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Abstract 72 

Fundamental axes of variation in plant traits result from trade-offs between costs and 73 

benefits of resource-use strategies at the leaf scale. However, it is unclear whether trade-74 

offs and optimality principles in functional traits of leaves are conserved at the ecosystem 75 

level. 76 

We tested three well-known leaf- and plant-level coordination theories at the ecosystem 77 

scale: the leaf economics spectrum, the global spectrum of plant form and function, and the 78 

least-cost hypothesis. We combined ecosystem functional properties from 98 FLUXNET 79 

sites, vegetation properties, and ecosystem-level plant traits into three corresponding 80 

principal component analyses. 81 

Coordination is conserved at the ecosystem scale. However, additional processes occur at 82 

the ecosystem level compared to the leaf scale, highlighting the importance of scale-83 

emergent properties in understanding and predicting ecosystem behaviour. Evaluating the 84 

coordination of ecosystem functional properties supports the development of more realistic 85 

global dynamic vegetation models with critical empirical data, reducing the uncertainty of 86 

climate change projections.  87 
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Introduction 88 

Decades of research have identified trade-offs and coordination between functional traits at 89 

the plant and organ levels that are explained through the concept of eco-evolutionary 90 

optimality1–8. Optimality assumes that natural selection and environmental filtering shape 91 

predictable and general patterns in traits, leading to specific trait combinations that favor 92 

economic efficiency of processes as a necessary condition of plant growth, survival, and 93 

reproduction9. For instance, the leaf economics spectrum uncovers plant resource 94 

harvesting strategies, with underlying trade-offs in the investment and utilization of 95 

resources depending on leaf longevity8. High structural investments in leaves (high leaf mass 96 

per area) translate to slow but long-term carbon gain (high leaf longevity), while the inverse, 97 

mutually exclusive strategy is characterized by high nutrient investments (low leaf mass per 98 

area, high leaf nitrogen content per leaf mass) that compensate short leaf lifespan through 99 

increased leaf-level productivity5,8. The related global spectrum of plant form and function 100 

explores evolutionary strategies related to plant growth, survival, and reproduction by 101 

describing two key dimensions related to the size of whole plants and organs, and the 102 

performance-persistence trade-off related to the leaf economics spectrum1. Another 103 

example of trait coordination is the least-cost hypothesis, which describes a continuum in 104 

plant economic strategies aimed at optimizing the input mix of two key limiting resources, 105 

water and nitrogen. Following economic theory, a decreasing acquisition cost for one of the 106 

two resources is generally accompanied by an increasing cost for the other limiting 107 

resource7,10. While optimality principles and patterns in trait coordination have been widely 108 

studied and confirmed at the leaf and plant scale, and some studies at the community scale 109 

exist11, it is unclear how these relationships translate to the ecosystem scale. 110 
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Ecosystems are intricate mixtures of different species that compete for resources such as 111 

energy, water, and nutrients12, and abiotic components that affect biological processes and 112 

ecological interactions. Ecosystems feature scale-emergent properties13–15, i.e. properties 113 

that are only manifested at a certain scale: for instance, light interception is largely 114 

dependent on the leaf area index and the overall orientation of leaves, and on how much 115 

light can penetrate the canopy space. Therefore, leaf radiation relationships observed at the 116 

leaf level can be very different from the ones observed at the canopy scale16. Canopy-level 117 

processes are intrinsically linked to canopy architecture, and vegetation structure (e.g. 118 

arrangement of leaves, shoots, etc.)17,18, and can be determined by species composition, but 119 

also influenced by disturbance and management. Consequently, the coordination between 120 

ecosystem functional properties at the canopy scale can contrast with the theory of 121 

optimization in leaves or plant organs19. 122 

Understanding the coordination among functional properties within ecosystems has major 123 

implications for the refinement of parameterization and evaluation of terrestrial biosphere 124 

models. In fact, many ongoing initiatives are proposing more realism in the coordination of 125 

plant functional traits9,20. For more realistic predictions of how ecosystems will respond to 126 

global environmental changes, the upscaling from leaf or plant to ecosystem-level processes 127 

needs to consider whether the coordination observed at leaf- and plant-level is conserved at 128 

ecosystem scale, or, conversely, whether scale-emergent behaviors occur and need to be 129 

explicitly implemented in the models21. 130 

Here, we ask whether well-established coordination principles that apply to the leaf and 131 

plant scales are conserved at the ecosystem scale. Based on an extensive dataset from 98 132 

global eddy-covariance flux measurement sites, and vegetation data collected in-situ and 133 
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from global databases of plant traits, we explore ecosystem-scale analogues to the 134 

relationships between functional traits identified by i) the leaf economics spectrum5,8, ii) the 135 

global spectrum of plant form and function1, and iii) the least-cost hypothesis7,10. 136 
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Results 137 

Leaf economics spectrum at the ecosystem scale 138 

To analyze if the leaf economics spectrum8 is propagated to the ecosystem scale, we 139 

conducted a principal component analysis based on five ecosystem functional properties 140 

and vegetation properties analogous (i.e. representing the same or similar process) to the 141 

leaf scale. We used the site-weighted means of nitrogen per mass (wNmass), leaf longevity 142 

