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Significance

The responses of forests across 
the globe to climate change 
remain uncertain. Plant functional 
traits may help improve 
ecosystem model projections of 
climate impacts, but which traits 
mediate climate responses from 
species to ecosystems remains 
poorly understood. We quantify 
whether the fundamental 
trade- o昀昀 between fast resource 
acquisition and stress tolerance 
occurs at species, community, and 
ecosystem scales. We 昀椀nd that the 
trade- o昀昀 weakens at ecosystem 
scales and this weakening appears 
to be due to the combinations of 
traits of species found in these 
communities and ecosystems. 
These 昀椀ndings indicate that 
ecosystem models may need to 
include more realistic 
combinations of species and their 
water transport traits to better 
simulate the future of forests in a 
changing climate.
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Plant functional traits hold the potential to greatly improve the understanding and 
prediction of climate impacts on ecosystems and carbon cycle feedback to climate 
change. Traits are commonly used to place species along a global conservative- acquisitive 
trade- off, yet how and if functional traits and conservative- acquisitive trade- offs scale 
up to mediate community and ecosystem fluxes is largely unknown. Here, we combine 
functional trait datasets and multibiome datasets of forest water and carbon fluxes at 
the species, community, and ecosystem- levels to quantify the scaling of the tradeoff 
between maximum flux and sensitivity to vapor pressure deficit. We find a strong 
conservative- acquisitive trade- off at the species scale, which weakens modestly at the 
community scale and largely disappears at the ecosystem scale. Functional traits, par-
ticularly plant water transport (hydraulic) traits, are strongly associated with the key 
dimensions of the conservative- acquisitive trade- off at community and ecosystem scales, 
highlighting that trait composition appears to influence community and ecosystem flux 
dynamics. Our findings provide a foundation for improving carbon cycle models by 
revealing i) that plant hydraulic traits are most strongly associated with community-  
and ecosystem scale flux dynamics and ii) community assembly dynamics likely need 
to be considered explicitly, as they give rise to ecosystem- level flux dynamics that differ 
substantially from trade- offs identified at the species- level.

Climate change | climate extremes | carbon cycle | functional traits

Plant trait economic spectra are widely used in ecology and often locate species on a 
“conservative- to- acquisitive” spectrum or trade- o� of life history strategies whereby 
acquisitive species have high rates of resource acquisition, such as high maximum pho-
tosynthetic rates, but are less stress- tolerant in general, including during severe drought 
(1, 2). Plant traits are most commonly measured at a tissue or organism scale, but scaling 
up plant economic spectra traits and their inferences to species, community, and eco-
system scales is a fundamental goal of community and global ecology (3–5) and also 
thought to be key for understanding and projecting climate change impacts on terrestrial 
ecosystems (6–9). Yet, trait spectra and associated trade- o�s have been shown to be 
scale- dependent when assessed within species (10), and scaling tissue/organism- level 
traits to capture trade- o�s and dynamics at larger scales of organization is strikingly 
challenging, particularly in light of community assembly and species interactions (11, 
12). Critical scaling questions include the following: i) How do traits mediate physio-
logical and demographic outcomes, ii) what traits are most strongly associated with �ux 
dynamics at community and ecosystem scales, and iii) how do species and trait diversity 
in�uence climate responses such as drought sensitivity at ecosystem scales? �e plant 
economic spectra literature raises a major question: Does a conservative- acquisitive 
trade- o� exist at ecosystem scales?

