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ABSTRACT

Aim: The consistency of patterns in ontogenetic differences in plant traits across the globe has not been thoroughly studied.
Environmental conditions affect leaf functional traits, and these effects can differ between adult trees and saplings due to vary-
ing environmental conditions in their aerial and soil environments. Our integrative analysis aims to reveal the global universal-
ity of woody plants' ontogeny and explores influencing factors.

Location: Global.

Time Period: Studies published in 1989-2023.

Major Taxa Studied: Woody plants.

Methods: We performed a global meta-analysis of woody plants with different plant functional types at 64 sites around the
world, assessed the ontogenetic differences in nine key leaf traits and explored the environmental factors that affected the on-
togenetic differences.

Results: We observed that (1) leaf traits differed significantly between adult trees and saplings, with environmental factors play-
ing varying roles. Photosynthetic capacity per unit area (A,) and nitrogen content per unit dry mass (N, ) were lower in saplings
than in adults under low solar radiation, but this trend reversed with increased solar radiation. Differences in stomatal density
(SD) and stable carbon isotope composition (8'3C) between adults and saplings were greatest under low solar radiation; (2) on-
togenetic differences in leaf thickness (LT), leaf dry mass per area (LMA) and stomatal conductance (g,) were greater at lower
mean annual temperature (MAT); (3) at high mean annual precipitation (MAP), adults had higher nitrogen content per unit area
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(N,), while saplings had higher N, than adults; (4) soil conditions were strongly correlated with ontogenetic differences in LT and
SD, with soil pH as a key driver of variation in A, LT, SD, N, and N,_..

Main Conclusions: Our findings indicate that ontogeny strongly modifies leaf functional traits and that multiple environmen-
tal factors influence the magnitude of ontogenetic differences in leaf traits. This underscores the importance of considering on-
togeny when predicting trait values across plant developmental stages, modelling vegetation composed of individuals of different

ages and forecasting vegetation responses to environmental changes.

1 | Introduction

As trees mature, they increase both in size and in struc-
tural complexity (An et al. 2024; Han 2011; Niinemets 2010;
Tumber-Dévila et al. 2022; Wang et al. 2023). Many functional
characteristics, including primary production and photosyn-
thesis, change with the size or age of individual trees (Ambrose
et al. 2009; Cavender-Bares and Bazzaz 2000; Liu et al. 2021;
Mencuccini et al. 2007). In addition to the direct effects of age,
size and structural complexity, natural selection is likely to pro-
duce developmental patterns that are genetically determined,
as young and old trees experience systematic differences in
their environment (Barton 2024; Thomas and Winner 2002).
Thus, in general, it is the complex interplay between genetically
regulated phase transitions (genetically regulated phenotype
change), increases in age and size and phenotypic plasticity that
leads to ontogenetic differences (Barton 2024). Barton (2024)
concluded that most studies predict ontogenetic differences
based on the Light Hypothesis and the Relative Growth Rate
(RGR) Hypothesis. In trees, ontogenetic trait variation appears
to be primarily driven by adaptation to predictable increases in
light availability, while selection for RGR may occur across a
variety of plant functional types (Barton 2024).

Leaf traits influence various plant functions via their effects
on resource acquisition and use (Hikosaka et al. 1999; Reich
et al. 2014). The leaf economic spectrum (LES) is a concep-
tual framework that characterises the combinations of leaf
structural, chemical and physiological traits along a variation
spectrum ranging from slow to rapid return on investments
of nutrients and dry mass in leaves (Onoda et al. 2017; Pan
et al. 2020; Wright et al. 2004; Zhang et al. 2024). Previous
work has shown that there is wide variation in LES traits
within species (Niinemets 2015; Siefert et al. 2015; Wang et al.
2024) and that plant functional traits differ between adults
and young individuals (Ambrose et al. 2009; Cavender-Bares
and Bazzaz 2000; Greenwood et al. 2008; He and Yan 2018;
Mencuccini et al. 2007; Palow et al. 2012; Steppe et al. 2011;
Thomas and Winner 2002). However, studies investigating
these differences sometimes report conflicting findings. For
example, some work has found that leaf nitrogen content and
photosynthetic capacity change with tree age (Houter and
Pons 2012; Niinemets 2002; Reich et al. 1999), but other stud-
ies have not identified significant differences between individ-
uals of different ages (Magnani et al. 2008; Merilo et al. 2009).

In a meta-analysis of differences in gas exchange characteris-
tics between saplings and mature trees of 35 species, Thomas
and Winner (2002) found that leaf dry mass per area (LMA)
was higher among adults than saplings in all studied cases.
This suggests that differencesin LM A are universal, regardless

of species or growth conditions. However, although photo-
synthetic rate per leaf area (A,) was higher in the canopy-top
leaves of adults than of saplings when all species were pooled,
differences in A, were not significant when only evergreen or
conifer species were compared. This implies that the size de-
pendence of A, differs among PFTs. It has also been shown
that angiosperms and gymnosperms have obvious differences
in hydraulic characteristics (Sanchez-Martinez et al. 2020),
and they respond and acclimate differently to environmen-
tal stress, especially to drought stress (Adams et al. 2017). In
terms of resource economics strategy, evergreen species with
conservative growth strategy and deciduous species with rapid
growth strategy often occupy opposite ends of LES (Reich
et al. 2014; Wright et al. 2004). Different suites of trait combi-
nations, differences in stress response among plant functional
types (PFT) and possible consequences of these differences in
the impact of ontogeny on trait variation motivated us to ex-
plore the ontogenetic differences among different PFTs.

In general, the top leaves of adult trees tend to be exposed to direct
sunlight, whereas light conditions experienced by saplings can
vary from very low in forest overstorey to moderately high in can-
opy gaps (Niinemets 1997; Niinemets et al. 2015). Barton (2024)
also brought up this point in the description of the Light Hypothesis,
that is, older trees might have a greater LM A, photosynthetic rate
and nitrogen content. Other growth conditions such as solar radi-
ation, precipitation, temperature, soil organic matter content and
soil moisture can also influence leaf traits (Bjorkman et al. 2018;
Maire et al. 2015; Niinemets 2001; Ramirez-Valiente et al. 2022;
Schmitt et al. 2022; Wright et al. 2001). LMA tends to be higher in
plants growing in relatively low temperatures with limited water
and nutrient availability (Poorter et al. 2009). Even when adult
trees and saplings grow in similar environments, their sensitivity
to environmental changes might differ. Likewise, drought may in-
fluence adult trees more than saplings if adults experience greater
hydraulic constraints due to the longer distances for transport of
water from soil to leaves. Alternatively, saplings may have shal-
lower roots in some lineages, which exacerbates water limitation
under drought conditions to a greater degree than in relatively
well-rooted adults.

Recent studies have demonstrated that the plant height is a
stronger driver of leaf traits such as LMA than differences in
light availability (Liu et al. 2020), suggesting that water use may
be an important factor driving variation in leaf traits. Because
adult trees receive more light than saplings and can thus assimi-
late more carbon, low nutrient availability may have a relatively
large effect on the internal carbon-nutrient balances of adult
trees. Soil pH both directly and indirectly affects the turnover
and availability of key limiting nutrients, particularly nitrogen
and phosphorus (SanClements et al. 2010; Viani et al. 2014),
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FIGURE1 | Hypothetical relationship between environmental factors and ontogenetic differences in leaf traits. Trait responses are characterised

by the response ratio (InRR); in the equation InRR = ln(% , mg is the mean value of a given trait in saplings and m, is the mean value of the trait

in adult trees. (1), (2) and (3) correspond to five hypothesessevaluated here. 813C, stable carbon isotope composition; A, photosynthetic rate per unit

area; A, photosynthetic rate per unit dry mass; ge stomatal conductance; LM A, leaf mass per area; LT, leaf thickness; N,, nitrogen content per unit

area; Nm, nitrogen content per unit mass; SD, stomatal density.

and thus, soil pH is increasingly understood as one of the main
drivers of plant trait variation (Rissanen et al. 2023; Westerband
et al. 2023). However, to our knowledge, no work has assessed
whether ontogenetic differences in leaf traits are modulated by
climatic and soil factors. Determining how the relationships
between trait and environmental drivers vary through plant
ontogeny is crucial for predicting trait values through vegeta-
tion development (Famiglietti et al. 2024). Solar radiation has
been found to drive differences between adult trees and saplings
mainly via its effects on photosynthesis (Durand et al. 2021),
which would be reflected in differences in photosynthetic rate
and LMA in our study. In addition, the efficiency of light in-
terception might decrease with increasing tree size (Niinemets
et al. 2005).

Here, we compiled a dataset that includes nine key traits for 125
woody species: photosynthetic rate per unit leaf area (4,) and
per unit leaf dry mass (A,), stomatal conductance (g), LMA,
leaf thickness (LT), stomatal density (SD), stable carbon isotope
composition (§'*C) and nitrogen content per unit leaf area (N,)
and per unit dry mass (N, ). We asked how do ontogenetic dif-
ferences in leaf traits depend on PFT and environmental factors
and posed five main hypotheses of how environmental factors
could affect ontogenetic differences (Figure 1):

1. Higher solar radiation is associated with greater ontoge-
netic differences. As differences in light availability dimin-
ish, ontogenetic differences decrease.