(wLL), and leaf mass per area (wLMA), the photosynthetic capacity of the whole ecosystem 143 

(GPPsat), and the maximum ecosystem respiration (RECOmax, Table S1). The ecosystem-144 

scale economics spectrum was apparent from the results of the principal component 145 

analysis, where two retained principal components (PC) cumulatively explained 82.3 ± 4.7 % 146 

of the variance in the dataset (Figure 1). In particular, the first principal component showed 147 

strong negative loadings of the site-weighted means of leaf mass per area and leaf longevity 148 

(wLMA: -0.83 ± 0.04, wLL: -0.67 ± 0.06), and positive loadings of nitrogen content, 149 

photosynthetic capacity, and respiration (wNmass: 0.85 ± 0.03, GPPsat: 0.79 ± 0.04, and 150 

RECOmax: 0.69 ± 0.07, Figure 1d and Table S2). This greatly substantiates the trade-offs 151 

between performance and persistence of the leaf economics spectrum at the ecosystem 152 

scale. On the second principal component, all variables other than wNmass loaded 153 

positively, highlighting scale-emergent positive associations between respiration, 154 

photosynthetic capacity, and leaf longevity. Plant functional types (IGBP classification) 155 

differed strongly along the axis expressed by the site-weighted mean plant traits. In 156 

contrast, the variation within plant functional types was better described by the direction of 157 

the GPPsat and RECOmax eigenvectors, with the two sets of variables being nearly 158 

orthogonal to one another (Figure 1a). 159 
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Analysis of forest-only sites produced similar results as for the overall case with all sites 160 

(Figure S1, Table S2). 161 

Results of multimodel inference with different explanatory variables for GPPsat showed 162 

higher importance of wNmass compared to wNarea, which is why we used wNmass in the 163 

principal component analysis (Figure S2).  164 
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 165 

Figure 1. Principal Component Analysis on variables representing the Leaf Economics Spectrum at 166 

the ecosystem scale (90 sites). a) biplot resulting from PCA; point colors represent plant functional 167 

types following the IGBP classification: CSH (Closed Shrubland), DBF (Deciduous Broadleaf Forest), 168 

EBF (Evergreen Broadleaf Forest), ENF (Evergreen Needleleaf Forest), GRA (Grassland), MF (Mixed 169 

Forest), OSH (Open Shrubland), SAV (Savannah), WET (Wetland), WSA (Woody Savannah). Bigger 170 

points represent the centroid of the distribution for each habitat type. b) Explained variance for the 171 

retained principal components (PCs). c) Barplot for the loadings, and d) contributions for each 172 

variable on the retained PCs. Error bars represent the standard error estimated with bootstrap 173 

procedure (n = 499). Variable acronyms: gross primary productivity at light saturation (GPPsat), 174 

maximum ecosystem respiration (RECOmax), site-weighted mean leaf longevity (wLL), site-weighted 175 

mean leaf mass per area (wLMA), site-weighted mean nitrogen per leaf mass (wNmass). 176 
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Global spectrum of plant form and function at the ecosystem scale 177 

We investigated the role of additional properties related to ecosystem structure by testing, 178 

when available, a set of variables analogue to the global spectrum of plant form and 179 

function1 at the ecosystem scale. In addition to the variables characterizing the ecosystem-180 

scale economics spectrum (wNmass, wLMA, GPPsat), we included site-weighted stem 181 

specific density (wSSD), maximum leaf area index (LAImax), and canopy height (Hc, Table 182 

S1). The number of significant principal components based on the Dray method22 was high, 183 

with six PCs retained in two thirds of the bootstrapped iterations (Figure 2). We concentrate 184 

our interpretation to the first three principal components, as the limited number of sites (n 185 

= 89) undermines our capacity to disentangle a large number of dimensions from potential 186 

noise in the data. These three components cumulatively explained 82.7 ± 4.3 % of the 187 

variance in the dataset. 188 

The first component reflected properties related to the maximum rates of ecosystem 189 

processes. Photosynthetic capacity was the main variable contributing positively to PC1, 190 

with further strong contributions and positive loadings from all other variables with the 191 

exception of wSSD and wLMA (Figure 2c and Figure 2d). The only strong negative loading on 192 

the first component was the leaf mass per area (wLMA , -0.61 ± 0.11). This reflects the 193 

performance-persistence trade-off expected by the leaf economics spectrum, and showed 194 

that this coordination principle dominated the variability among ecosystem functional 195 

properties. The second principal component was primarily defined by variables connected 196 

to structure and/or foliar chemistry: nitrogen content and stem specific density loaded 197 

negatively (wNmass: -0.66 ± 0.58, wSSD: -0.52 ± 0.56), while leaf area index and leaf mass 198 

per area had strong positive loadings on PC2 (LAImax: 0.60 ± 0.50, and wLMA: 0.44 ± 0.37). 199 
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This second component resembled the size axis of the global spectrum of plant form and 200 