Recent work at the ecosystem scale using eddy covariance data has examined global 
variation in ecosystem �ux dynamics (4, 13) but has generally not considered trait- mediated 
drought responses or trade- o�s across multiple scales. We de�ne ecosystem scales here as 
the measurement footprint of an eddy covariance tower (typically ~105 to 107 m2 in forests, 
depending on tower height, wind, and other conditions), which estimates carbon and 
water �uxes in that footprint using concurrent water and carbon concentrations and wind 
speed and direction measurements. Notably, the central axes identi�ed at ecosystem scales 
actually indicate that conservative water strategies are largely decoupled from (e.g., orthog-
onal to) acquisitive carbon strategies (4), which is at odds with plant economic spectra 
literature that �nds strong trade- o�s among these traits at tissue or individual scales  
(1, 2, 14). Understanding how traits mediate the scaling of life history strategies and 
trade- o�s is critically important for ecosystem and carbon cycle models, including their 
ability to project the impacts of climate change and the potential for carbon cycle feedbacks 
to accelerate climate change.
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�e disconnect between ecosystem- level responses and trade- o�s 
identi�ed at the species- level may be mediated by how community 
assembly processes a�ect the scaling of plant economic trade- o�s 
from species to ecosystems. Community trait composition, includ-
ing trait means and SD or dispersion of traits, have been widely 
used to test the role of niche processes (e.g., environmental �lter-
ing, niche partitioning) and neutral dynamics (e.g., dispersal lim-
itations) within and across communities (15–17). However, a 
widely recognized challenge is that community assembly processes 
are inherently scale- dependent (15–21). �is scale- dependence 
makes it challenging to theorize and directly test the relative impor-
tance of key community assembly processes across di�erent  
scales from a species to a community (e.g., forest plot) to an eco-
system scale (e.g., �ux tower footprint). Kraft and Ackerly (22) 
hypothesize that as scale expands to include more environmental 
heterogeneity, such as habitat type, soil patches, and microsites, 
environmental �ltering is likely to drive increased trait diversity, 
which would likely lead to a bu�ering e�ect in a conservative-  
acquisitive trade- o� because di�erent species exhibit di�erential 
slopes on a trade- o� between resource acquisition and stress 
response (Fig. 1) (9). Finally, the community assembly literature 
exploring the trait composition of the community must be inte-
grated with the broad biodiversity–ecosystem stability and syn-
chronicity literature to derive hypotheses for how traits in�uence 
carbon and water �ux dynamics at community and ecosystem 
scales (e.g., refs. 9, and 23–27). In particular, we hypothesize that 

one of the major potential drivers of stability—asynchrony of  
species’ responses due to di�erences in their intrinsic sensitivities 
to environmental �uctuations (27)—could combine with the envi-
ronmental �ltering across increasing environmental heterogeneity 
(22) and niche partitioning between canopy and understory to 
weaken the conservative- acquisitive trade- o� in moving from com-
munity to ecosystem scales (Fig. 1).

While ecosystem models are crucial tools for scaling up 
tissue- level physiology to larger organizational scales and play a 
central role in future projections of terrestrial ecosystems and car-
bon cycle feedback (8), current global models generally do not 
include most community assembly processes such as environmen-
tal �ltering or dispersal limitations that mediate ecosystem func-
tional diversity (28). �e future of the terrestrial carbon sink in a 
rapidly changing climate is highly uncertain (29, 30) and lever-
aging functional traits to better represent plant physiology, such 
as the physiology of plant water (hydraulic) transport, has been 
proposed as a major avenue for improving ecosystem models (9, 
31, 32). While a broad body of literature has worked to improve 
physiological realism in these models, community assembly pro-
cesses have received less focus (but see ref. 33) and are increasingly 
feasible to tackle with recent demographic ecosystem models (8). 
A foundation to these e�orts to improve ecosystem models is a 
data- driven understanding of when and where species traits are 
useful for scaling to ecosystem responses and the degree to which 
community assembly processes mediate that scaling.

Fig. 1.   Environmental 昀椀ltering across a gradient of increasing environmental heterogeneity (per ref. 22) moving from species to community (i.e., dominant tree 
species within a forest stand) to ecosystem (i.e., 昀氀ux tower footprint). Ground colors indicate environmentally di昀昀ering patches; tree colors indicate di昀昀erent 
species or traits; and grass and shrubs show the inclusion of understory 昀氀uxes at ecosystem scales, which could further bu昀昀er 昀氀uxes through niche partitioning. 
Graphs show a hypothesized weakening in the trade- o昀昀 between maximum 昀氀uxes (resource acquisition) and conductance sensitivity (stress tolerance) at di昀昀erent 
scales (green colors are individual species; the black line is overall average response in a community or ecosystem).D
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Here, we combined multibiome datasets of functional traits 
and water and carbon �uxes from sap �ux and eddy covariance 
data [SAPFLUXNET (34) and FLUXNET2015 (35)] that covers 
scales of individual trees to forest ecosystems to ask: 1) How do 
conservative- vs- acquisitive trade- o�s (plant economic spectra) 
scale from individual species to communities to ecosystems? 2) 
Which plant functional traits matter at ecosystem scales for pre-
dicting �ux maximums and responses to atmospheric drought 
stress [vapor pressure de�cit, VPD, a key stressor for forests that 
is increasing globally (36)]? 3) Does species diversity or trait diver-
sity (e.g., resulting from community assembly) weaken/decouple 
these trade- o�s at large scales and by what mechanism?

