespread species) if the 
frequency of its occurrence in any one climatic region is less 
than 70%, and it occurs in at least two climatic regions, each 
comprising more than 20% of its records. We used the descrip-
tions of distribution area in floras to determine the climatic 
regions for species with < 30 records of geographic coordi-
nates. Species from arid and cold regions were excluded due to 
their low species numbers (i.e., only two species respectively). 

 13652486, 2025, 3, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcb.70108 by L

eiden U
niversity L

ibrary, W
iley O

nline L
ibrary on [09/09/2026]. 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.gbif.org/
https://www.gbif.org/
http://www.floraofchina.org
http://www.efloras.org/


4 of 10 Global Change Biology, 2025

We also checked the effects of defining different thresholds 
in occurrence frequency (80%, 90%, and 100%) to identify the 
climatic regions of a given species, ensuring consistent and 
valid results. We categorized species as native and non-native 
based on the records in the List of Plants in Xishuangbanna 
(Li et al. 1996).

Unlike in the botanical garden, the categorization of the climatic 
region of species in the natural habitats was based on the climate 
of the sampling sites. Species in arid, cold, and polar regions 
were excluded. Species in natural habitats were categorized into 
tropical and temperate species, as in the botanical garden. To 
address the potential inconsistencies caused by using different 
methods for categorizing climate, we also allocated the species 
to different climatic regions when applying the procedure out-
lined for the species in the botanical garden (for all thresholds of 
occurrence frequency: 70%, 80%, 90%, and 100%) and reran the 
analysis on trade-offs.

2.4   |   Statistical Analyses

Compared with traditional linear regression, standardized 
major-axis regression (SMA) considers errors in the measure-
ment of variables and does not assume any direction that one 
variable affects another (Májeková et al. 2021). SMA has there-
fore been frequently applied to estimate bivariate relation-
ships and trait–trait trade-offs (Cui et al. 2020; Pan et al. 2020; 
Sporbert et al. 2022; Wright et al. 2004). We performed SMA 
using the “smatr” R package (Warton et al. 2012) to identify 
leaf trait–trait associations (leaf economic spectrum traits, 
leaf structural traits) for trees in their natural habitats and 
the botanical garden from different climatic regions. We cal-
culated mean trait values for the species in the botanical gar-
den. All trait values were log10-transformed for all analyses. 
SMA was then used to identify the trait–trait relationships for 
the various climatic regions of the species in natural habitats 
and the botanical garden. The slope of the bivariate traits of 
SMA represents the fundamental trait trade-offs, and the ele-
vation (intercept) of the bivariate traits of SMA indicates the 
resource-use efficiency (Cui et al. 2020). We identified the dif-
ferences in the slopes and elevations of pairwise leaf traits for 
trees from different climatic regions in natural habitats and 
the botanical garden. We calculated and compared the differ-
ences in the slopes and the shifts in elevation when the slope 
was common among the climatic regions (Warton et al. 2006, 
2012). Both similar slopes and elevations indicate that the 
trait–trait relationships remained consistent across climatic 
regions. In contrast, a significantly changed slope indicates 
that the trait–trait relationships had sufficiently adapted to 
different climatic regions. A consistent slope but a shifted el-
evation indicates different expressions of specific traits, while 
the trait–trait relationships remain consistent across the cli-
matic regions. Finally, we compared the trait–trait relation-
ships between species from different climatic regions that had 
been transplanted to the botanical garden and the trait–trait 
relationships of native species to determine the adaptability of 
non-native species. We also analyzed the trait–trait relation-
ships among different climatic regions for species in natural 
habitats and in the botanical garden when using a different 
threshold occurrence frequency (70%, 80%, 90%, and 100%) to 

assign species to different climatic regions. All statistical anal-
yses were performed in R version 4.1.1 (R Core Team 2024). 
The data and code that support the findings of this study can 
be accessed in the Figshare repository (Xu et al. 2024).

3   |   Results

3.1   |   Trait–Trait Relationships of Tree Species in 
Natural Habitats

The tree species living in the different climatic regions showed 
inconsistent trait trade-offs (Figure 2; Table S2). LDMC in the 
natural habitats was negatively correlated with LNC and SLA 
for both tropical and temperate species (p < 0.05). An SMA 
analysis identified significant differences in the slopes of the 
LNC–LDMC and LDMC–SLA relationships between the trop-
ical and temperate species (Figure  2a,b). Specifically, LDMC 
decreased faster as LNC increased in the tropical species com-
pared with the temperate species, indicating a lower investment 
in leaf dry matter with increasing LNC in tropical species. In 
contrast, the slope for the LDMC–SLA relationship was steeper 
for the temperate species, indicating a larger decrease in SLA 
as LDMC increased, suggesting that the temperate species de-
creased their investment in capturing light as the investment in 
leaf dry matter increased. The LCC–LDMC and LNC–SLA rela-
tionships were significantly positively correlated in both tropical 
and temperate species (p < 0.05), and LCC and LDMC were more 
significantly positively correlated in tropical than temperate 
species, indicated by a steeper slope (Figure 2c). The slope for 
the LNC–SLA relationship did not differ significantly between 
the tropical and temperate species, but elevation did (Figure 2d). 
Elevation was notably higher for the temperate species, suggest-
ing that they tended to have a higher SLA than the tropical spe-
cies at a given LNC.