function. In general, the plane generated by the first two components matched surprisingly 201 

well the hypothesis that the global spectrum propagates to the ecosystem scale. The third 202 

principal component was dominated by stem specific density, with a 56.1 ± 24.3 % 203 

contribution and a strong positive loading (0.79 ± 0.33, Figure 2, Table S3). Canopy height 204 

and leaf mass per area also had important positive effects on PC3, underlying the 205 

importance of structural variables as important properties that emerge at the scale of 206 

ecosystems even beyond the plane of the global spectrum. 207 

In the results based on the forest subset of the sites the number of retained principal 208 

components collapsed to only two. In this case, wSSD was the second most important 209 

contributor on the second component, aligning well with wNmass (Figure S3, Table S3). 210 
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 211 

Figure 2. Principal Component Analysis on the global spectrum of plant form and function at the 212 

ecosystem scale (89 sites). a) biplot resulting from PCA; point colors represent plant functional types 213 

following the IGBP classification: CSH (Closed Shrubland), DBF (Deciduous Broadleaf Forest), EBF 214 

(Evergreen Broadleaf Forest), ENF (Evergreen Needleleaf Forest), GRA (Grassland), MF (Mixed 215 

Forest), OSH (Open Shrubland), SAV (Savannah), WET (Wetland), WSA (Woody Savannah). Bigger 216 

points represent the centroid of the distribution for each vegetation type. b) Explained variance for 217 

the retained principal components (PCs). c) Barplot for the loadings, and d) contributions for each 218 

variable on the retained PCs. Error bars represent the standard error calculated with a bootstrap 219 

procedure (n = 499). Variable acronyms: gross primary productivity at light saturation (GPPsat), 220 

canopy height (Hc), maximum leaf area index (LAImax), site-weighted mean leaf mass per area 221 

(wLMA), site-weighted mean nitrogen per leaf mass (wNmass), site-weighted mean stem specific 222 

density (wSSD).  223 
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Least-cost hypothesis at the ecosystem scale 224 

For the analyses of the least-cost hypothesis7,10 at the ecosystem scale we considered 225 

variables directly or indirectly related to the acquisition, retention, and use-efficiencies of 226 

nitrogen (photosynthetic nitrogen use-efficiency - PNUE), and water (directly related: water 227 

use-efficiency - WUEt, maximum stomatal conductance - Gsmax, evaporative fraction - EF; 228 

indirectly: air temperature - Ta, canopy height - Hc, Table S1). Results of the principal 229 

component analysis showed strong positive loadings on the first component for almost all 230 

variables (Figure 3). In fact, PC1 represented the dimension of the maximum rates of 231 

processes, i.e. the performance dimension that we identify with properties related to 232 

productivity and metabolic rates (e.g. photosynthesis, respiration, water and gas exchange). 233 

The second principal component explained 29 ± 1.8 % of the variance (Figure 3b) and 234 

uncovered the trade-offs expected by the least-cost hypothesis: a negative relationship 235 

between the loadings of water use-efficiency and canopy height on one side (WUEt: -0.54 ± 236 

0.55, and Hc: -0.39 ± 0.51), and evaporative fraction, photosynthetic nitrogen use-efficiency, 237 

and surface conductance on the other side (EF: 0.74 ± 0.32, PNUE: 0.65 ± 0.47, and Gsmax: 238 

0.54 ± 0.26, Figure 3c and 3d, Table S4). 239 

Tests with alternative metrics of water use-efficiency and photosynthetic nitrogen use-240 

efficiency confirmed the negative relationship between these two ecosystem properties on 241 

the second principal component of variability (Figure S4, Figure S5, and Table S4). However, 242 

the difference in R2 for PC1 and PC2 increased substantially when using alternative 243 

formulations of the two ecosystem properties, or different subsets of the data, suggesting 244 

that the first component related to performance dominates the functional space of 245 
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ecosystem properties (Figures S4 – S7). Within forest-only sites, the directionality of the 246 

relationships between variables were similar to the overall results (Figure S8, Table S4). 247 
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 248 

Figure 3. Principal Component Analysis on analogous variables of the least-cost hypothesis (82 sites). 249 

a) biplot resulting from PCA; point colors represent plant functional types following the IGBP 250 

classification: CSH (Closed Shrubland), DBF (Deciduous Broadleaf Forest), EBF (Evergreen Broadleaf 251 

Forest), ENF (Evergreen Needleleaf Forest), GRA (Grassland), MF (Mixed Forest), OSH (Open 252 

Shrubland), SAV (Savannah), WET (Wetland), WSA (Woody Savannah). Bigger points represent the 253 

centroid of the distribution for each habitat type. b) Explained variance for the retained principal 254 

components (PCs). c) Barplot for the loadings, and d) contributions for each variable on the retained 255 

PCs. Error bars represent the standard error estimated with bootstrap procedure (n = 499). Variable 256 

acronyms: evaporative fraction (EF), maximum surface conductance (Gsmax), canopy height (Hc), 257 

maximum leaf area index (LAImax), ecosystem-scale photosynthetic nitrogen use efficiency (PNUE), 258 

air temperature (Ta), water use efficiency based on transpiration (WUEt).  259 
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Discussion 260 