Results and Discussion

We quanti�ed at each scale (species, community, or ecosystem) 
the level of “acquisitiveness” using the 90th percentile water �ux 
rate during active seasons (see Methods for full details), akin to the 
maximum photosynthetic �ux rate frequently used at leaf scale in 
plant economic spectra (2, 6, 14), and that scale’s level of “stress 
tolerance” using the coe�cient of response between canopy con-
ductance and VPD following common practice at the species- level 
in the literature, where higher sensitivity is interpreted as lower 
drought tolerance (24, 25).

We found a strong conservative- acquisitive trade- o� at the scale 
of individual species (R2 = 0.58, P ≪ 0.0001) but this trade- o� 
weakened when scaling up to community (R2 = 0.48, P < 0.0001) 
and almost disappeared at ecosystem scales (R2 = 0.09, P = 0.053) 
(Fig. 2). Angiosperm and gymnosperm species or communities 
exhibited similar patterns in a conservative- acquisitive trade- o�, 
but at the ecosystem scale, only gymnosperm- dominated eddy 
covariance sites showed a signi�cant trade- o� (R2 = 0.26, P = 0.01; 
Fig. 2C). We compared a broad number of other metrics to cap-
ture this conservative- acquisitive trade- o�, including carbon �uxes 
and coe�cients that accounted for soil moisture and found 
broadly similar patterns (SI Appendix, Figs. S1 and S2). Our 
results revealed that a strong trade- o� at the species- level, consist-
ent with the plant economic spectra literature (1, 2, 6), largely 
disappears by the ecosystem- level, consistent with recent ecosys-
tem analyses (4).

We then used univariate regressions between community- 
 weighted mean and SD of functional traits and the above metrics 
of the conservative- acquisitive trade- o� to illuminate which traits 
matter at community and ecosystem scales for explaining maxi-
mum �ux rates and �ux sensitivity to VPD. We found that di�er-
ent sets of functional traits underpin max �uxes versus sensitivities 
at community and ecosystem scales (Fig. 3). Broadly, plant 
hydraulic traits—including the water potential at 50% loss of stem 
conductivity (P50) and the hydraulic safety margin (HSM)—were 
more important than more traditional leaf or wood economic 
spectra traits, such as speci�c leaf area (SLA) or wood density 
(WD) (Fig. 3), consistent with recent studies (9). More negative 
community- weighted mean P50 was signi�cantly associated with 
lower max �ux rates at both scales (Community Padj ≪ 0.0001, 
Ecosystem Padj = 0.004) and lower sensitivity to VPD at the com-
munity scale (Padj ≪ 0.0001, Fig. 4), which is broadly consistent 
with the key role of plant hydraulics in mediating a trade- o� 
between transport safety and e�ciency. �e community- weighted 
mean SLA was signi�cantly correlated with maximum water �uxes 
at community (Padj < 0.0001) and ecosystem (Padj = 0.027) scales 
with higher SLA associated with higher water �ux rates (Fig. 4), 
consistent with theory. We posit that the relationships between 
community- weighted traits and ecosystem �ux responses docu-
mented here provide useful diagnostics or relationships for mech-
anistic models to capture.