3.2   |   Trait–Trait Relationships of Tree Species in 
the Botanical Garden

The tropical and temperate species exhibited consistent trade-
offs decades after being transplanted to the tropical botanical 
garden (Figure  3; Table  S3). The slopes and elevations of the 
LNC–SLA, LCC–LDMC, LNC–LDMC, and LDMC–SLA rela-
tionships did not differ significantly between the tropical and 
temperate species in the botanical garden (p > 0.05, Figure  3). 
These findings suggest that the trees from tropical and temper-
ate regions have flexible but consistent changes in the trait–trait 
relationships toward a similar resource use efficiency in the 
tropical botanical garden. We also determined whether the trait 
trade-offs were consistent for widespread species in both tropi-
cal and temperate regions and found no significant differences 
in the slopes and elevations of the pairwise traits among the 
tropical, temperate, and widespread species mentioned above 
(Figure  4), suggesting that the widespread species adopted 
trade-off strategies similar to the tropical and temperate species 
in the botanical garden.

We categorized the tree species in the botanical garden as native 
and non-native species based on the local flora to test the robust-
ness of our results (Figure  5; Table  S3). We also compared the 
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FIGURE 2    |    Leaf–trait relationships between the tropical and temperate tree species in natural habitats. The solid lines represent standardized 
major-axis regressions of pairwise trait relationships. The notation “Slope” and/or “Elevation” identifies significant differences in the slopes or ele-
vations of pairwise traits between the tropical and temperate species. Changes in elevations cannot be detected if the slopes differ significantly. LCC, 
leaf carbon concentration; LDMC, leaf dry-matter content; LNC, leaf nitrogen concentration; SLA, specific leaf area; ns, p > 0.05; *, p < 0.05.

FIGURE 3    |    Leaf–trait relationships between the tropical and temperate tree species in the botanical garden. The solid lines represent standard-
ized major-axis regressions of pairwise trait relationships. The notation “Slope” and/or “Elevation” identifies significant differences in the slopes or 
elevations of pairwise traits between the tropical and temperate species. Changes in elevation cannot be detected if the slopes differ significantly. 
LCC, leaf carbon concentration; LDMC, leaf dry-matter content; LNC, leaf nitrogen concentration; SLA, specific leaf area; ns, p > 0.05; *, p < 0.05.
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changes in the slopes and elevations of pairwise traits between 
the native and non-native species. The slopes and elevations of 
these pairwise traits did not differ significantly between the na-
tive and non-native species (Figure 5). These findings suggest that 
the non-native species adapt to the local climate in the botanical 
garden by adjusting their trade-offs for the leaf traits and have 
trade-off strategies consistent with those for the native species.

To test the robustness of our results, we also re-examined the 
trait–trait relationships by more strictly defining the thresh-
old in the frequency of occurrence for allocating a species to 
a temperate or tropical climatic region versus a widespread 
species (see details in Section 2) and obtained similar results. 
There are significant differences in the slopes of pairwise traits 
among the tropical, temperate, and widespread species for all 
different thresholds of occurrence frequency (Figures S1–S4), 
but the slopes and elevations of pairwise traits did not differ 
significantly among the tropical, temperate, and widespread 
species that had been transplanted to the botanical garden 
(Figures S5–S7). These results further verified the reliability 
of our results.

4   |   Discussion

Our study explored the variations in trade-offs for leaf traits in 
tree species transplanted from their natural habitats to a tropical 

botanical garden several decades ago. Tropical and temperate 
species had different trade-offs in their natural environments. 
The slopes and elevations of pairwise traits for temperate, trop-
ical, and widespread species that had been transplanted to a 
common tropical garden for decades, however, converged, in-
dicating consistent resource allocation strategies of the species 
after transplantation.

Trees in their natural habitats may encounter diverse habitat 
selection pressures, such as frost (Pardee et al. 2018; Primack 
et  al.  2021), drought (Aldea et  al.  2022; Yang et  al.  2023; 
Young et al. 2017), and wind (Gardiner et al. 2016). Trees thus 
need to allocate their resources not only for photosynthesis 
and growth, but also for structural construction and protec-
tion (Messier et al. 2017; Osnas et al. 2013; Prieto et al. 2018; 
Wang et  al.  2022; Wright et  al.  2004). Tropical regions tend 
to have higher biodiversity and a greater availability of re-
sources (John et al. 2007; Liu et al. 2023), leading to greater 
competition and pressures from herbivores than in temper-
ate regions (Backhaus et  al.  2021; Liu et  al.  2023; Poorter 
and Rozendaal  2008). Tropical species consequently tend to 
develop fast-return strategies with enhanced photosynthetic 
capacities (Díaz et  al.  2016; Reich  2014; Wright et  al.  2004). 
In contrast, temperate trees may have a greater risk of cold 
extremes, such as late spring frost (Augspurger  2009; Vitra 
et al. 2017; Zohner et al. 2019), leading to a higher allocation 
of resources to construct better leaf mechanical structures and 

