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[bookmark: OLE_LINK130][bookmark: OLE_LINK2]Supplementary Note 1 | Description of the database
[bookmark: OLE_LINK49][bookmark: OLE_LINK48][bookmark: OLE_LINK254]Nitrogen (N) is a major constituent of proteins for biological processes. To optimize growth and ensure survival under specific environmental conditions, plants need to balance N investment in proteins for different biological processes. We hypothesize that the fractional allocation of leaf nitrogen to these processes varies with leaf N concentration, reflecting adaptive shifts in plant strategy as nitrogen availability changes. Leaf N is broadly partitioned into two major pools: functional pool and structural pool (Xu et al., 2012). Functional N is subdivided into photosynthetic N (principally allocated to Rubisco, electron transport, and light capture), respiratory N, and storage N. Structural N is mainly utilized for building cell walls. Respiratory N is defined as the N invested in mitochondrial respiratory enzymes to generate energy to support growth and tissue maintenance. However, previous studies indicate that the proportion of respiratory N is quite low, constituting only about 2% of the total leaf N (Ghimire et al., 2017). Storage N is calculated as the total N pool minus the sum of structural, photosynthetic, and respiratory N. The storage N pool is primarily utilized for the production of new plant tissues and seeds. Therefore, the N pools that predominantly govern existing leaf function are photosynthetic N and structural N. 
[bookmark: OLE_LINK42][bookmark: OLE_LINK38][bookmark: OLE_LINK250][bookmark: OLE_LINK43][bookmark: OLE_LINK5][bookmark: OLE_LINK227]Here, we mainly focus on the allocation of leaf N to a range of photosynthetic and structural proteins, including ribulose-1,5-bisphosphate carboxylase-oxygenase enzyme carboxylation (mainly Rubisco, PR), bioenergetics (i.e., electron transport, PB), light capture by chlorophyll (PL), and cell wall structure (Pcw). In the current literature, leaf N allocation is estimated primarily through two complementary approaches: direct extraction method (e.g., spectrophotometric quantification of key proteins like Rubisco, cell wall) and trait-based modeling (e.g., mechanistic partitioning models inferred from gas exchange and chlorophyll fluorescence data).
[bookmark: OLE_LINK51]The chemical extraction method is mainly used to extract nitrogen in Rubisco, chlorophyll for light capture, the cytochrome f complex involved in electron transport, and the cell walls. The concentrations of chlorophyll and Rubisco were determined from frozen leaf discs. A disc was homogenized in a protective extraction buffer, and the resulting homogenate was filtered. Chlorophyll in the filtrate was extracted with acetone and quantified spectrophotometrically. For Rubisco quantification, the same filtrate was separated by SDS-PAGE, stained, and the band corresponding to the large subunit was excised and eluted for spectrophotometric determination (Takashima et al., 2004). The quantification of cytochrome f involves a two-step biochemical procedure. First, thylakoid membrane proteins are isolated from leaf samples. Subsequently, the protein extract is separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The cytochrome f content is then determined either by immunoblotting or by direct spectrophotometric assay based on its characteristic heme absorbance (Niinemets & Tenhunen, 1997). Cell wall nitrogen was quantified by isolating the cell wall fraction from leaf homogenates through sequential washing with buffer, water, and a phenol-acetic acid-water (PAW) solvent to remove non-structural proteins and contaminants. The purified cell wall residue was dried, and its dry mass and nitrogen content were then measured to determine cell wall mass and N concentration (Hikosaka et al., 2009).
[bookmark: OLE_LINK252][bookmark: OLE_LINK253]For trait-based modeling, the fractions of total leaf N allocated to carboxylation (e.g., Rubisco), bioenergetics (electron transport components), and light capture complexes were estimated following the framework established by Niinemets and Tenhunen (1997). Meanwhile, different improved versions of the above calculation method have evolved based on the availability of trait parameters (Evans and Poorter (2001)). The ecological mechanism and specific formula of trait-based modeling are as follows:
Rubisco is the dominant protein within the Calvin cycle enzymes; therefore, Calvin cycle activity is considered proportional to Rubisco activity. With knowledge of the specific activity of Rubisco, i.e. the maximum rate of RUBP carboxylation per unit Rubisco protein, and provided all leaf Rubisco is in the fully activated state, the maximum rate of carboxylation per unit leaf area can be determined by,

[bookmark: OLE_LINK41]Then, the index PR defined as the proportion of total leaf nitrogen allocated to Rubisco (g N in Rubisco (g total leaf N)-1) is given by,