Crucially, these univariate trait- �ux relationships con�rm that 
functional traits can “scale up” to explain and mediate community 
and ecosystem �ux responses and reveal which traits are most 
relevant to which response processes. Community- weighted mean 
P50 was the trait most strongly associated with maximum �uxes 
at community and ecosystem scale, with community- weighted 
SLA emerging as the second- most important trait (Fig. 3). Both 
community- weighted mean and SD traits, particularly P50 and 
HSM, were associated with community �ux variation, highlight-
ing that both the species pool (trait mean) and trait diversity (trait 
SD) are likely important at these larger scales. Furthermore, the 
variance explained by important traits was generally substantially 
larger than species richness or clade (Fig. 3), further underscoring 
the utility of functional traits at large scales. At both scales, the 
variance explained by traits was generally substantially larger for 

A B C

Fig. 2.   Conservative- acquisitive trade- o昀昀s weaken from species to ecosystem scales. Relationships between the sensitivity of canopy or ecosystem conductance 
to VPD vs. the maximum water 昀氀uxes for species (A), community (B), and ecosystem (C) scales. Species and community scale 昀氀uxes and conductances are derived 
from SAPFLUXNET data and ecosystem 昀氀uxes and conductances from FLUXNET2015 data. Maximum water 昀氀ux units are average daily cm3 water/cm2 sapwood 
area (A), mm/d (B), and average daily W/m2 ground area latent heat 昀氀uxes (C), and conductance sensitivity units are mol water/(m2 s log(kPa)) (A), mm/(day 
log(kPa)) (B), and mol water/(m2 s kPa) (C). Blue circles indicate angiosperm species or angiosperm- dominated sites and the blue line is the ordinary least squares 
regression for those species/sites. Red circles indicate gymnosperm species or gymnosperm- dominated sites and the red line is the ordinary least squares 
regression for those species/sites. The black line is all species/sites. Solid lines indicate statistically signi昀椀cant and dashed lines nonsigni昀椀cant relationships. 
Circle size is proportionate to the number of tree- days or site- days for each species/site.D
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maximum �ux rates than for the sensitivity of canopy conductance 
to VPD.

Why does the conservative- acquisitive trade- o� that is so striking 
at a species scale largely disappear at the ecosystem scale? We 
hypothesized that community assembly processes of environmental 
�ltering (22) and niche partitioning (19) that in�uence species and 
trait diversity over long time scales might weaken or decouple these 
trade- o�s. We tested this by including community- weighted traits 
as covariates in the trade- o� regression model and examining i) the 
change in Akaike Information Criterion (AIC) between the no- trait 
vs. trait- included models, where a ΔAIC < −3 indicates that the 

trait- included model is meaningfully more likely given the data, 
and ii) the signi�cance of the interaction term between the trait 
and independent variable, indicating that the trait mediates the 
trade- o�. At the community scale, four community- weighted mean 
functional traits (SLA, WD, maximum photosynthetic rate, and 
minimum measured water potential) and species richness improved 
model �t (ΔAIC < −3) (Fig. 5). Species richness and WD exhibited 
signi�cant interaction terms (richness Padj = 0.002, WD Padj < 
0.0001), whereby lower wood densities and higher number of spe-
cies showed a shallower, less tight conservative- acquisitive trade- o� 
(Fig. 5). We found that many more traits showed signi�cant 

A B

C D

Fig. 3.   Key traits that underpin 昀氀ux scaling at community and ecosystem scales. Variance explained (R2) between univariate community- weighted traits versus 
maximum water 昀氀uxes (A and B) or sensitivity of canopy conductance to VPD (C and D) at community (A and C) or ecosystem (B and D) scales. Site Metrics include 
species richness (Nspp) and fraction of forest composition that is gymnosperm species (AGmean). Traits include the community- weighted mean and SD of WD, 
SLA, maximum photosynthesis rate (Amax), water potential at which 50% of hydraulic conductivity is lost (P50), HSM, and minimum water potential (PsiM). Stars 
indicate statistically signi昀椀cant regressions (P < 0.05 after correction for multiple hypothesis testing) for combined species (C, black), gymnosperm- dominated 
sites (G, red), and angiosperm- dominated sites (A, blue).
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interaction terms at the species- level compared to the community-  
level, which provides evidence that trait scaling may be decoupling 
a conservative- acquisitive trade- o� in the same dataset (SI Appendix, 

Fig. S3). At the ecosystem scale, a similar set of functional traits 
improved model �t in terms of AIC, but we found no signi�cant 
interaction terms (Fig. 4). Species richness and trait diversity were 