Leaf-level coordination principles propagate to the ecosystem scale. In particular, we show 261 

strong evidence that the leaf economics spectrum is conserved at the ecosystem level. The 262 

global spectrum of plant form and function and the least-cost hypothesis are also evident 263 

for whole ecosystems, despite embodying secondary mechanisms at the ecosystem scale. 264 

However, by upscaling the leaf-level coordination principles to the ecosystem scale, we also 265 

observe higher complexity, as suggested by an increase in significant principal components 266 

compared to those identified by the original theories at the leaf scale. Certain aspects of 267 

trait coordination are conserved at the ecosystem scale (e.g. relationship between  268 

photosynthetic performance and leaf persistence of the leaf economics spectrum8). 269 

Conversely, other trade-offs might be more elusive due to a set of potential issues 270 

underlying the data, due to scale-emergent properties (e.g. structure or evaporation), or 271 

due to properties intrinsic to ecosystem-level processes (e.g. optimization of nitrogen use 272 

and water use is secondary to the dimension of maximum rates). Therefore, accounting for 273 

potential confounding factors such as canopy structure, leaf area index, or processes such as 274 

evaporation is important for an accurate representation of ecosystem-level processes and 275 

relationships. 276 

We acknowledge some potential shortcomings. First, a mismatch between site-level 277 

conditions and plant traits from secondary data sources is possible, since plant trait values 278 

from databases do not necessarily represent adaptations to the local site conditions (e.g. LL, 279 

LMA, SSD). However, encouraging results indicate that this may not be a major issue. In the 280 

case of leaf nitrogen, a recent study showed that it is possible to use the TRY database and 281 

maintain robust relationships with ecosystem scale GPPsat23. Moreover, for European 282 
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forests it is possible to use traits from the TRY database and obtain very similar community 283 

weighted means compared to the in-situ data24. Second, the different length of flux 284 

measurements available at site level impact the calculation of the ecosystem functional 285 

properties, particularly in sites with extreme weather conditions and few years of data. We 286 

accounted for this shortcoming by selecting the maximum (or potential) value of ecosystem 287 

functional properties (e.g. GPPsat, Gsmax) within the measurement period. Within the 288 

relatively short study periods of most eddy covariance sites, this should minimize the 289 

mismatches in species representativeness of plant traits and the effects of meteorological 290 

variability on the fluxes. 291 

The results of our first analysis show that the most important dimension of ecosystem 292 

functional properties describes the trade-off between performance (productivity) and 293 

persistence. This reflects the relationships described in the leaf economics spectrum8. At the 294 

high productivity side of the spectrum, sites characterized by high photosynthetic capacity, 295 

ecosystem respiration, and leaf nitrogen concentration are generally associated with low 296 

structural investments for single leaves in the form of low leaf mass per area (i.e. leaf 297 

thickness and/or leaf density) and leaf longevity. Low leaf longevity translates to a higher 298 

leaf turnover, i.e. possibly higher overall nutrient investments throughout the lifespan of the 299 

plant. In contrast, low photosynthetic capacity and respiration rates associate with lower 300 

nitrogen content, extended leaf longevity, and increased leaf thickness/density (i.e. higher 301 

wLMA, Figure 1, Table S2). 302 

Osnas et al. (2013)25 criticized the original formulation of the leaf economics spectrum 303 

based on mass-normalized traits and leaf mass per area. Here, we used mass-based traits to 304 

be coherent with the leaf economics spectrum. Additionally, our ecosystem-level analogues 305 
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for photosynthetic capacity and respiration are estimated from eddy covariance 306 

measurements and are thus independent of leaf mass- (or area-) normalization. Based on 307 

results of relative importance analysis (Figure S2), we argue that mass-based estimates of 308 

nitrogen might be better suited for analyses on ecosystem-level processes, which is in line 309 

with previous studies23. 310 

While in the leaf economics spectrum described by Wright et al. (2004)8, the first 311 

component explains up to 74 % of the variability of the data, the analogous axis at the 312 

ecosystem scale explains a lower proportion of variance (59.2 ± 3.9 %). However, the 313 

additional information shown on the second component at the ecosystem scale adds up to a 314 

higher overall explained variance (82.3 ± 4.7 %), and suggests higher complexity at the 315 

ecosystem scale. The second dimension likely represents scale-emergent properties (i.e. 316 

only found at the ecosystem scale) that are not evident with the limited set of variables 317 

analogous to the leaf economics spectrum. Finally, we show that additional dimensions are 318 

connected with secondary coordination principles (i.e. vegetation size axis of the global 319 

spectrum, or least-cost hypothesis component). 320 

When analysing the ecosystem-analogue to the global spectrum of plant form and function1, 321 

the fundamental relationships on the first component are the same as in the leaf economics 322 

spectrum, with a clear trade-off between process rates and nutrient investments aimed at 323 

maximizing productivity, and properties related to long-lived strategies. On the other hand, 324 