FIGURE 4    |    Leaf–trait relationships among the tropical, temperate, and widespread tree species in the botanical garden. The solid lines represent 
standardized major-axis regressions of pairwise trait relationships. The notation “Slope” and/or “Elevation” identifies significant differences in the 
slopes or elevations of pairwise traits among tropical, temperate, and widespread species. Changes in elevation cannot be detected if the slopes differ 
significantly. LCC, leaf carbon concentration; LDMC, leaf dry-matter content; LNC, leaf nitrogen concentration; SLA, specific leaf area; ns, p > 0.05; 
*, p < 0.05.
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to increase tolerance (Hodgson et al. 2011; Onoda et al. 2011). 
Changes in investment in growth and tolerance are repre-
sented by altered trait–trait relationships (Pan et  al.  2020; 
Wright et al. 2004). We found that temperate tree species in 
their natural habitats reduced their investment in photosyn-
thesis and allocated more resources to the tolerance of harsh 
environmental conditions, such as low-temperature stress. 
For example, temperate species allocated more carbon to en-
hance mechanical resistance compared to tropical species as 
investment in LDMC increased, while simultaneously reduc-
ing investments in LNC and SLA to decrease photosynthetic 
capacity (Figure 2). Thus, divergent growth strategies lead to 
distinct trade-offs between tropical and temperate trees in 
their natural habitats.

In contrast, species in a botanical garden experience consistent 
environmental conditions and are not constrained by cold ex-
tremes. So, trees from different climatic regions can reallocate 
resources to photosynthesis and growth that were originally 
used for tolerance. Species from different climatic origins con-
sequently acquire convergent trade-offs for leaf traits in the bo-
tanical garden after decades of acclimation. This is expressed in 
the consistent investments in growth and tolerance of species 
from tropical and temperate regions after being transplanted 
to the botanical garden to adapt to their common environment: 
the slopes and elevations of pairwise traits did not differ signifi-
cantly (Figure 3). The trait trade-offs among the tropical, tem-
perate, and widespread species (Figure 4) and between native 

and non-native species were consistent (Figure  5). These re-
sults collectively indicate that species from different habitats 
have convergent strategies of trait trade-offs when in a common 
environment.

The shift from divergent trait trade-offs for trees in natural hab-
itats of different climatic regions to convergent trait trade-offs 
in the tropical botanical garden demonstrates that environ-
mental conditions are the dominant driver of trait expression, 
more than genetics or some hardwired strategies. Based on our 
findings, we predict that trees from different climatic regions 
are likely to have convergent patterns in their leaf trait trade-
offs after being introduced to a new environment. Trees may 
adjust their allocation of resources to growth and tolerance, 
establishing consistent trade-offs to better adapt to the altered 
climate. Indeed, widespread species, due to their intrinsic high 
adaptability, may have more variable trait correlations but may 
ultimately also adopt trait trade-offs consistent with those of the 
tropical and temperate species. These findings provide evidence 
for convergent plant ecological strategies to prolonged climate 
change.

Our study primarily focused on long-term effects from one to 
several decades and excluded short-term effects. How quickly 
the trade-offs for leaf traits adapt after trees have been trans-
planted to a botanical garden remains to be investigated and 
would provide crucial insights into the initial stages of ad-
aptation and the potentiality for rapid phenotypic plasticity. 

FIGURE 5    |    Leaf–trait relationships between native and non-native tree species in the botanical garden. The solid lines represent standardized 
major-axis regressions of pairwise trait relationships. The notation “Slope” and/or “Elevation” identifies significant differences in the slopes or ele-
vations of pairwise traits between native and non-native species in the botanical garden. Changes in elevation cannot be detected if the slopes differ 
significantly. LCC, leaf carbon concentration; LDMC, leaf dry-matter content; LNC, leaf nitrogen concentration; SLA, specific leaf area; ns, p > 0.05; 
*, p < 0.05.
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Additionally, future research is needed to expand our findings 
to varied climatic regions and more combinations of functional 
traits to better generalize our findings.

In summary, our findings indicate that tree species from diverse 
climatic conditions may develop convergent trade-off strate-
gies after decades of acclimation in the botanical garden, as 
demonstrated by changes in their leaf trait–trait relationships. 
This convergence may also lead to crucial losses in functional 
diversity, despite the potentially enhanced adaptation to climate 
through the alteration of trait trade-offs (Ensslin et  al.  2015; 
Sun et al. 2022). These insights suggest that prolonged climate 
change, such as extended drought or warming (Chen et al. 2019; 
Trenberth et al. 2014), could drive convergences in plant trait–
trait trade-offs across different regions. Understanding these 
patterns is essential for developing effective ex-situ conservation 
practices and resilient management practices for biodiversity 
protection in the face of ongoing climate change.
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