A B

C D

E F

Fig. 4.   Trait versus community and ecosystem 昀氀ux responses highlight hydraulic and Leaf Economic Spectrum (LES) traits. Panels (A–D) show the maximum water 
昀氀uxes and Panels (E and F) show the sensitivity of canopy conductance to VPD. Univariate relationships between community- weighted traits and community (A, C, 
and E) or ecosystem (B, D, and F) 昀氀ux responses. Maximum water 昀氀ux units are mm/d (A and C), average daily W/m2 latent heat 昀氀uxes (B and D), and conductance 
sensitivity units are mm/(day log(kPa)) (E), and mol water/(m2 s kPa) (F). Blue circles indicate angiosperm species or angiosperm- dominated sites and the blue 
line is the ordinary least squares regression for those species/sites. Red circles indicate gymnosperm species or gymnosperm- dominated sites and the red line 
is the ordinary least squares regression for those species/sites. The black line is all species/sites. Circle size is proportionate to the number of tree- days or site- 

days for each species/site. Solid lines indicate statistical signi昀椀cance of the regression.
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also signi�cantly higher (P < 0.01 for richness and SD in WD, 
Amax, and P50 as example traits) at the ecosystem scale than com-
munity scale (SI Appendix, Fig. S3), supporting the hypothesis of 
environmental �ltering driving increasing trait diversity as envi-
ronmental heterogeneity increases. Notably, community- weighted 
mean traits were far more important in these analyses than trait 
diversity, which may further indicate a potential role for environ-
mental �ltering of community trait composition or that the num-
ber of species better captures the functional diversity than trait 
ranges in this dataset.

According to theory, functional diversity at community or eco-
system scales must be maintained by niche di�erentiation whereby 
di�erent functional traits or strategies are favored at di�erent 

microsites or time periods (24, 27, 37, 38). Individual species have 
evolved to show a speci�c combination of traits or a given life 
history strategy because no species can excel at both resource 
acquisition and stress tolerance due to biophysical constraints and 
trade- o�s (1, 2, 19, 38). However, 6 communities and ecosystems 
do not have to “choose” a strategy. Instead, ecosystems are com-
posed of species with a wide array of strategies and these species 
likely contribute di�erentially to ecosystem responses at di�erent 
times (asynchrony), due to their di�erential sensitivity to envi-
ronmental factors (Fig. 1) (23–27). Precisely because there is a 
trade- o� between maximum �uxes and sensitivity to VPD at the 
species- level, we expect that acquisitive species on wetter micros-
ites may contribute more to ecosystem maximum �uxes, while 

A B

C D

Fig. 5.   Species richness and traits partially decouple conservative- acquisitive trade- o昀昀s. Panels (A and B) display the change in ΔAIC of a conservative- acquisitive 
ordinary least squares linear regression with a given functional trait versus without, with values of less than −3 (vertical dashed line) indicating a meaningful 
improvement to the model, for community (A) and ecosystem (B) scales. Stars (*) indicate the traits where the interaction term between the trait and the conductance 
sensitivity is statistically signi昀椀cant (Padj < 0.05) after adjusting for multiple comparisons. Panels (B and D) display the conservative- acquisitive trade- o昀昀 at the 
community scale as in Fig. 1B, but with low and high percentiles of WD (C) and species richness (Nspp; D) highlighted in colors. Maximum water 昀氀ux units are 
mm/d (C), and average daily W/m2 of latent heat 昀氀uxes (D) and conductance sensitivity units are mm/(day log(kPa)) (C) and mol water/(m2 s kPa) (D). Lines are the 
ordinary least squares regression line for 25%ile and below points and 75%ile and 90%ile and above points, respectively. Solid lines indicate statistically signi昀椀cant 
regressions. Percentile cut- o昀昀s were based on the assessment of the respective data distributions.D
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more conservative species on less favorable microsites would 
dominate canopy conductance in the face of high VPD levels 
(Fig. 1) (9, 22). Our results that di�erent functional traits are 
associated with maximum �uxes versus conductance sensitivities 
support this mechanism, as does a supplementary analysis of 
changes in the proportion of canopy conductance composed of 
di�erent species as VPD increases (Fig. 3 and SI Appendix, 
Fig. S8). Indeed, an underappreciated �nding of the seminal leaf 
economic spectrum paper (2) highlighted that the leaf trait diver-
sity found within individual communities often spans much of 
the global spectrum space. In addition to dampening ecosystem 
trade- o�s, community assembly processes may also work to 
strengthen the species- level trade- o�s documented here because 
all species- level measurements are made on the realized niche 
(rather than the fundamental niche) and it is expected that com-
petition has likely restricted species to the microsites and times 
where their strategies are most favorable (22, 37).