structural properties related to total leaf area in the canopy and canopy height characterize 325 

the second component. Together, these two axes generate a plane that is strikingly similar 326 

to the one described in the study by Díaz et al. (2016)1. However, when looking at the 327 

direction of the eigenvectors relative to one another, GPPsat falls between the axis of leaf 328 
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economics (wNmass, wLMA), and the axis of size (LAImax in particular). This suggests that 329 

the leaf economics spectrum and the size dimension of vegetation combined can likely 330 

explain the photosynthetic performance of the ecosystems. This would also explain why the 331 

eigenvectors of photosynthetic capacity and ecosystem respiration in Figure 1 are not 332 

aligned with the eigenvectors of nitrogen content, leaf longevity, and leaf mass per area, 333 

characteristic of the leaf economics spectrum. 334 

Considering that we could not include measures related to seed mass among the variables 335 

in our study, and that we included photosynthetic capacity to represent the ecosystem-level 336 

properties, we found a remarkable resemblance to the global spectrum study at the leaf 337 

scale1. However, we highlight one main difference: the effect of stem specific density is 338 

partitioned between the second and especially the third component. This difference could 339 

result from a bias in the dominant vegetation type. In particular, several dominant conifer 340 

species in some sites can have particularly low reported values of stem specific density, and 341 

thus help shape a gradient from low-SSD grasslands and evergreen needleleaf forests, to 342 

high-SSD savannas, woody savannas, deciduous and evergreen broadleaf forests. However, 343 

wSSD is a weighted measure among all available species at a site, while canopy height is 344 

based on the maximum values of single individuals. Thus, the relationship between stem 345 

specific density and plant height, characteristic of the size axis described by Díaz et al. might 346 

break down, with the site-weighted measure of stem specific density having potentially less 347 

clear ecological meaning than its plant-level counterpart. 348 

The high number of retained axes (6) shows that multiple dimensions need to be considered 349 

when performing such analyses at the ecosystem scale. In particular, additional dimensions 350 

(beyond the second component) could hint at secondary effects of e.g. water transport 351 



21 

 

within the soil-plant-atmosphere continuum, or water storage. In fact, canopy height and 352 

stem specific density are indirectly linked to plant hydraulics, especially in trees. For 353 

instance, canopy height relates to the water potentials in the plant and is inversely 354 

proportional to the transpiration rate in Darcy’s law26. At the same time, canopy height and 355 

stem specific density in trees are constrained by hydraulic limitations such as cavitation 356 

risk27. The additional relationships uncovered by the third component could characterize 357 

how water is transported through the plant vessels and stored in wood tissues. Indeed, the 358 

dimension related to water shown in the section of the least-cost hypothesis is important 359 

when water- related variables are considered. Other “hidden” mechanisms that are not 360 

apparent with this set of variables, such as soil chemical and physical characteristics, likely 361 

play an important role in defining principal components beyond the first two dimensions. 362 

Still, we would need consistent measurements across the network to resolve such 363 

limitations28,29. 364 

Our results are partly in line with recent literature describing three main components 365 

related to productivity, water, and carbon use30. Compared to Migliavacca et al. (2021), we 366 

include additional structural and chemical variables, and we find similar components for 367 

productivity and water properties. Additionally, we explain a higher proportion of variance 368 

over the first three components and highlight the importance of structure and size of 369 

vegetation within the ecosystem as a secondary but crucial component. 370 

The exclusion of non-forest sites leads only to minor changes to our results, in line with a 371 

recent study that expands on trait coordination at the leaf scale and compares woody and 372 

non-woody species31. 373 



22 

 

While previous studies already highlighted the striking similarity of community-level 374 

relationships compared to the plant-level trade-offs of Díaz’s global spectrum11, we find that 375 

the same is true for whole-ecosystem relationships between community weighted averages 376 

of plant traits and ecosystem functions inferred using surface-atmosphere measurements. 377 

We conclude that the same eco-evolutionary constraints affecting individual plant fitness 378 

and community assemblages also apply to whole ecosystems. 379 

Regarding the least cost hypothesis at the ecosystem scale, we find that the most important 380 

dimension is related to the maximum rates of certain ecosystem processes (e.g. 381 

photosynthesis or transpiration). The dimension of “maximum rates” consistently emerge at 382 

the ecosystem scale, regardless of the set of chosen variables (Figure 3). This component is 383 

consistent with earlier leaf-level studies showing a positive relationship between the 384 

maximum rates of processes (e.g. surface conductance, or net photosynthesis), structural 385 

variables (e.g. leaf area index, or specific leaf area, the inverse of leaf mass per area), and 386 

foliar chemistry (leaf nitrogen)4,32. At the ecosystem scale, PNUE and Gsmax feature a 387 

positive directionality in the first component, in line with the notion that these two variables 388 

positively affect productivity in the context of the leaf economics spectrum33. Our results, 389 

however, also show the negative relationship between PNUE and WUEt on the second 390 

dimension of the principal component analysis, as expected from leaf-level field studies and 391 

theory2,7,10,34–36. Additionally, other expected trade-offs are present on this component, 392 

such as the negative relationship between surface conductance and water use-efficiency37, 393 

or a negative relationship between WUEt and evaporative fraction, which is low in more arid 394 

sites and higher in wet sites. This is in line with the expected increase in the efficiency of 395 

plants in using water along aridity gradients, as shown with leaf-level measurements of leaf-396 