[bookmark: OLE_LINK9]Where  (μmol CO2 m-2 s-1) is the maximum carboxylation rate of Rubisco enzyme,  (μmol CO2 g-1 RuBisCO s-1) is the specific activity of Rubisco,  is leaf nitrogen content (g N m-2), and 6.25 is the mass ratio of Rubisco molecule to N in Rubisco molecule (g RuBisCO g-1 N). At leaf temperature of 25°C,  equals 20.78 μmol CO2 g-1 Rubisco s-1 at leaf temperature of 25°C.
[bookmark: OLE_LINK34][bookmark: OLE_LINK35]Leaf N investment in bioenergetics determines the protein content limiting the capacity for photosynthetic electron transport and photophosphorylation. The index PB therefore reflects variations in the abundance of three principal proteins that limit the electron transport rate: cytochrome f, ferredoxin NADP⁺ reductase, and the coupling factor (Evans & Seemann, 1989). The maximum rate of electron transport per unit leaf area can be determined by,

Then, the index PB defined as the proportion of total leaf nitrogen allocated to electron transport (g N in bioenergetics (g total leaf N)-1) is given by,

[bookmark: OLE_LINK36][bookmark: OLE_LINK12]Where  (μmol electron m-2 s-1) is the maximum electron transport rate,  (μmol electron μmol-1 cytochrome f s-1 ) is the potential rate of photosynthetic electron transport per unit cytochrome f. Considering a constant 1:1:1.2 molar ratio for cyt f: FNR: CF, the investment in bioenergetics is at least 0.124 g N (μmol cyt f)-1. Consequently, the protein content can be derived from nitrogen content using the conversion factor of 8.06 μmol cyt f (g N in bioenergetics)⁻¹. At leaf temperature of 25°C,  equals 156 μmol electron μmol-1 cytochrome f s-1.
[bookmark: OLE_LINK33]Leaf N investment in light capture determines the content of chlorophyll a/b protein complexes associated with photosystems Ⅰ (PSI) and II (PSII). Then, the index PL defined as the proportion of total leaf nitrogen allocated to light capture (g N in chlorophyll (g total leaf N)-1) is given by