. Ontogenetic differences in leaf traits related to nutrient

availability (N, and N_; and nitrogen-dependent pho-
tosynthetic capacity) are associated with soil nitrogen
availability and by climatic factors (MAT, mean annual
temperature; MAP, mean annual precipitation) that alter
soil microbial activity and nutrient uptake.

. Low soil pH and high soil organic carbon content are as-

sociated with organic, often anoxic soil with shallow root
systems, leading to smaller ontogenetic differences in leaf
traits.

. Atlow water availability/high aridity, due to the higher risk

of hydraulic failure as the water transport pathway length
increases (Nabeshima and Hiura 2004; Liu et al. 2019),
adult plants develop a more robust leaf structure (greater
LMA, lower N, lower A ) than young trees, resulting in
greater ontogenetic differences among these traits.

. 813C reflects the balance between stomatal conductance

and photosynthetic absorption, providing an accurate in-
dicator of intrinsic water use efficiency, the physiological
response of plants to drought and adaptation to different
environmental conditions. Therefore, when soil water
available capacity (AWC) is low, the ontogenetic differ-
ences in leaf traits related to water use, such as g, SD, espe-
cially 8'3C, are more pronounced. Adult trees with deeper
and laterally more extensive root systems are more likely to
have a better access to soil resources.
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2 | Materials and Methods
2.1 | Literature Survey

Published research between 1989 and 2023 was identified using
Web of Science, Google Scholar, ProQuest (http://www.proquest.
com/products-services/dissertations/) and CNKI (http://www.
cnki.net) in November 2023. The following search terms were
used: (“seedling*” OR “sapling*” OR “young tree*” OR “small
tree*” OR “short tree*” OR treelet* OR “juvenile tree*”) AND
(“adult tree*” OR “mature tree*” OR “big tree*” OR “tall tree*”
OR “old tree*”) OR (“tree size*” OR “tree height*” OR “tree age*”
OR “diameter at breast height*” OR DBH) AND (photosyn* OR
“leaf*” OR “needle*” OR “lamina*” OR “foliage*”). Search results
were screened based on the titles and abstracts, after which the
full text and reference list of each candidate paper were reviewed.
To avoid missing relevant research, we supplemented the search
with the top 200 results of Google Scholar and the top 100 results
of ProQuest using the same search terms. Books, synthesis arti-
cles and non-peer-reviewed literature (e.g., proceedings of meet-
ings and preprints) were excluded. A small number of relevant
PhD and MSc dissertations were included. Authors of pertinent
papers were also contacted for the provision of any unpublished
trait data or missing meta-information. Details of our literature
selection process are available in Figure S1.

Guided by the literature collection standard for meta-analyses
outlined by Thomas and Winner (2002) (Figure S1), we defined
three criteria to select publications. (1) Each study selected for
inclusion evaluated only woody plants grown in the wild, not
greenhouse or nursery specimens. (2) When seedlings, saplings
and trees were studied simultaneously in a single study, we did
not use data on seedlings. For studies that only provided data
based on continuous variation in diameters at breast height
(DBH) or tree height, we also excluded results for seedlings,
defined as individuals shorter than 1m or the DBH less than
3cm. (3) Each study selected contained sufficient data for sta-
tistical analysis, including at least the sample size, trait means
and standard deviation. When sample sizes were specified as a
range, we used the minimum value. When measurements var-
ied seasonally or diurnally, we used maximum leaf trait values.
This was relevant primarily for physiological traits such as net
assimilation rate. We acknowledge that it is not possible to com-
pletely eliminate the effects of sampling biases due to biogeo-
graphic coverage, due to uncertainties in leaf position (shade
vs. sun), microhabitat differences, etc., despite our best efforts
to harmonise the standards of all literature. The final list of in-
cluded data sources is provided in Appendix S1.

2.2 | Data Extraction

In addition to sample sizes (1), we also extracted means and
standard deviations (s) or standard errors (SE) for nine leaf traits
(Table 1) for adults and saplings. Specific leaf area (SLA) mea-
surements were converted to dry LMA (SLA™!). When publi-
cations did not provide A, it was calculated as Aa-LMA‘l (A,
photosynthetic rate per unit area). In these cases, s was recorded
as one-tenth of the original standard deviation (Luo et al. 2006).
Graphical data were extracted using Web Plot Digitizer (ver-
sion 4.3; https://automeris.io/ WebPlotDigitizer). Altogether, we

obtained data for 125 species from 64 publications (Figure S2
and Table S2 for the geographic distribution of study sites and
other basic information).

Climatic data, solar radiation (R), MAT and MAP were ob-
tained from the WorldClim database (Fick and Hijmans 2017)
(https://www.worldclim.org/). We employed the ‘raster’, ‘sp’
and ‘rgdal’ packages in R ver. 4.0.2 (R Core Team 2020) to ex-
tract climate data using the geographic coordinates of each
study site. Soil pH, AWC and SOC data for the top 30 cm of soil
were downloaded from the Harmonized World Soil Database
ver. 1.2. We categorised study sites according to AWC using the
protocol developed by the Food and Agriculture Organization
of the United Nations (Table S1). Soil pH was used to clas-
sify soil as acidic, neutral or alkaline (Table S1). The use of
large-scale databases has certain limitations as the estimates
obtained might not exactly match the actual soil character-
istics. Nevertheless, soil traits were missing in many studies,
and estimates of soil traits in individual studies might also
vary due to methodological differences. Thus, we consider the
data obtained from the global soil database as best achievable
for the current analysis.

2.3 | Calculation of the Effect Size

The natural logarithm of the response ratio (InRR) was used
as the effect size to quantify the influence of age (Osenberg
et al. 1999); the effect size was weighted according to the sample
size throughout the analysis:

y;=InRR = ln(ﬂ> 1)

mg

where m is the mean value of a given trait among samplings
and m, is the mean value of the trait in adult trees. The sampling
variance (v,) of InRR was calculated as:

2 2
s s
V= —— 4 — @)

2 2
n,m2 = ngm?

where n, and n, are trait sample sizes in saplings and adult
trees, respectively, and s, and s, are the standard deviations of
the traits in saplings and adult trees, respectively. The reciprocal
of the variance was used as the weighting factor (w), and the
average effect size (RR,) of all study cases (n) was calculated by
weighting each effect size as follows:

RR. - Y, W XRR;
+ = Zm—w 3
i=1""1

where RR; is the logarithmic response ratio of case i, and w, is
the corresponding weighting factor.

2.4 | Statistical Analyses

The statistical analysis was conducted in the following sequence.
First, we used the random-effect model to calculate the overall
effect sizes across all studies. Effect sizes were considered sig-
nificant if their corresponding 95% confidence intervals did not
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TABLE 1 | Ontogenetic differences (the difference between adult trees and saplings, InRR) in nine leaf traits for each plant functional type. A
positive InRR indicates that the trait value is higher in adult trees compared to saplings, whereas the negative InRR indicates that the trait value is
lower in adult trees relative to saplings.

Number Number
of species of studies Effect size
Trait Plant functional type (n) (9] 95% C1 (InRR)
Photosynthetic rate per All data pooled 35 51 (—0.0251, 0.2483) 0.1116ns
unit area (A,) Evergreen conifer 8 11 (=0.3901, —0.1670)  —0.2786***
Evergreen broad-leaved 5 6 (-0.1714, —0.0117) —0.0915*
Deciduous broad-leaved 22 34 (0.0997, 0.4579) 0.2788**
Photosynthetic rate per All data pooled 20 25 (—0.4851, —0.0655) —0.2753*
unit dry mass (A4,,) Evergreen conifer 4 5 (-1.0666, —0.3307)  —0.6987***
Evergreen broad-leaved 3 3 (=0.0667, —0.0216) —0.0442%**
Deciduous broad-leaved 13 17 (—0.4024, 0.0944) —0.1540ns
Stomatal conductance (g,) All data pooled 35 47 (—=0.3093, —0.0158) —0.1626*
Evergreen conifer 8 10 (—=0.5933, —0.2709) —0.4327%**
Evergreen broad-leaved 6 7 (—0.6905, 0.2157) —0.2374ns
Deciduous broad-leaved 21 30 (-0.2305, 0.1518) —0.0393ns
Leaf dry mass per area All data pooled 104 153 (0.1753, 0.2815) 0.2284%**
(LMA) Evergreen conifer 14 28 (0.1436, 0.2538) 0.1987%**
Evergreen broad-leaved 47 61 (0.0841, 0.2877) 0.1859%**
Deciduous broad-leaved 43 64 (0.1892, 0.3807) 0.2850%***
Leaf thickness (LT) All data pooled 50 54 (0.0766, 0.1601) 0.1183***
Evergreen conifer 5 6 (0.0650, 0.1671) 0.1161%**
Evergreen broad-leaved 29 31 (0.0544, 0.1729) 0.1137%%*
Deciduous broad-leaved 16 17 (0.0437,0.2059) 0.1248%**
Stomatal density (SD) All data pooled 11 27 (0.1732,0.4462) 0.3097%**
Evergreen conifer 2 11 (0.0701, 0.3094) 0.1897**
Evergreen broad-leaved 2 2 (—0.2474,0.1356) —0.0559ns
Deciduous broad-leaved 7 14 (0.2371, 0.6855) 0.4613***
Stable carbon isotope All data pooled 27 50 (-0.1110, —0.0483) —0.0797***
composition (8'¢) Evergreen conifer 8 24 (=0.0643, —0.0302)  —0.0473%*
Evergreen broad-leaved 2 3 (=0.0527, —0.0254) —0.0390%**
Deciduous broad-leaved 17 23 (—0.1839, —0.0518) —0.1179%**
Nitrogen content per unit All data pooled 25 43 (0.1405, 0.2740) 0.2072%**
area (N;) Evergreen conifer 8 20 (0.1674, 0.3227) 0.2450%**
Evergreen broad-leaved 2 2 (—0.1369, 0.1424) 0.0027ns
Deciduous broad-leaved 15 21 (0.0563, 0.2960) 0.1762%*
Nitrogen content per unit All data pooled 27 46 (-0.0228, 0.0612) 0.0192ns
dry mass (N,) Evergreen conifer 9 22 (=0.0009, 0.1109) 0.0550ns
Evergreen broad-leaved 4 4 (—0.2803, —0.0315) —0.1559*
Deciduous broad-leaved 14 20 (-=0.0511, 0.0751) 0.0120ns