23 

 

internal to ambient CO2 ratio as a proxy of intrinsic water use efficiency38,39. In sum, the 397 

second component in our third and final analysis unravels the axis of the least-cost 398 

hypothesis. The coordination between the variables of the least-cost hypothesis covers a 399 

range of sites from wet conditions with high efficiency of photosynthetic nitrogen use, but 400 

low water use-efficiency, to arid conditions with high efficiency of water use, but low 401 

photosynthetic nitrogen use-efficiency. 402 

Overall, we argue that the maximum rates related to productivity dominate ecosystem 403 

functioning, while the least-cost hypothesis only emerges as a secondary, yet still important, 404 

trade-off. In this context, the dimension of productivity could be described as a scale-405 

emergent property at the ecosystem level. Furthermore, our definition of some ecosystem-406 

level metrics included aspects that are not required or even appropriate at the leaf or plant 407 

scale. For instance, the distinction between transpiration and evaporation needs to be 408 

considered when computing the water use-efficiency from eddy covariance fluxes at the 409 

ecosystem scale. Consequently, the leaf area index needs to be included in the calculation of 410 

photosynthetic nitrogen use-efficiency. These effects are scale-emergent properties, 411 

meaning that evaporation or leaf area index are not prominent properties for leaf-level 412 

processes, but they are key at the ecosystem scale. At this scale, scale-emergent properties 413 

weaken the relationship between the variables connected to the least-cost hypothesis, 414 

when not properly accounted for. 415 

The relationships underlying the least-cost hypothesis might therefore not always be 416 

conserved at the ecosystem scale, which can be explained by multiple reasons. First, some 417 

of the previous studies on the least-cost hypothesis generally focused on limited 418 

geographical ranges7,10,38. Our dataset displays much stronger variation in plant resource 419 
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use patterns along axes of nutrient availability and disturbance. However,  global scale 420 

evidence for the least-cost hypothesis also exists based on modelling40,41, or global 421 

measurements of leaf-level carbon isotopes42. In our analysis, this optimality principle might 422 

be more elusive at the global scale, because we simultaneously characterize other trade-offs 423 

on the main axis – the component of maximum rates – which dominates the gradient in 424 

average ecosystem functional properties30,32. The least-cost hypothesis is only observed 425 

when this effect is removed, which is not evident in leaf-level studies, and which could be 426 

considered a scale-emergent behavior at the ecosystem scale. Second, ecosystems are a mix 427 

of different individuals and species, with different phenologies and different physiological 428 

statuses due to biotic and abiotic effects. This mix could limit the strength of the signal of 429 

leaf-level coordination theories at the ecosystem scale, since optimization for one individual 430 

might not coincide with an “averaged” optimization for the whole ecosystem. For instance, 431 

Medlyn et al. (2017)43 showed that it is difficult to reconcile leaf-level and ecosystem-scale 432 

estimates of water use-efficiency. Regardless of our different computation of WUEt based 433 

on transpiration, this suggests that a simple averaging or sum of the ecosystem components 434 

does not guarantee to capture the whole ecosystem response. Third, intraspecific variability 435 

might confound the ecosystem response. We did not explicitly account for intraspecific 436 

variation, and our metrics aggregated to a unique average (or maximum) value at each site. 437 

For instance, Dong et al. (2020)38 demonstrated that most variation in the ratio of 438 

intracellular to atmospheric CO2 concentration is expressed within species. In general, plant 439 

strategies are species-specific, and quite plastic to environmental drivers. We argue that a 440 

combination of species with different life histories at globally distributed sites may not 441 

necessarily average to a single common trade-off of water and nitrogen cost minimization. 442 



25 

 

The potential confounding factors outlined above apply to all parts of our analysis. However, 443 

these confounding factors might only be worth considering when the signal of the 444 

relationships between variables is already overshadowed by a more dominant component. 445 

For instance, the trade-offs underlying the least-cost hypothesis are eclipsed by the 446 

dimension of maximum rates of ecosystem processes. 447 

Our results demonstrate that fundamental leaf- and plant-level coordination principles 448 

propagate to the ecosystem scale. The same drivers forcing plant trait expression also shape 449 

the functioning of whole ecosystems. However, scale-emergent properties should be 450 

carefully considered when looking at ecosystem-level phenomena, because they can partly 451 

mask the scaling of leaf level coordination principles. Additionally, even though coordination 452 

principles are important for whole ecosystems, they might be masked by more dominant 453 

relationships, such as the dimension of the maximum rates of processes. Future studies on 454 

ecosystem level optimality should focus on increasing the number of sites, prioritizing 455 

underrepresented bioclimatic regions (e.g. tropics), and on the refinement of vegetation 456 

properties and other important stand characteristics, including soil properties31. In this 457 

context, our original hypothesis that the known leaf-level coordination of functional traits is 458 

conserved at the ecosystem should be further investigated with additional case studies. 459 