where  is the chlorophyll content (mmol chlorophyll/m2) and  (1.78 mmol chlorophyll g-1 N in chlorophyll) is the amount of nitrogen in chlorophyll molecule. 
[bookmark: OLE_LINK47][bookmark: OLE_LINK163]The fractions of the total leaf nitrogen allocated to Rubisco, bioenergetics and light capture components of the photosynthetic apparatus determined based on the approach by Niinemets and Tenhunen (1997). Based on the keywords "((TS=(leaf)) OR TS=(foliar)) AND (((TS=(nitrogen allocation)) OR TS=(nitrogen fraction)) OR TS=(nitrogen partitioning))", a total of 157 literatures from Web of Science (http://webofscience.com) and Google Schoolar (https://scholar.google.com) have been compiled in our database. The literature list is attached at the end ([1]-[157]). For each study, the data was directly obtained from the text, tables, and supplementary materials of the literature, or acquired from graphics using GetData Graph Digitizer v2.26. Following a systematic screening process, we compiled a total of 1,260 individual-level observations. Along with the N fractions value, we also recorded the corresponding sample size, variance, and sampling year for each observation. To prevent the overrepresentation of multiple observations for a single species from a single study, we calculated a site-specific mean for each species, defining this unit as a population. The population-level sample sizes for each N fraction as follows: 706 PR, 539 for PB, 512 PL, and 167 PCW. To construct the phylogenetic analyses, these population-level data were further averaged to the species level. Consequently, our final database included data for 520 species from 99 families. The corresponding species-level sample sizes were: 516 species for PR, 396 for PB, 378 for PL, and 123 for PCW.
[bookmark: OLE_LINK7][bookmark: OLE_LINK205]Supplementary Note 2 | Data preprocessing
[bookmark: OLE_LINK22][bookmark: OLE_LINK17][bookmark: OLE_LINK131][bookmark: OLE_LINK4][bookmark: OLE_LINK325][bookmark: OLE_LINK6]The collected data are pre-processed using the following criteria: (1) Not all data are presented directly in terms of leaf nitrogen fractions. If the articles report the associated leaf traits (i.e., Vcmax, Jmax, and leaf chlorophyll content), we then calculate the fractions of the total leaf nitrogen allocated to carboxylation, bioenergetics and light capture components based on the approach by Niinemets and Tenhunen (1997). (2) Some studies have only explored the nitrogen allocation associated with certain specific functions. Therefore, in order to minimize publication bias caused by different data sources, we only included studies that reported data for at least two of the four major leaf N components in this analysis. (3) All measurements were compiled from studies conducted under ambient (non-manipulated) conditions. For studies that included experimental manipulations (e.g., warming, nitrogen addition, or CO₂ enrichment), only data from the control groups were used to establish the baseline patterns. Observations from treatment groups in manipulation experiments were used solely to quantify intraspecific responses to environmental changes (Supplementary Figure 6). (4) Taking into account the statistical assumption of independence among observations, we used only the site-specific mean value for a given species. Given that all the analyses in this study were carried out at the species level, for species found at more than one sampling location, we computed the mean values of each leaf nitrogen fraction at the species level.
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[bookmark: OLE_LINK245][bookmark: OLE_LINK246]Supplementary Figure 1. Geographic distribution of the locations included in this study. The geographic distribution of study sites is shown with the map background colored by biome type and the circles colored by sampling year. The insert panel illustrates the spatial distributions of locations across the Whittaker biomes along climatic gradients.
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[bookmark: OLE_LINK223]Supplementary Figure 2. Phylogenetic signal heterogeneity was characterized using node-specific variation across the phylogeny. A larger node-specific variation suggests a weakening or breakdown of phylogenetic conservatism for that trait within the clade originating from that node.
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[bookmark: OLE_LINK81][bookmark: OLE_LINK212]Supplementary Figure 3. Relationships between leaf N allocation to photosynthetic apparatus (Rubisco, electron transport, light absorption) and cell wall structures. a-c, The results of standardized major axis (SMA) regression. d-f, The results of phylogenetic SMA (Phy.SMA) regression.
[image: ]
Supplementary Figure 4. Comparison of leaf economic traits between life forms and mycorrhizal types. *P < 0.05, **P < 0.01 and ***P < 0.001.
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[bookmark: OLE_LINK213][bookmark: OLE_LINK214]Supplementary Figure 5. Comparison of leaf nitrogen allocation patterns between life forms and mycorrhizal types. *P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001.
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[bookmark: OLE_LINK328][bookmark: OLE_LINK29][bookmark: OLE_LINK30]Supplementary Figure 6. Response of plant leaf nitrogen allocation to environmental changes. Effect sizes are expressed as log response ratios (lnRR) with 95% confidence intervals (CI). The sample size (number of observations, n) for each treatment group is displayed. Effects were considered significant at α = 0.05 when the confidence interval did not overlap with 0. Light availability treatments refer specifically to reduced light intensity conditions.
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Supplementary Figure 7. Correlation matrix between leaf economic traits and leaf nitrogen fractions. The numbers in the graph represent correlation coefficients. *P < 0.05


[bookmark: OLE_LINK207]Supplementary Table 1. Phylogenetic signals of leaf nitrogen fractions. Phylogenetic signal and significance were tested using three methods. 
	[bookmark: OLE_LINK18]N fractions
	[bookmark: OLE_LINK54]Pagel’s λ
	P value
	Blomberg’s K
	P value
	Moran’s I
	P value
	Species

	PR
	0.864
	<0.001
	0.047
	0.005
	-0.003
	0.199
	516

	PB
	0.704
	<0.001
	0.039
	0.088
	-0.003
	0.727
	396

	PL
	0.848
	<0.001
	0.109
	0.001
	-0.005
	0.001
	378

	PCW
	0.348
	0.039
	0.033
	0.960
	-0.014
	0.015
	123

	PP
	0.537
	<0.001
	0.032
	0.162
	-0.003
	0.972
	313









Supplementary Table 2. Linear regression of leaf nitrogen fractions with divergence time at the population level. 
	Correlations
	R2
	P value

	PR-Time
	0.015
	<0.01

	PB-Time
	0.055
	<0.001

	PL-Time
	0.034
	<0.001

	PCW-Time
	0.04
	<0.01





[bookmark: OLE_LINK60][bookmark: OLE_LINK116]Supplementary Table 3. Coefficients of SMA and Phy.SMA models on relationships between leaf nitrogen fractions. 
	Correlations
	SMA
	Phy.SMA

	
	Coefficients
	R2
	P value
	Coefficients
	R2
	P value

	PR-PCW
	[bookmark: OLE_LINK87]Slop=-0.629
	0.067
	<0.01
	Slop=-0.728
	0.175
	<0.001

	PB-PCW
	[bookmark: OLE_LINK88]Slop=-0.763
	0.152
	<0.001
	[bookmark: OLE_LINK82]Slop=-0.814
	0.147
	<0.01

	PL-PCW
	Slop=-1.543
	0.313
	<0.001
	Slop=-1.572
	0.014
	0.359
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