Note: Trait values are presented as means +95% confidence intervals (CI). Significance levels: ns, p>0.05; *p <0.05; **p <0.01; ***p <0.001.

overlap with zero (¢ =0.05). The differences between adult trees data originate from the same species or population (Nakagawa
and saplings with all traits were evaluated as a whole. Given that et al. 2017), we employed the random effects model to account
the fixed effects model is appropriate only when all included for variations across studies. Due to sample size constraints, we
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did not apply multilevel meta-analytic models that could accom-
modate interspecific differences (Nakagawa and Santos 2012;
Nakagawa et al. 2017).

For these analyses, we assessed the heterogeneity using formal
Cochran's Q-test (Qg), which tests whether the variability of
the effect size or outcome is greater than the variability based
on sampling alone. As expected in the biology meta-analysis
(Nakagawa and Santos 2012), there was significant residual het-
erogeneity in the random-effects meta-analysis of each trait data
set (p<0.0001), which we tried to explain using different envi-
ronmental factors (Table S1).

With the addition of impact factors (climatic and soil factors), the
model used was changed from a random-effects model to a mixed-
effects model. The ‘glmulti’ package was used to analyse all possi-
ble combinations of impact factors in the mixed-effects model. We
used omnibus tests (Q, ) to evaluate the heterogeneity of impact
factor capture in each mixed-effects model; p <0.05 indicated that
the regulatory factor had a significant influence on the effect size.

Before we present the results of the single mixed-effects model,
we use the multivariate mixed-effects model to show the rank-
ing of all factors' effects on ontogenetic differences. We set a
threshold of 0.8 for AIC to distinguish between important fac-
tors and non-important factors. The importance of each impact
factor was expressed as the sum of Akaike weights of the model
containing the explain variable. The ranking results of the im-
portant values of all factors are shown in Figure S3.

Because studies reporting significant results are more likely to be
published, publication bias is likely to occur in any meta-analysis
(Nakagawa et al. 2023). Here, we used Funnel plot and Egger tests
to assess the likelihood of publication bias (Egger et al. 1997). To
assess resilience to publication bias as well as the robustness of
our results, we also calculated Rosenberg's fail-safe numbers,
that is, the number of cases required to cause significant results
to become non-significant in a meta-analysis (Rosenberg 2005).
We found that our results were robust and likely not affected by
publication bias, except for g, and N, (Table S4).

To explore the correlation between the leaf economic spectrum
(LES) traits, A_, LMA and N,_, we standardised the trait val-
ues in R using the scale function to adjust the mean value of
the data to 0 and the variance to 1, making the data conform
to the standard normal distribution (Figure S4a,b). The data
that had paired A and N, values represented a small and non-
representative subset, so they were not included in the analysis.

Statistical analyses and plot generation were carried out using
the ‘metafor’ (Viechtbauer 2010) and ‘ggplot2’ (Wickham 2016)
packages in R ver. 4.0.2 (R Core Team 2020).

3 | Results

3.1 | General Patterns

Overall, LMA, LT, SD and N, were significantly higher for adult

trees than for saplings (p <0.01; Table 1), while A  and g, were
significantly lower (p <0.01; Table 1). Because 8'*C had negative

values in all cases, negative InRR of 8'3C values indicates that
8'3C values were higher in adult trees. A, and N did not differ
between saplings and adult trees (p > 0.05).

Values of InRR for A , g, LMA, LT and 8'*C were similar
for the three PFTs (Table 1). A, was higher in adult trees than
in saplings in deciduous broad-leaved species but was lower
in evergreen adults than in saplings. SD was higher in adults
in coniferous (p <0.01) and deciduous species (p <0.001) but
was not significantly different between evergreen broad-
leaved adults and saplings (p > 0.05). N, was lower in saplings
only in deciduous broad-leaved species (p<0.01), while N
was lower in adult trees only in evergreen broad-leaved spe-
cies (p <0.01).

3.2 | Solar Radiation (R) Effects on Ontogenetic
Differences in Leaf Traits (H1)

We evaluated six environmental factors (Table S1). R correlated
with InRR values for A, (p<0.05), SD (p<0.001), N_ (p<0.05)
and 8"3C (p <0.0001; Figure 2; Table S3). Values of A, and N |
were lower in saplings than adults under low R, but the relation-
ship was reversed with increasing R (Figure 2a,i). Differences in
the values of InRR for SD and §'3C between adults and saplings
were greatest under relatively low R (Figure 2f,g).

3.3 | Impacts of Climatic Drivers on Ontogenetic
Differences in Leaf Traits (H2)

MAT was associated with significant differences in g, (p <0.05),
LMA (p<0.05) and LT (p<0.001) between saplings and adult
trees (Figure 3b-d). Values of InRR for g, LMA and LT were the
highest under low MAT (Figure 3b-d). MAP had a significant
influence on leaf nitrogen content (p<0.05); however, under
high MAP, N, was higher in adults than in saplings (Figure 4h),
while N was higher in saplings than in adults (Figure 4i).

3.4 | Ontogenetic Differences in Leaf Traits in
Relation to Soil Characteristics (H3-H5)

Values of InRR for LT (p <0.001) increased, whereas those for SD
(p<0.05) decreased with increasing SOC content, respectively
(Figure 5e,f). AWC correlated with ontogenetic differences in LT
(p<0.05) and SD (p <0.05), and both LT and SD were higher in
adult trees regardless of AWC class (Figure 6). Soil pH correlated
with A, (p<0.05), LT (p<0.05), SD (p<0.05), N, (p<0.05) and
N_, (p<0.05) (Figure 7).

3.5 | Relationships Between LES Traits

LMA was significantly and negatively correlated with
A, (p=0.0045); however, this effect was only significant
among adult trees (p=0.0412) and not saplings (p=0.0574)
(Figure S4a). We found a significant negative correlation be-
tween LMA and N, in both adults (p<0.001) and saplings
(p=0.0011) (Figure S4b). The directionality of this relation-
ship varied across PFTs (Figure S4c), with a significant positive
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Point size is proportional to observation weight (1/SE). 95% confidence intervals of the fitting curve are indicated by grey shading. The dashed grey
line demarcates zero effect size. 8'*C, stable carbon isotope composition; A,, photosynthetic rate per unit area; A , photosynthetic rate per unit dry
mass; g, stomatal conductance; LMA, leaf mass per area; LT, leaf thickness; N, nitrogen content per unit area; N, , nitrogen content per unit mass;

SD, stomatal density. InRR = ln< % ), m is the mean value of a trait in saplings and m, is the mean value of the trait in adult trees. A positive InRR

indicates that the trait value is higlsler in adult trees than in saplings, whereas the negative InRR indicates that the trait value is lower in adult trees

relative to saplings. The effects of R on InRR were evaluated by a mixed-effects model. The figure shows the linear trend of a simple linear model.

Significance was assessed at the p <0.05 level, from the mixed-effect model of various factors (Table S3). *p <0.05; **p <0.01; ***p < 0.001.

correlation between the two variables in evergreen broad-leaved
trees (p=0.0026) and a significant negative correlation in ever-
green conifers (p <0.001).