Furthermore, land surface models should be tested with and without optimality 460 

included9,20,41,44. 461 

Considering the increasing effort to include optimality principles into the land surface 462 

scheme of Earth system models, we suggest using the presented approach and our results 463 

as a benchmark for model runs. The validation of established optimality principles at 464 
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different scales would support a more accurate implementation of leaf-level theories in 465 

models.  466 
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Methods 467 

Eddy Covariance FLUXNET Sites 468 

We used data from the global network of eddy covariance flux tower stations (FLUXNET), 469 

integrating the LaThuile dataset45 with the FLUXNET2015 dataset46. In case of overlap of 470 

sites in the two datasets, the FLUXNET2015 dataset was used. We excluded cropland sites in 471 

order to avoid the influence of intense management practices (irrigation, ploughing, 472 

fertilization, etc.). The dataset used for the analysis included sites with more than 3 years of 473 

data and availability of ancillary data described below. The selected 98 sites cover different 474 

biomes and climate zones: from tropical, Mediterranean, temperate, and boreal to arctic 475 

sites, including major forest types, grasslands, savannas, shrublands, and wetlands (Table 476 

S5, S6). 477 

 478 

Plant Traits and Vegetation Properties 479 

For each FLUXNET site we collected a set of plant traits for constituent species or site means 480 

(leaf longevity, leaf mass per area, nitrogen per leaf area, nitrogen per leaf mass, and stem 481 

specific density), and site-level vegetation characteristics (canopy height, maximum leaf 482 

area index) from the FLUXNET or Ameriflux ancillary data, or, if not reported, directly from 483 

site principal investigators. Where site measurements were unavailable, we included 484 

information from the TRY database47 (a full list of plant traits data sources can be found in 485 

Table S7), or data from the literature for the specific sites30,48,49. We obtained site 486 

constituent species and species abundances at the sites (percentage of area covered by 487 

each species) from the literature48–52, and by consulting site principal investigators. We 488 

https://www.zotero.org/google-docs/?qpsLl5
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assumed homogeneous distribution for species with missing abundance information, 489 

following the approach described in previous studies50,51. We excluded sites where the total 490 

sum of known species abundances was below 50% of the total site area. 491 

For each site, we computed the community mean weighted by species fractional cover53 for 492 

the following plant traits: leaf longevity (wLL, months), leaf dry mass per area (wLMA, mg 493 

mm-2), stem specific density (wSSD, g cm-3, with SSD defined as stem dry mass per stem 494 

fresh volume), and nitrogen per leaf mass (wNmass, %). For some sites, site principal 495 

investigators provided site-level estimates of plant traits upscaled with similar 496 

methodologies, which were prioritized over TRY-derived estimates. 497 

We calculated weighted nitrogen per leaf area as the product of wNmass and wLMA 498 

(wNarea, g N m leaf-2). We collected canopy height (Hc, m) and maximum leaf area index 499 

(LAImax, m2 m-2) from FLUXNET or Ameriflux ancillary data products, site principal 500 

investigators, and the literature30,49. 501 

 502 

Eddy Covariance Fluxes and Ecosystem Functional Properties 503 

We calculated ecosystem functional properties from carbon, water, energy fluxes, and 504 

meteorological data measured or estimated at half-hourly/hourly time steps at the selected 505 

FLUXNET sites. Table S1 provides a comparison between leaf- and plant-level traits and the 506 

analogous ecosystem functional properties and vegetation properties used in this study, 507 

while Table S8 lists all the variables used in the computations of ecosystem functional 508 

properties. We used gross primary production (GPP) and ecosystem respiration (RECO) 509 

estimated from measured net ecosystem exchange (NEE) using the night-time partitioning 510 
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method54. The methodology for the calculation of each ecosystem functional properties 511 

used in this study is described below. 512 

We retained data with good quality (quality check 0 – measured data, and 1 – good quality 513 

gap-filled data), and, additionally, we retained the data measured during the active growing 514 

season, determined as the period when daily GPP is above the 30% of the difference 515 

between maximum and minimum daily GPP. For each site, we aggregated the filtered half-516 

hourly/hourly data to mean yearly values for air temperature, vapor pressure deficit, and 517 

incoming shortwave radiation (SWin, W m-2), and mean yearly cumulative values for 518 

precipitation. Transpiration flux estimates were calculated following the methodology in 519 

Nelson et al. (2018)55. We collected elevation information for each site from the FLUXNET or 520 

Ameriflux Biological, Ancillary, Disturbance and Metadata (hereafter: ancillary data), 521 

FLUXNET websites, and the OzFlux website for one Australian site. 522 

 523 

Photosynthetic capacity (GPPsat) 524 

We filtered half-hourly/hourly flux data based on SWin to exclude night-time values (SWin > 525 