We posit several major implications of these results for scaling 
and improving ecosystem models under future climate scenarios. 
First, our results underscore that plant hydraulic traits hold poten-
tial for explaining functional responses across organizational scales, 
including both maximum �uxes and conductance sensitivity to 
VPD (9, 32, 39, 40). Second, our trait–response correlations 
(Fig. 3) reveal that both economic spectrum and hydraulic func-
tional traits may be more useful for improving models of �ux 
maximums than drought sensitivity patterns, extending beyond 
previous studies aiming to explore traits- ecosystem �ux relation-
ships that have not included hydraulic traits or considered species, 
community, and ecosystem scales together (12, 13, 41). �us, 
identifying critical trait syndromes/functional axes underpinning 
whole- ecosystem sensitivity to drought stress and general metrics 
of drought sensitivity from �ux dynamics are key model develop-
ment avenues. �ird, we �nd evidence that community assembly 
processes appear to bu�er conservative- acquisitive trade- o�s at 
large scales, which emphasizes that ecoevolutionary dynamics and 
improvements in community ecology that capture assembly as a 
driver of functional diversity, in addition to functional traits and 
ecophysiology, may be a promising pathway for improving eco-
system models.

We note several caveats in our analyses, including the use of 
species- average functional traits, the incomplete coverage of our 
�ux datasets that lacks representation in tropical forests, limited 
temporal coverage of �ux datasets that may not include severe 
drought conditions in some cases, canopy coupling assumptions, 
and that the sap �ux and eddy covariance data di�er in sample size 
and come from di�erent geographic sites. �ese data- limitation- based 
caveats highlight important gaps for future research. Given gener-
ally quite similar geographic, climate, and temporal (record length) 
coverage of sap �ux and eddy covariance sites (SI Appendix, Figs. S5 
and S6), we do not believe that our central �ndings are likely to be 
greatly in�uenced by site di�erences and we observed similar pat-
terns in a sensitivity analysis restricting sap �ux sites to the same 
climate space covered by eddy covariance sites (Methods). �e occur-
rence of a statistically signi�cant ecosystem- level trade- o� at 
gymnosperm- dominated sites (Fig. 1C), while still weaker than the 
species- level and community- level patterns, may indicate that 
boundary layer e�ects could partially explain weakening trade- o�s 
at angiosperm- dominated sites, as gymnosperm canopies tend to 
be much more strongly coupled to the atmosphere (42). We did 
not observe signi�cant ecosystem- level trade- o�s using carbon �ux 
metrics [gross primary productivity (GPP); SI Appendix, Fig. S1], 
however, in either clade, which indicates this weakening pattern is 
pervasive.

Ecosystem �uxes also include �uxes from understory species, 
whose traits were not analyzed here, and the niche partitioning of 
light between understory and overstory is another community 
assembly process that is likely to further contribute to the weaker 
trade- o� documented here. Substantial literature has documented 
that understory plant communities can contribute ~10 to 50% 
or more of carbon and water �uxes, depending on the system, and 
that the diurnal and seasonal variation and sensitivity of under-
story �uxes to environmental conditions can diverge from that of 
the overstory (43–48). �us, we posit that better estimation and 
measurement of understory �uxes and traits could be important 
for constraining and modeling of whole- ecosystem responses to 
VPD variation.