4 | Discussion
4.1 | General Patterns

Our findings are consistent with some of the conclusions of
an earlier meta-analysis by Thomas and Winner (2002): LMA
was higher and A was lower for adult trees than for saplings
(Table 1). In addition, ontogenetic differences in A, and A  of
deciduous broad-leaved tree species were opposite to one an-
other, similar to the findings of the original study (Thomas and

Winner 2002). Our meta-analysis also revealed that LT, SD and
N, were higher and that §'*C was lower for adult trees than for
saplings (Table 1). However, in contrast with the findings of the
previous study, g, was significantly higher in young trees than
in adults (Table 1) (Thomas and Winner 2002). This may have
been due to the fact that our study included more data from
arid areas. The lower A  observed in mature trees could be at-
tributed to a greater allocation of resources towards structural
support, whereas younger trees prioritised the investment in
photosynthetic tissues to achieve higher photosynthetic rates. In
deciduous broad-leaved species, the higher A, in adult trees was
associated with larger and thicker leaves, enabling more effi-
cient utilisation of environmental resources during the growing
season. The increased N, in mature trees was primarily due to
thicker leaves with higher LMA.
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linear model. Significance was assessed at the p <0.05 level, from the mixed effect model of various factors (Table S3). *p <0.05; ***p < 0.001.

4.2 | Solar Radiation Effects on Ontogenetic
Differences in Leaf Traits (H1)

Thomas and Winner (2002) demonstrated that A, was higher
for adult trees than for saplings when the upper canopy leaves
of adult trees and leaves of understorey saplings were com-
pared. However, there was no significant difference when the
upper canopy leaves of adult trees were compared to leaves from
saplings growing in the open habitats, suggesting that light
availability is a critical factor for size-dependent variation in
leaf traits. Leaf traits can change depending on growth irradi-
ance. For example, LMA, A and nitrogen content per unit leaf
area (N,) are higher in leaves grown under relatively high light
(Bjorkman 1981; Gulmon and Chu 1981; Niinemets et al. 2015;

Rijkers et al. 2000). As reported by Thomas and Winner (2002),
we found that light environment (solar radiation, R) was the most
important driver of ontogenetic differences (Figure 2). R was not
only related to differences in traits related to photosynthesis (4,
and N, ) but influenced 8'*C and SD, traits which are related to
water use. With increasing size, plant resource capture might
increase in proportion to size (size-dependent symmetric com-
petition) or disproportionately more with increasing size (asym-
metric competition). In particular, light competition is strongly
asymmetric as taller individuals shade the lower individuals and
gain disproportionately more resources than their share in com-
munity total biomass (Forrester 2019; Weiner 1990). However,
photosynthetic light saturation is achieved at 30%-50% of max-
imum light availability, and this might reduce differences in
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FIGURE 4 | Effects of mean annual precipitation (MAP) on ontogenetic differences (the difference between adult trees and saplings, InRR) in
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rate per unit dry mass; gy stomatal conductance; LMA, leaf mass per area; LT, leaf thickness; N,, nitrogen content per unit area; N, nitrogen content

per unit mass; SD, stomatal density. InRR = ln( % ), m, is the mean value of a trait in saplings and m, is the mean value of the trait in adult trees. A

positive InRR indicates that the trait value is highser in adult trees than in saplings, whereas the negative InRR indicates that the trait value is lower

in adult trees relative to saplings. The effects of MAP on InRR were evaluated by a mixed-effects model. The figure shows the linear trend of a simple

linear model. Significance was assessed at the p <0.05 level, from the mixed-effects model of various factors (Table S3). *p <0.05.

photosynthesis between younger and older trees. In addition,
relatively high R and associated higher leaf temperatures might
shorten the leaf payback time, allowing construction of higher
photosynthetic activity leaves in mature trees (Niinemets 2001).

4.3 | Impacts of Climatic Drivers on Ontogenetic
Differences in Leaf Traits (H2)

The effects of MAT on leaf structure can also be explained by
the leaf payback period (Niinemets 2001; Poorter 1994; Williams
et al. 1989). Here, MAT was an important driver of ontogenetic
changes in LMA and LT (Figure 3), and the effects of MAP
on ontogenetic differences in N, and N, are consistent with

hypothesis (2) (Figures 1 and 4; Table S3). Nutrient contents of
leaves are more sensitive to drought stress compared to other
plant organs as leaves are most distant from roots, and accord-
ingly, MAP-dependent changes in mass flow and transpiration
rate impact the leaves the most (He et al. 2024). This is because
drought restricts stomatal function, affecting the cycling, ab-
sorption and utilisation of nitrogen (Heckathorn et al. 1997;
Streeter 2003).

LT is a component of LMA, LMA=LT * LD (leaf tissue density)
and lower InRR of LT indicates that growth and photosynthesis
are more limited in adult trees than in young trees under water-
limited conditions (Koch et al. 2004; Ryan and Yoder 1997).
In our study, the ontogenetic differences of LMA and LT in
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different functional types were highly consistent (Table 1).
Griffith et al. (2016) proposed that the higher LMA of adult trees
is caused by leaf cell wall thickening and higher inputs of non-
structural carbon, which also results in higher LT in adult trees
(De La Riva et al. 2016; Griffith et al. 2016; Niinemets 1997). The
thickness of palisade parenchyma increases with light (Bongers
and Popma 1988).

4.4 | Ontogenetic Differences in Leaf Traits in
Relation to Soil Characteristics (H3-H5)

Our findings that LT and SD were the traits most affected by soil
factors are inconsistent with the hypotheses (3-5) (Figures 5-7;
Table S3). We observed that a relatively high SOC was associated

with higher LT and lower SD in adult trees (Figure 5). However,
these correlations do not necessarily imply that SOC directly
influences the ontogenetic differences in these traits. Climate
seasonality and extremes are closely related to stomatal distri-
bution (Liu et al. 2023), and correlations of SOC with other cli-
matic drivers might have resulted in a correlation between SOC
and SD. Light is a unidirectional resource and light absorption
is thus advantageous for taller plants, whereas plant height itself
does not influence soil nutrient capture ability, but taller plants
typically also have more extensive and deeper root systems to
avoid toppling. Nevertheless, competition for nutrients might be
more symmetric than competition for light. In addition, since
SOC is closely related to the rhizosphere, soil microorganisms
(Xu et al. 2021) and nutrient cycling (Quinton et al. 2010), these
may be explained by plants' internal carbon to nutrient balance.
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As tree growth rate gradually slows down with increasing size
(Bialic-Murphy et al. 2024), nutrient requirement is expected to
decrease as well, and thus at a given soil nutrient availability,
saplings are expected to be relatively more nutrient-limited and
more sensitive to low soil nutrient availability than adult trees.

AWC did not drive differences in traits related to water use be-
tween saplings and adults, but it was related to the ontogenetic
dependence of LT and SD (Figure 6; Table S3). As a complex in-
dicator, soil pH can reflect both large-scale changes in climatic
conditions, such as drought, and various processes related to
nutrient availability and soil microbial communities (Joswig
et al. 2022; Slessarev et al. 2016). Here, we found that pH is an
important factor affecting the size dependence of plant traits,
and its influence on values of InRR for LT and SD was more
prominent than that of other factors (Figure 7; Table S3). The
soil pH can not only directly affect nutrient availability, for ex-
ample, availability of cations but also indirectly affect via alter-
ing soil microbial activity, with potentially major effects on plant
growth (Philippot et al. 2024; Zhong et al. 2023). In turn, soil
microbial activity, litter decomposition and root exudation may
affect soil pH (Liu et al. 2022; Philippot et al. 2024), and thus,
pH might feedback on ontogenetic differences of leaf traits. How
soil pH interacts with leaf functional traits and the mechanisms
underlying the influence of soil properties on plant growth need
to be studied further.

Stomatal density is one of the stomatal traits most affected by
environmental factors (Xie et al. 2022). Larger SD in adult trees
(Table 1) may be due to differences in tree height. Similarly,
Zhou et al. (2012) have found that the number of stomata and
stomatal rows of Pinus koraiensis increased with tree age, al-
beit a maximum SD was found at an intermediate age and SD
further declines in the oldest trees. The hydraulic path length
increases in adult trees, and this might result in increased sto-
matal limitation and reduced carbon sequestration (Hubbard
et al. 1999; Nabeshima and Hiura 2004). Nevertheless, this
can be compensated by increased xylem cross-sectional area
(Sperry et al. 2002; Wang et al. 2019), and greater SD in such
a case would allow a higher transpiration rate and carbon fix-
ation. Furthermore, mature trees tend to have a relatively high
capacity to avoid drought because of their deep rooting depth
and their ability to adjust their water use efficiency—greater ca-
pacity to avoid drought by deeper rooting depth and adjusting
their water use efficiency (Cavender-Bares and Bazzaz 2000;
Sun et al. 2021). In contrast, younger trees may only be able to
resist drought by closing their stomata, inevitably reducing their
carbon uptake (Cavender-Bares and Bazzaz 2000). Adult trees
tend to close their stomata to suppress transpiration. Beerling
and Woodward (1996) demonstrated that the stomatal sensitiv-
ity of young trees to environmental conditions was significantly
lower than that of adults. Other work identified similar ontoge-
netic differences in g in response to drought in Quercus rubra
(Cavender-Bares and Bazzaz 2000).