100 W m-2). We fitted GPP and SWin to a hyperbolic light response curve with a moving 526 

window of 5 days, with the values assigned as the center of the moving window30. For each 527 

moving window, we extracted the photosynthetic capacity at light saturation (GPPsat, µmol 528 

CO2 m-2 s-1)23,52,56,57 as the value of the fitted functions at a saturating photosynthetic 529 

photon flux density of 2000 μmol m−2 s−1. The photosynthetic photon flux density was 530 

derived as SWin * 2.1158. We excluded GPPsat estimates above a threshold of 60 µmol CO2 531 

m-2 s-1 to omit unrealistic values of GPPsat according to the distribution of GPPsat. For each 532 

year and growing season, we extracted the 95th percentile from the GPPsat estimates. The 533 
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95th percentile was chosen because the calculation of GPPsat based on a fitted model had 534 

less noise than other ecosystem functional properties. For each site, we used GPPsat as the 535 

average over the yearly 95th GPPsat percentiles. 536 

 537 

Maximum ecosystem respiration (RECOmax) 538 

We filtered half-hourly/hourly flux data based on SWin to exclude day-time values (SWin < 539 

50 W m-2). For each site, we considered the 90th percentile of night-time net ecosystem 540 

exchange as a measure of maximum ecosystem respiration (RECOmax, µmol CO2 m-2 s-1). 541 

 542 

Evaporative fraction (EF) 543 

From the half-hourly/hourly flux data, we removed periods with precipitation events and 544 

the following 48 h (where available, P < 0.1 mm). We also excluded night-time values (SWin 545 

> 200 W m-2). We included a filter based on friction velocity (u* > 0.20 m s-1)59 to minimize 546 

the use of records potentially affected by flux underestimation. We computed EF (unitless) 547 

as the ratio of latent heat (W m-2) to the available energy flux which was approximated  by 548 

the sum of latent and sensible heat (W m-2)60. For each site, we used the median of EF over 549 

the available measurement period. 550 

 551 

Maximum surface conductance (Gsmax) 552 

We retained half-hourly/hourly flux data with the same filters described for the calculation 553 

of EF, and we additionally excluded noisy measurements with vapor pressure deficit below 0 554 

Pa. We computed the aerodynamic conductance for heat transfer (Ga, m s-1), and calculated 555 

the surface conductance (Gs, m s-1) by inverting the Penman-Monteith equation, using the 556 



31 

 

bigleaf R package59 and following the methodology in Migliavacca et al. (2021)30. For each 557 

site, we computed the maximum surface conductance (Gsmax, m s-1) as the 90th percentile 558 

of Gs values over the available measurement period. 559 

 560 

Photosynthetic nitrogen use-efficiency (PNUE) 561 

We computed photosynthetic nitrogen use-efficiency (µmol CO2 g N-1 s-1) as PNUE = GPPsat 562 

/ (wNarea * LAImax), based on the formulation from the literature2,7. We accounted for the 563 

scaling to the ecosystem level by including LAImax. 564 

 565 

Water-use efficiency (WUEt) 566 

We filtered half hourly/hourly flux data based on potential incoming shortwave radiation to 567 

exclude night-time values (SWin_pot > 200 W m-2). We then aggregated the data to daily 568 

values. We filtered the daily-aggregated flux data based on the fraction of good quality data 569 

(fraction > 0.8 of NEE quality check 0 – measured data, and 1 – good quality gap-filled 570 

data46. We excluded entries where the daily ratio of GPP to T exceeded the site mean by 571 

three times the standard deviation, where T refers to the transpiration estimates provided 572 

by the TEA algorithm55. We calculated the water-use efficiency based on transpiration in 573 

order to avoid confounding effects from evaporation (WUEt, µmol CO2 mmol H2O-1). For 574 

each site, we computed WUEt as the ratio of cumulative GPP to cumulative T over the 575 

period of available filtered data. 576 

 577 
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Statistical analysis 578 

For each of the three hypotheses examined, we conducted Principal Component Analysis on 579 

selected variables, in order to avoid clustering of a priori known strong correlations, reduce 580 

the dimensionality of the datasets, and thereby increase the interpretability of the data61. 581 

We used the PCA function in the FactoMineR R package62. For standardization, we applied z-582 

transformation to each variable. We tested the number of significant principal components 583 

to be retained following Dray’s method22, using the ade4 R package63,64, in order to 584 

minimize redundancy as well as loss of information. 585 

For each section of the analysis, we obtained subsets of the dataset via substitution 586 

bootstrapping using the bootstrap function in the modelr R Package65 (499 replicates). We 587 

repeated the principal component analysis on the bootstrapped datasets and then 588 

computed the standard deviation from the bootstrapped outputs to obtain the bootstrap 589 

standard error for the explained variance, contributions, and loadings. For all the analysis, 590 

we repeated the test for 1) all available sites in our dataset, and 2) forest sites only. 591 

Based on the output models of multimodel inference66 via the dredge function in the MuMIn67 592 

R package, we conducted relative importance analysis using the calc.relimp function of the 593 

relaimpo68 R package. This was done to evaluate the importance of predictors of GPPsat. 594 
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