Trait- based ecology is predicated on the promise of using func-
tional traits to predict ecological outcomes and there is enormous 
interest in using plant economic spectra to improve ecosystem 
models and reduce uncertainty in future carbon cycle projec-
tions. Conservative- acquisitive trade- o�s provide a foundation 
for linking traits to large- scale ecosystem responses, but the scal-
ing of these trade- o�s has not previously been directly tested nor 
the role of which traits matter for which ecosystem responses 
been illuminated. We reveal here that a strong species- level 
trade- o� dramatically weakens by ecosystem scales and that 
community- level plant hydraulic traits are strongly associated 
with community and ecosystem �ux responses. Furthermore, 
this trade- o� at the community- level varies with species richness, 
and species richness is one of the most important variables at the 
ecosystem scale. Our results indicate that in addition to improved 
physiological realism, better representation of community eco-
logical processes—which are now increasingly possible in demo-
graphic vegetation models—may be equally crucial to improved 
understanding and projections of forest responses to climate 
change in the 21st century.

Methods

Datasets. We used previously published functional trait data by refs. 9 and 
40, initially sourced from the TRY (49) and Hydra- TRY (50) datasets, for species 
present at the sap flux or eddy covariance sites. These two previous studies con-
ducted careful evaluation of the source, measurement type (especially for plant 
hydraulic traits), and screening for any potential artifacts or erroneous values. 
These published trait datasets are based on mature, field- grown plants for the 
functional traits: WD (g/cm3), SLA (cm2/g), maximum light- saturated photosyn-
thetic rate per unit leaf area [Amax, umol/(m2*s)], the water potential at which 
50% of stem hydraulic conductivity is lost (P50; MPa), the minimum stem water 
potential typically experienced by a species (PsiMin; MPa), and the HSM, defined 
as the PsiMin- P50 (MPa). Following previous studies, we generally restricted 
hydraulic trait data to standard methods (benchtop dehydration, air injection, 
and centrifuge methods) and took care to avoid the possibility of artifactual vul-
nerability curves (9). WD, SLA, and Amax are among the most commonly used 
“plant economic spectra” traits. For example, higher SLA and Amax are frequently 
considered more “acquisitive” species and are often linked to faster growth (1, 
51). P50, PsiMin, and HSM are among the most widely used plant hydraulic 
traits. P50 frequently captures the degree of drought tolerance of species across 
environments (52).

We used a recently developed, cross- biome dataset of sap flux [SAPFLUXNET 
(34)]. Sap flow probes measure the velocity of water movement through stems 
and thus ideally capture key components of conservative- acquisitive trade- offs 
at an individual plant level, particularly the maximum water flux rates of tran-
spiration and how transpiration responds to abiotic stress, such as VPD. At the 
species- level, we used the dataset of Flo et  al. (2021) (40) that had carefully 
quality- controlled this dataset to ensure comparability across species and sites 
(40). This dataset included 170 species and 165 individual sites (SI Appendix, 
Fig. S7). All data analysis was conducted on daily data.
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For ecosystem scale fluxes, we used the FLUXNET2015 dataset (35). We selected 
only forested sites that were undisturbed and largely unmanaged (i.e., sites that 
had not had a disturbance during and in the 10 y prior to flux measurements), to 
avoid impacts of severe disturbance and rapidly recovering/dynamic vegetation, 
and had >80% coverage (in basal area) in at least one functional trait, following 
previous research (9). We considered forested sites as those with the International 
Geosphere- Biosphere Programme biome designation in FLUXNET2015 of ever-
green needleleaf forest, evergreen broadleaf forest, deciduous broadleaf forest, 
or mixed forest. This dataset included 40 sites that spanned multiple biomes in 
temperate, Mediterranean, and boreal forests (SI Appendix, Fig. S6) but did not 
include tropical forests due to functional trait coverage gaps. The lack of tropical 
forests in our analysis means that we are unable to quantify the ecosystem- level 
trade- off across the full climate space and species diversity ranges of Earth’s for-
ests and that additional community assembly processes that are thought to be 
important in tropical forests (17, 18) cannot be directly tested here. We note that 
a previous study using remote- sensing of canopy water content dynamics found 
shallower slopes between diurnal and seasonal canopy water content variation 
and woody plant species richness (9), indicating that tropical forests may exhibit 
an even weaker trade- off, but more work is needed.