4.5 | Relationships Between LES Traits

Our study provides further evidence for the broad applicability
of LES with some specific patterns. We found that LMA was
negatively correlated with A and N in adult trees, consistent

with the LES model. The correlation between LMA and A in
saplings was not significant (Figure S4a, Figure S4b; Wright
et al. 2004). This is mainly because plants need to adjust re-
source allocation and nutrient utilisation strategies under nitro-
gen limitation (Hikosaka 2004, 2016). The significant negative
correlation between LMA and N reflects the circumstance
that more robust leaves have a greater fraction of support tissue
(Onoda et al. 2017). However, we found that the relationship be-
tween LMA and N, was completely reversed for different PFTs
(Figure S4c). This might be indicative of differences in the con-
tributions of leaf density and thickness on LMA variation; in-
creases in thickness should not necessarily scale with enhanced
investments in support tissues, while increases in density are
typically associated with thicker cell walls and increased invest-
ment in mechanical cells (Niinemets 1999; Wuyun et al. 2024).

5 | Conclusions

Understanding the complex mechanisms of tree development
in relation to biological and abiotic factors is needed to pre-
dict the modifications of tree performance with aging. In this
study, we analysed nine leaf functional traits across 125 species
of adult trees and saplings from diverse global environmental
gradients to explore tree size-dependent changes in leaf func-
tional traits. Our findings highlight solar radiation as a key
factor influencing ontogenetic differences in leaf traits, espe-
cially in traits characterising photosynthesis and water use.
Although significant for some trait differences, mean annual
precipitation had smaller impacts on the ontogenetic differ-
ences between adult trees and saplings. Soil factors, particu-
larly soil pH, also emerged as significant drivers of ontogenetic
differences. Among the traits studied, leaf thickness (LT) and
stomatal density (SD) were the most sensitive to ontogenetic
development. Our research contributes to the understanding
of physiological and ecological changes throughout tree devel-
opment and the adaptability of tree structure and function to
environmental conditions.

Author Contributions

Z.L., Z.Z. and U.N. conceived the ideas. Q.H., L.Z., D.H., E. and G.JI.
provided some data. Z.Z. analysed the data. Z.Z., K.H., U.N. and J.C.-B.
interpreted the results. Z.Z. wrote the first draft of the manuscript, and
all authors, including MGH, contributed to revisions and gave final ap-
proval for publication.

Acknowledgements

The authors declare no competing interests. The authors thank the sup-
port of the National Key R&D Program of China (2022YFD2201100),
the Natural Science Foundation of Heilongjiang Province of China
(TD2023C006) and the Fundamental Research Funds for the Central
Universities (2572025JT09).

Ethics Statement

The authors confirm that they have adhered to the ethical policies of
the journal.

Conflicts of Interest

The authors declare no conflicts of interest.

12 of 16

Global Ecology and Biogeography, 2025

:sdny) suonipuo) pue swiR L, ayr 23S *[920Z/10/60] U0 AreIqry 2unuQ LM ‘AAVIALIT NOSTIM 0L VLOSANNIN A0 ALISYHAINN A9 €€10L°q23/1111°01/10p/wio a1 Areqraurtjuoy/:sdny woiy papeojumod ‘01 ‘STOT ‘8ETZIIHT

st w00 Ko A

Pt

ASULOIT suowwo)) danear) djqeardde ay) £q pauraa03 are sa[ONIE YO ‘SN JO SI[NI 10§ ATRIqIT dUIUQ KJ[TAL UO (SUONT



Data Availability Statement

The data that support the findings of this study are available at https://
figshare.com/s/7c3a6282a39c7ca37100.

Biosketch

The authors are researchers with diverse backgrounds, including ecol-
ogy, plant science and soil environment studies, whose research has
helped to better understand the different scale impacts of global change
on plants. Through the results obtained, the authors hope to advance
the current research on plant response to environmental change and
provide a good basis for the protection of global ecosystems and forest
vegetation.

References

Adams, H. D., M. J. Zeppel, W. R. Anderegg, et al. 2017. “A Multi-Species
Synthesis of Physiological Mechanisms in Drought-Induced Tree
Mortality.” Nature Ecology & Evolution 1, no. 9: 1285-1291. https://doi.
0rg/10.1038/s41559-017-0248-x.

Ambrose, A. R., S. C. Sillett, and T. E. Dawson. 2009. “Effects of Tree
Height on Branch Hydraulics, Leaf Structure and Gas Exchange in
California Redwoods.” Plant, Cell & Environment 32, no. 7: 743-757.
https://doi.org/10.1111/j.1365-3040.2009.01950.x.

An, N., N. Lu, M. Wang, Y. Chen, F. Wu, and B. Fu. 2024. “Plant Size
Traits Are Key Contributors in the Spatial Variation of Net Primary
Productivity Across Terrestrial Biomes in China.” Science of the Total
Environment 923: 171412. https://doi.org/10.1016/j.scitotenv.2024.
171412.

Barton, K. E. 2024. “The Ontogenetic Dimension of Plant Functional
Ecology.” Functional Ecology 38, no. 1: 98-113. https://doi.org/10.1111/
1365-2435.14464.

Beerling, D. J., and F. I. Woodward. 1996. “Palaeo-Ecophysiological
Perspectives on Plant Responses to Global Change.” Trends in Ecology &
Evolution 11, no. 1: 20-23. https://doi.org/10.1016/0169-5347(96)81060-3.

Bialic-Murphy, L., R. M. McElderry, A. Esquivel-Muelbert, et al. 2024.
“The Pace of Life for Forest Trees.” Science 386, no. 6717: 92-98. https://
doi.org/10.1126/science.adk9616.

Bjorkman, A. D., I. H. Myers-Smith, S. C. Elmendorf, et al. 2018. “Plant
Functional Trait Change Across a Warming Tundra Biome.” Nature
562, no. 7725: 57-62. https://doi.org/10.1038/s41586-018-0563-7.

Bjorkman, O. 1981. “Responses to Different Quantum Flux Densities.”
In Physiological Plant Ecology I: Responses to the Physical Environment,
57-107. Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-642-
68090-8_4.

Bongers, F., and J. Popma. 1988. “Is Exposure-Related Variation in Leaf
Characteristics of Tropical Rain Forest Species Adaptive?” In Plant
Form and Vegetation Structure: Adaptation, Plasticity, and Relation to
Herbivory, edited by M. J. A. Werger, P. J. M. Van Der Aart, H. J. During,
and J. H. A. Verhoeven, 191-200. SPB Academic Publishers.

Cavender-Bares, J., and F. A. Bazzaz. 2000. “Changes in Drought
Response Strategies With Ontogeny in Quercus rubra: Implications for
Scaling From Seedlings to Mature Trees.” Oecologia 124: 8-18. https://
doi.org/10.1007/PL00008865.

De La Riva, E. G., M. Olmo, H. Poorter, J. L. Ubera, and R. Villar. 2016.
“Leaf Mass Per Area (LMA) and Its Relationship With Leaf Structure
and Anatomy in 34 Mediterranean Woody Species Along a Water
Availability Gradient.” PLoS One 11, no. 2: €0148788. https://doi.org/10.
1371/journal.pone.0148788.

Durand, M., E. H. Murchie, A. V. Lindfors, O. Urban, P. J. Aphalo, and T.
M. Robson. 2021. “Diffuse Solar Radiation and Canopy Photosynthesis
in a Changing Environment.” Agricultural and Forest Meteorology 311:
108684. https://doi.org/10.1016/j.agrformet.2021.108684.

Egger, M., G. D. Smith, M. Schneider, and C. Minder. 1997. “Bias in
Meta-Analysis Detected by a Simple, Graphical Test.” BMJ 315, no.
7109: 629-634. https://doi.org/10.1136/bmj.315.7109.629.

Famiglietti, C. A., M. Worden, L. D. Anderegg, and A. G. Konings. 2024.
“Impacts of Climate Timescale on the Stability of Trait-Environment
Relationships.” New Phytologist 241, no. 6: 2423-2434.

Fick, S. E., and R. J. Hijmans. 2017. “WorldClim 2: New 1-Km Spatial
Resolution Climate Surfaces for Global Land Areas.” International Journal
of Climatology 37, no. 12: 4302-4315. https://doi.org/10.1002/joc.5086.

Forrester, D. I. 2019. “Linking Forest Growth With Stand Structure:
Tree Size Inequality, Tree Growth or Resource Partitioning and the
Asymmetry of Competition.” Forest Ecology and Management 447:139—
157. https://doi.org/10.1016/j.foreco.2019.05.053.

Greenwood, M. S., M. H. Ward, M. E. Day, S. L. Adams, and B. J. Bond.
2008. “Age-Related Trends in Red Spruce Foliar Plasticity in Relation to
Declining Productivity.” Tree Physiology 28, no. 2: 225-232. https://doi.
org/10.1093/treephys/28.2.225.

Griffith, D. M., K. M. Quigley, and T. M. Anderson. 2016. “Leaf
Thickness Controls Variation in Leaf Mass Per Area (LMA) Among
Grazing-Adapted Grasses in Serengeti.” Oecologia 181: 1035-1040.
https://doi.org/10.1007/s00442-016-3632-3.

Gulmon, S. L., and C. C. Chu. 1981. “The Effects of Light and Nitrogen
on Photosynthesis, Leaf Characteristics, and Dry Matter Allocation in
the Chaparral Shrub, Diplacus aurantiacus.” Oecologia 49: 207-212.

Han, Q. 2011. “Height-Related Decreases in Mesophyll Conductance,
Leaf Photosynthesis and Compensating Adjustments Associated With
Leaf Nitrogen Concentrations in Pinus densiflora.” Tree Physiology 31,
no. 9: 976-984. https://doi.org/10.1093/treephys/tpr016.

He, D., and E. R. Yan. 2018. “Size-Dependent Variations in Individual
Traits and Trait Scaling Relationships Within a Shade-Tolerant
Evergreen Tree Species.” American Journal of Botany 105, no. 7: 1165—
1174. https://doi.org/10.1002/ajb2.1132.

He, P., J. Sardans, X. Wang, et al. 2024. “Nutritional Changes in Trees
During Drought-Induced Mortality: A Comprehensive Meta-Analysis
and a Field Study.” Global Change Biology 30, no. 1.

Heckathorn, S. A., E. H. DeLucia, and R. E. Zielinski. 1997. “The
Contribution of Drought-Related Decreases in Foliar Nitrogen
Concentration to Decreases in Photosynthetic Capacity During and
After Drought in Prairie Grasses.” Physiologia Plantarum 101, no. 1:
173-182. https://doi.org/10.1111/j.1399-3054.1997.tb01834.x.

Hikosaka, K., S. Sudoh, and T. Hirose. 1999. “Light Acquisition and
Use by Individuals Competing in a Dense Stand of an Annual Herb,
Xanthium canadense.” Oecologia 118: 388-396. https://doi.org/10.1007/
$004420050740.

Hikosaka, K. 2004. “Leaf Canopy as a Dynamic System: Ecophysiology
and Optimality in Leaf Turnover.” Annals of Botany 95, no. 3: 521-533.
https://doi.org/10.1093/aob/mci050.

Hikosaka, K. 2016. “Optimality of Nitrogen Distribution Among Leaves
in Plant Canopies.” Journal of Plant Research 129, no. 3: 299-311. https://
doi.org/10.1007/s10265-016-0824-1.

Houter, N. C.,and T. L. Pons. 2012. “Ontogenetic Changes in Leaf Traits
of Tropical Rainforest Trees Differing in Juvenile Light Requirement.”
Oecologia 169: 33-45. https://doi.org/10.1007/s00442-011-2175-x.

Hubbard, R. M., B. J. Bond, and M. G. Ryan. 1999. “Evidence That
Hydraulic Conductance Limits Photosynthesis in Old Pinus ponderosa
Trees.” Tree Physiology 19, no. 3: 165-172. https://doi.org/10.1093/treep
hys/19.3.165.

Joswig, J. S., C. Wirth, M. C. Schuman, et al. 2022. “Climatic and Soil
Factors Explain the Two-Dimensional Spectrum of Global Plant Trait
Variation.” Nature Ecology & Evolution 6, no. 1: 36-50. https://doi.org/
10.1038/s41559-021-01616-8.

13 0of 16

:sdny) suonipuo) pue swiR L, ayr 23S *[920Z/10/60] U0 AreIqry 2unuQ LM ‘AAVIALIT NOSTIM 0L VLOSANNIN A0 ALISYHAINN A9 €€10L°q23/1111°01/10p/wio a1 Areqraurtjuoy/:sdny woiy papeojumod ‘01 ‘STOT ‘8ETZIIHT

st w00 Ko A

Pt

ASUAIIT SuoWo)) dANEa1) dA[qearidde ayy Aq PauIdA0S are SA[IIIE () 1ash JO SANI 10J AIRIQIT duI[uQ KA UO (:



Koch, G. W, S. C. Sillett, G. M. Jennings, and S. D. Davis. 2004. “The
Limits to Tree Height.” Nature 428, no. 6985: 851-854. https://doi.org/
10.1038/nature02417.

Liu, C., L. Sack, Y. Li, et al. 2023. “Relationships of Stomatal Morphology
to the Environment Across Plant Communities.” Nature Communications
14, no. 1: 6629. https://doi.org/10.1038/s41467-023-42136-2.

Liu, H., S. M. Gleason, G. Hao, et al. 2019. “Hydraulic Traits Are
Coordinated With Maximum Plant Height at the Global Scale.” Science
Advances 5, no. 2: eaav1332. https://doi.org/10.1126/sciadv.aav1332.

Liu, Y., S. E. Evans, M. L. Friesen, and L. K. Tiemann. 2022. “Root
Exudates Shift How N Mineralization and N Fixation Contribute to
the Plant-Available N Supply in Low Fertility Soils.” Soil Biology and
Biochemistry 165: 108541. https://doi.org/10.1016/j.s0ilbio.2021.108541.

Liu, Z., K. Hikosaka, F. Li, and G. Jin. 2020. “Variations in Leaf
Economics Spectrum Traits for an Evergreen Coniferous Species: Tree
Size Dominates Over Environment Factors.” Functional Ecology 34, no.
2:458-467. https://doi.org/10.1111/1365-2435.13498.

Liu, Z., K. Hikosaka, F. Li, L. Zhu, and G. Jin. 2021. “Plant Size,
Environmental Factors and Functional Traits Jointly Shape the Stem
Radius Growth Rate in an Evergreen Coniferous Species Across
Ontogenetic Stages.” Journal of Plant Ecology 14, no. 2: 257-269. https://
doi.org/10.1093/jpe/rtaa093.

Luo, Y., D. Hui, and D. Zhang. 2006. “Elevated CO, Stimulates Net
Accumulations of Carbon and Nitrogen in Land Ecosystems: A Meta-
Analysis.” Ecology 87, no. 1: 53-63. https://doi.org/10.1890/04-1724.

Magnani, F., A. Bensada, S. Cinnirella, F. Ripullone, and M. Borghetti.
2008. “Hydraulic Limitations and Water-Use Efficiency in Pinus pinas-
ter Along a Chronosequence.” Canadian Journal of Forest Research 38,
no. 1: 73-81. https://doi.org/10.1139/X07-120.

Maire, V., I. J. Wright, I. C. Prentice, et al. 2015. “Global Effects of Soil
and Climate on Leaf Photosynthetic Traits and Rates.” Global Ecology
and Biogeography 24, no. 6: 706-717. https://doi.org/10.1111/geb.12296.

Mencuccini, M., J. Martinez-Vilalta, H. A. Hamid, E. Korakaki, and D.
Vanderklein. 2007. “Evidence for Age-and Size-Mediated Controls of
Tree Growth From Grafting Studies.” Tree Physiology 27, no. 3: 463-473.
https://doi.org/10.1093/treephys/27.3.463.

Merilo, E., I. Tulva, O. Rdim, A. Kiikit, A. Sellin, and O. Kull. 2009.
“Changes in Needle Nitrogen Partitioning and Photosynthesis During
80 Years of Tree Ontogeny in Picea abies.” Trees 23: 951-958. https://doi.
0rg/10.1007/s00468-009-0337-9.

Nabeshima, E., and T. Hiura. 2004. “Size Dependency of Photosynthetic
Water-and Nitrogen-Use Efficiency and Hydraulic Limitation in Acer
mono.” Tree Physiology 24, no. 7: 745-752. https://doi.org/10.1093/treep
hys/24.7.745.

Nakagawa, S., D. W. Noble, A. M. Senior, and M. Lagisz. 2017. “Meta-
Evaluation of Meta-Analysis: Ten Appraisal Questions for Biologists.”
BMC Biology 15: 1-14. https://doi.org/10.1186/512915-017-0357-7.

Nakagawa, S., and E. S. Santos. 2012. “Methodological Issues and
Advances in Biological Meta-Analysis.” Evolutionary Ecology 26: 1253—
1274. https://doi.org/10.1007/s10682-012-9555-5.

Nakagawa, S., Y. Yang, E. L. Macartney, R. Spake, and M. Lagisz. 2023.
“Quantitative Evidence Synthesis: A Practical Guide on Meta-Analysis,
Meta-Regression, and Publication Bias Tests for Environmental
Sciences.” Environmental Evidence 12, no. 1: 8. https://doi.org/10.1186/
$13750-023-00301-6.

Niinemets, U. 1997. “Distribution Patterns of Foliar Carbon and
Nitrogen as Affected by Tree Dimensions and Relative Light Conditions
in the Canopy of Picea abies.” Trees 11: 144-154. https://doi.org/10.
1007/PL0O0009663.

Niinemets, U. 1999. “Research Review. Components of Leaf Dry Mass
Per Area—Thickness and Density - Alter Leaf Photosynthetic Capacity

in Reverse Directions in Woody Plants.” New Phytologist 144: 35-47.
https://doi.org/10.1046/j.1469-8137.1999.00466.X.

Niinemets, U. 2001. “Global-Scale Climatic Controls of Leaf Dry Mass
Per Area, Density, and Thickness in Trees and Shrubs.” Ecology 82,
no. 2: 453-469. https://doi.org/10.1890/0012-9658(2001)082[0453:
GSCCOL]2.0.CO;2.

Niinemets, U. 2002. “Stomatal Conductance Alone Does Not Explain
the Decline in Foliar Photosynthetic Rates With Increasing Tree Age
and Size in Picea abies and Pinus sylvestris.” Tree Physiology 22, no. 8:
515-535. https://doi.org/10.1093/treephys/22.8.515.

Niinemets, U. 2010. “Responses of Forest Trees to Single and Multiple
Environmental Stresses From Seedlings to Mature Plants: Past Stress
History, Stress Interactions, Tolerance and Acclimation.” Forest Ecology
and Management 260, no. 10: 1623-1639. https://doi.org/10.1016/].
foreco.2010.07.054.

Niinemets, U. 2015. “Is There a Species Spectrum Within the World-
Wide Leaf Economics Spectrum? Major Variations in Leaf Functional
Traits in the Mediterranean Sclerophyll Quercus ilex.” New Phytologist
205, no. 1: 79-96. https://doi.org/10.1111/nph.13001.

Niinemets, U., T. F. Keenan, and L. Hallik. 2015. “A Worldwide
Analysis of Within-Canopy Variations in Leaf Structural, Chemical and
Physiological Traits Across Plant Functional Types.” New Phytologist
205, no. 3: 973-993. https://doi.org/10.1111/nph.13096.

Niinemets, U., A. Sparrow, and A. Cescatti. 2005. “Light Capture
Efficiency Decreases With Increasing Tree Age and Size in the Southern
Hemisphere Gymnosperm Agathis australis.” Trees 19: 177-190. https://
doi.org/10.1007/s00468-004-0379-y.

Onoda, Y., I. J. Wright, J. R. Evans, et al. 2017. “Physiological and
Structural Tradeoffs Underlying the Leaf Economics Spectrum.” New
Phytologist 214, no. 4: 1447-1463. https://doi.org/10.1111/nph.14496.

Osenberg, C. W., O. Sarnelle, S. D. Cooper, and R. D. Holt. 1999.
“Resolving Ecological Questions Through Meta-Analysis: Goals,
Metrics, and Models.” Ecology 80, no. 4: 1105-1117. https://doi.org/10.
1890/0012-9658(1999)080[1105:REQTMA]2.0.CO;2.

Palow, D. T., K. Nolting, and K. Kitajima. 2012. “Functional Trait
Divergence of Juveniles and Adults of Nine Inga Species With
Contrasting Soil Preference in a Tropical Rain Forest.” Functional
Ecology 26, no. 5: 1144-1152. https://doi.org/10.1111/§.1365-2435.2012.
02019.x.

Pan, Y., E. Cieraad, J. Armstrong, et al. 2020. “Global Patterns of the
Leaf Economics Spectrum in Wetlands.” Nature Communications 11,
no. 1: 4519.

Philippot, L., C. Chenu, A. Kappler, M. C. Rillig, and N. Fierer. 2024.
“The Interplay Between Microbial Communities and Soil Properties.”
Nature Reviews Microbiology 22, no. 4: 226-239. https://doi.org/10.1038/
541579-023-00980-5.

Poorter, H. 1994. “Construction Costs and Payback Time of Biomass:
A Whole Plant Perspective.” In A Whole Plant Perspective on Carbon-
Nitrogen Interactions, 111-127. SPB Academic Publishing bv, The
Hague.

Poorter, H., U. Niinemets, L. Poorter, 1. J. Wright, and R. Villar. 2009.
“Causes and Consequences of Variation in Leaf Mass Per Area (LMA):
A Meta-Analysis.” New Phytologist 182, no. 3: 565-588. https://doi.org/
10.1111/j.1469-8137.2009.02830.x.

Quinton, J. N., G. Govers, K. Van Oost, and R. D. Bardgett. 2010. “The
Impact of Agricultural Soil Erosion on Biogeochemical Cycling.” Nature
Geoscience 3, no. 5: 311-314. https://doi.org/10.1038/ngeo838.

R Core Team. 2020. R: A Language and Environment for Statistical
Computing. R Foundation for Statistical Computing.

Ramirez-Valiente, J. A., L. Santos del Blanco, R. Alia, J. J. Robledo-
Arnuncio, and J. Climent. 2022. “Adaptation of Mediterranean Forest
Species to Climate: Lessons From Common Garden Experiments.”

14 of 16

Global Ecology and Biogeography, 2025

:sdny) suonipuo) pue swiR L, ayr 23S *[920Z/10/60] U0 AreIqry 2unuQ LM ‘AAVIALIT NOSTIM 0L VLOSANNIN A0 ALISYHAINN A9 €€10L°q23/1111°01/10p/wio a1 Areqraurtjuoy/:sdny woiy papeojumod ‘01 ‘STOT ‘8ETZIIHT

st w00 Ko A

Pt

ASUAIIT SuoWo)) dANEa1) dA[qearidde ayy Aq PauIdA0S are SA[IIIE () 1ash JO SANI 10J AIRIQIT duI[uQ KA UO (:



Journal of Ecology 110, no. 5: 1022-1042. https://doi.org/10.1111/1365-
2745.13730.

Reich, P. B,, D. S. Ellsworth, M. B. Walters, et al. 1999. “Generality
of Leaf Trait Relationships: A Test Across Six Biomes.” Ecology 80,
no. 6: 1955-1969. https://doi.org/10.1890/0012-9658(1999)080[1955:
GOLTRA]2.0.CO;2.

Reich, P. B., Y. Luo, J. B. Bradford, H. Poorter, C. H. Perry, and J.
Oleksyn. 2014. “Temperature Drives Global Patterns in Forest Biomass
Distribution in Leaves, Stems, and Roots.” Proceedings of the National
Academy of Sciences of the United States of America 111, no. 38: 13721-
13726. https://doi.org/10.1073/pnas.1216053111.

Rijkers, T., T. L. Pons, and F. Bongers. 2000. “The Effect of Tree Height
and Light Availability on Photosynthetic Leaf Traits of Four Neotropical
Species Differing in Shade Tolerance.” Functional Ecology 14, no. 1: 77-
86. https://doi.org/10.1046/j.1365-2435.2000.00395.x.

Rissanen, T., P. Niittynen, J. Soininen, A. M. Virkkala, and M. Luoto.
2023. “Plant Trait-Environment Relationships in Tundra Are Consistent
Across Spatial Scales.” Ecography 2023, no. 7: €06397.

Rosenberg, M. S. 2005. “The File-Drawer Problem Revisited: A General
Weighted Method for Calculating Fail-Safe Numbers in Meta-Analysis.”
Evolution 59, no. 2: 464-468. https://doi.org/10.1111/j.0014-3820.2005.
tb01004.x.

Ryan, M. G., and B. J. Yoder. 1997. “Hydraulic Limits to Tree Height and
Tree Growth.” Bioscience 47, no. 4: 235-242. https://doi.org/10.2307/
1313077.

Sanchez-Martinez, P., J. Martinez-Vilalta, K. G. Dexter, R. A. Segovia,
and M. Mencuccini. 2020. “Adaptation and Coordinated Evolution of
Plant Hydraulic Traits.” Ecology Letters 23, no. 11: 1599-1610. https://
doi.org/10.1111/ele.13584.

SanClements, M. D.,1.J. Fernandez, and S. A. Norton. 2010. “Phosphorus
in Soils of Temperate Forests: Linkages to Acidity and Aluminum.” Soil
Science Society of America Journal 74, no. 6: 2175-2186. https://doi.org/
10.2136/s552j2009.0267.

Schmitt, S., S. Trueba, S. Coste, et al. 2022. “Seasonal Variation of
Leaf Thickness: An Overlooked Component of Functional Trait
Variability.” Plant Biology 24, no. 3: 458-463. https://doi.org/10.1111/
plb.13395.

Siefert, A., C. Violle, L. Chalmandrier, et al. 2015. “A Global Meta-
Analysis of the Relative Extent of Intraspecific Trait Variation in Plant
Communities.” Ecology Letters 18, no. 12: 1406-1419. https://doi.org/10.
1111/ele.12508.

Slessarev, E. W., Y. Lin, N. L. Bingham, et al. 2016. “Water Balance
Creates a Threshold in Soil pH at the Global Scale.” Nature 540, no.
7634: 567-569. https://doi.org/10.1038/nature20139.

Sperry,J.S., U. G. Hacke, R. Oren, and J. P. Comstock. 2002. “Water Deficits
and Hydraulic Limits to Leaf Water Supply.” Plant, Cell & Environment 25,
no. 2: 251-263. https://doi.org/10.1046/j.0016-8025.2001.00799.x.

Steppe, K., U. Niinemets, and R. O. Teskey. 2011. “Tree Size-and Age-
Related Changes in Leaf Physiology and Their Influence on Carbon
Gain.” In Size-and Age-Related Changes in Tree Structure and Function,
235-253. Springer. https://doi.org/10.1007/978-94-007-1242-3_9.

Streeter, J. G. 2003. “Effects of Drought on Nitrogen Fixation in Soybean
Root Nodules.” Plant, Cell & Environment 26, no. 8: 1199-1204. https://
doi.org/10.1046/j.1365-3040.2003.01041.x.

Sun, J., C. Liu, J. Hou, and N. He. 2021. “Spatial Variation of Stomatal
Morphological Traits in Grassland Plants of the Loess Plateau.”
Ecological Indicators 128: 107857. https://doi.org/10.1016/j.ecolind.
2021.107857.

Thomas, S. C., and W. E. Winner. 2002. “Photosynthetic Differences
Between Saplings and Adult Trees: An Integration of Field Results by
Meta-Analysis.” Tree Physiology 22, no. 2-3: 117-127. https://doi.org/10.
1093/treephys/22.2-3.117.

Tumber-Davila, S. J., H. J. Schenk, E. Du, and R. B. Jackson. 2022.
“Plant Sizes and Shapes Above and Belowground and Their Interactions
With Climate.” New Phytologist 235, no. 3: 1032-1056. https://doi.org/10.
1111/nph.18031.

Viani, R. A., R. R. Rodrigues, T. E. Dawson, H. Lambers, and R. S.
Oliveira. 2014. “Soil pH Accounts for Differences in Species Distribution
and Leaf Nutrient Concentrations of Brazilian Woodland Savannah and
Seasonally Dry Forest Species.” Perspectives in Plant Ecology, Evolution
and Systematics 16, no. 2: 64-74. https://doi.org/10.1016/j.ppees.2014.
02.001.

Viechtbauer, W. 2010. “Conducting Meta-Analyses in R With the
Metafor Package.” Journal of Statistical Software 36, no. 3: 1-48. https://
doi.org/10.18637/jss.v036.i03.

Wang, K., G.Jin,and Z. Liu. 2023. “Dynamic Variation of Non-Structural
Carbohydrates in Branches and Leaves of Temperate Broad-Leaved
Tree Species Over a Complete Life History.” Frontiers in Forests and
Global Change 6: 1130604. https://doi.org/10.3389/ffgc.2023.1130604.

Wang, N, S. Palmroth, C. A. Maier, J. C. Domec, and R. Oren. 2019.
“Anatomical Changes With Needle Length Are Correlated With Leaf
Structural and Physiological Traits Across Five Pinus Species.” Plant,
Cell & Environment 42, no. 5: 1690-1704. https://doi.org/10.1111/pce.
13516.

Wang, Y., G. Jin, and Z. Liu. 2024. “Effects of Tree Size and Organ Age
on Variations in Carbon, Nitrogen, and Phosphorus Stoichiometry in
Pinus koraiensis.” Journal of Forestry Research 35, no. 1: 52. https://doi.
0rg/10.1007/s11676-024-01705-x.

Weiner, J. 1990. “Asymmetric Competition in Plant Populations.”
Trends in Ecology & Evolution 5, no. 11: 360-364.

Westerband, A. C., I. J. Wright, V. Maire, et al. 2023. “Coordination
of Photosynthetic Traits Across Soil and Climate Gradients.” Global
Change Biology 29, no. 3: 856-873. https://doi.org/10.1111/gcb.16501.

Wickham, H. 2016. “Data Analysis.” In ggplot2: Elegant Graphics for
Data Analysis, 189-201. Springer International Publishing.

Williams, K., C. B. Field, and H. A. Mooney. 1989. “Relationships
Among Leaf Construction Cost, Leaf Longevity, and Light Environment
in Rain-Forest Plants of the Genus Piper.” American Naturalist 133, no.
2:198-211. https://doi.org/10.1086/284910.

Wright, I. J., P. B. Reich, and M. Westoby. 2001. “Strategy Shifts in Leaf
Physiology, Structure and Nutrient Content Between Species of High-and
Low-Rainfall and High-and Low-Nutrient Habitats.” Functional Ecology
15, no. 4: 423-434. https://doi.org/10.1046/j.0269-8463.2001.00542.x.

Wright, L. J., P. B. Reich, M. Westoby, et al. 2004. “The Worldwide Leaf
Economics Spectrum.” Nature 428, no. 6985: 821-827. https://doi.org/
10.1038/nature02403.

Wuyun, T., L. Zhang, T. Tosens, et al. 2024. “Extremely Thin but Very
Robust: Surprising Cryptogam Trait Combinations at the End of the
Leaf Economics Spectrum.” Plant Diversity 46: 621-629. https://doi.org/
10.1016/j.pld.2024.04.009.

Xie, J., Z. Wang, and Y. Li. 2022. “Stomatal Opening Ratio Mediates
Trait Coordinating Network Adaptation to Environmental Gradients.”
New Phytologist 235, no. 3: 907-922. https://doi.org/10.1111/nph.18189.

Xu, H., B. Zhu, X. Wei, M. Yu, and X. Cheng. 2021. “Root Functional
Traits Mediate Rhizosphere Soil Carbon Stability in a Subtropical
Forest.” Soil Biology and Biochemistry 162: 108431. https://doi.org/10.
1016/j.s0ilbio.2021.108431.

Zhang, P., J. Ding, Q. Wang, et al. 2024. “Contrasting Coordination of
Non-Structural Carbohydrates With Leaf and Root Economic Strategies
of Alpine Coniferous Forests.” New Phytologist 243, no. 2: 580-590.
https://doi.org/10.1111/nph.19678.

Zhong, Y., W. Yan, L. P. Canisares, S. Wang, and E. L. Brodie. 2023.
“Alterations in Soil pH Emerge as a Key Driver of the Impact of Global
Change on Soil Microbial Nitrogen Cycling: Evidence From a Global

150f 16

:sdny) suonipuo) pue swiR L, ayr 23S *[920Z/10/60] U0 AreIqry 2unuQ LM ‘AAVIALIT NOSTIM 0L VLOSANNIN A0 ALISYHAINN A9 €€10L°q23/1111°01/10p/wio a1 Areqraurtjuoy/:sdny woiy papeojumod ‘01 ‘STOT ‘8ETZIIHT

st w00 Ko A

Pt

ASUAIIT SuoWo)) dANEa1) dA[qearidde ayy Aq PauIdA0S are SA[IIIE () 1ash JO SANI 10J AIRIQIT duI[uQ KA UO (:



Meta-Analysis.” Global Ecology and Biogeography 32, no. 1: 145-165.
https://doi.org/10.1111/geb.13616.

Zhou, Y., M. Schaub, L. Shi, et al. 2012. “Non-Linear Response of
Stomata in Pinus koraiensis to Tree Age and Elevation.” Trees 26: 1389—
1396. https://doi.org/10.1007/s00468-012-0713-8.

Supporting Information

Additional supporting information can be found online in the
Supporting Information section. Data S1: geb70133-sup-0001-Supinfo.
docx. Data S2: geb70133-sup-0002-Supinfol.zip. Appendix S1:
2eb70133-sup-0003-Appendix1.docx.

16 of 16

Global Ecology and Biogeography, 2025

:sdny) suonipuo) pue swiR L, ayr 23S *[920Z/10/60] U0 AreIqry 2unuQ LM ‘AAVIALIT NOSTIM 0L VLOSANNIN A0 ALISYHAINN A9 €€10L°q23/1111°01/10p/wio a1 Areqraurtjuoy/:sdny woiy papeojumod ‘01 ‘STOT ‘8ETZIIHT

st w00 Ko A

Pt

ASUAIIT SuoWo)) dANEa1) dA[qearidde ayy Aq PauIdA0S are SA[IIIE () 1ash JO SANI 10J AIRIQIT duI[uQ KA UO (:



	How Environment Affects Ontogenetic Differences in Leaf Functional Traits of Woody Plants
	ABSTRACT
	1   |   Introduction
	2   |   Materials and Methods
	2.1   |   Literature Survey
	2.2   |   Data Extraction
	2.3   |   Calculation of the Effect Size
	2.4   |   Statistical Analyses

	3   |   Results
	3.1   |   General Patterns
	3.2   |   Solar Radiation (R) Effects on Ontogenetic Differences in Leaf Traits (H1)
	3.3   |   Impacts of Climatic Drivers on Ontogenetic Differences in Leaf Traits (H2)
	3.4   |   Ontogenetic Differences in Leaf Traits in Relation to Soil Characteristics (H3–H5)
	3.5   |   Relationships Between LES Traits

	4   |   Discussion
	4.1   |   General Patterns
	4.2   |   Solar Radiation Effects on Ontogenetic Differences in Leaf Traits (H1)
	4.3   |   Impacts of Climatic Drivers on Ontogenetic Differences in Leaf Traits (H2)
	4.4   |   Ontogenetic Differences in Leaf Traits in Relation to Soil Characteristics (H3–H5)
	4.5   |   Relationships Between LES Traits

	5   |   Conclusions
	Author Contributions
	Acknowledgements
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	Biosketch
	References