We note that the geographic and climate coverage of these two datasets 
is broadly similar (SI Appendix, Fig.  S6), indicating that comparing trade- offs 
between the two datasets is unlikely to be driven by differential biome coverage. 
Similar to the sapflux data, all data analysis was conducted on daily data. We 
further did a sensitivity analysis (see below) where we restricted the datasets to 
the exact same climate space to verify that our findings were robust.

Data Processing. We calculated the community- weighted mean and SD of all 
functional traits for each sapflux or eddy covariance site using the basal area 
contribution of each species. In some instances for eddy covariance sites, we 
used reported species composition estimates by the underlying primary literature 
on those sites. For important site metrics, we also compiled species richness of 
tree species at the site and the fraction of the site basal area that corresponds to 
gymnosperm species. In previous work at these sites, we compiled stand age, 
but this variable was not important in those drought analyses and thus is not 
included here (9). Community- level sapflux was obtained by calculating mean 
species sapflux per basal area and then multiplying by each species’ basal area 
in each stand as described in ref. 53. We filtered out days with low temporal 
coverage (i.e., there is a species representing >50% of the basal area, for which 
species transpiration has been estimated with less than 2 trees during a given 
day) or when the percentage of hourly timestamps with data was below 80% 
for a given day.

Finally, for both sapflux and eddy covariance data, we screened data before 
starting analyses by several criteria to ensure that we were analyzing the plant- 
active season (e.g., “growing season”) and days with adequate conditions to drive 
transpiration (sapflux) or days where transpiration is likely to dominate latent 
heat fluxes (eddy covariance data). Following previous studies for these screen-
ing criteria (40), we excluded days where daytime average VPD < 0.3 kPa, rainy 
days (detected via rapid soil water content increases), and plant- active season 
thresholds defined in Flo et al. (2021) for sapflux data. For eddy covariance data, 
following previous studies (9, 54), we excluded days where VPD < 0.5 kPa, pho-
tosynthetic photon flux density < 100 µmol photons/(m2*s), and daily precipita-
tion > 2 mm. We furthermore only examined days where average temperatures 
exceeded 5 °C to determine plant- active season. While these screening criteria are 
not identical, they were chosen to be consistent with previous analyses on these 
datasets and we conducted multiple sensitivity analyses on VPD and temperature 
thresholds and observed very little change in our key conservative- acquisitive 
trade- off metrics used in all analyses.

Calculating Conservative- Acquisitive Trade- O昀昀s. To estimate the level 
of acquisitiveness of a given species, community, or ecosystem, we calcu-
lated the maximum flux rate as the 90%ile of sapflux or latent heat fluxes 
for that species, community, or ecosystem. This approach is based on pre-
vious analyses (14) and is strongly analogous to Amax at the leaf- level for 
capturing acquisitiveness. To estimate the drought sensitivity or tolerance of 
a given species, community, or ecosystem, we quantified the sensitivity of 
canopy conductance to VPD using the regression coefficient between canopy 
conductance and VPD. This approach has been widely used at the leaf, tree, 

and ecosystem scale in other analyses (39, 40, 55, 56). We calculated canopy 
conductance in sapflow data as the daily average transpiration/average VPD 
following Darcy’s law. For eddy covariance data, we used the method derived 
in Wehr and Saleska (2021) (57) that uses both latent and sensible heat fluxes 
and flux gradient equations to derive canopy conductance, which has been 
shown to be more flexible, rigorously grounded, and accurate than the typical 
inversion of Penman–Montieth equations (57).

We constructed ordinary least squares linear regressions between canopy con-
ductance and either the natural log of VPD for sap flux data or untransformed VPD 
for eddy covariance data, which was supported both by our exploratory analysis as 
better fits for each dataset and the common transformation used in the literature 
(39, 40). As a sensitivity analysis, we also calculated the canopy conductance 
sensitivity with the natural log of VPD for eddy covariance data and found very 
similar patterns (SI Appendix, Fig. S7).

To quantify whether trait means or trait variation might influence the 
scaling of the trade- off (Fig. 5), we constructed ordinary least squares linear 
regressions similarly to Fig. 2 but with each trait variable sequentially included 
as a predictor with an interaction term (i.e., maximum fluxes as the dependent 
variable and the independent variables as conductance sensitivity, trait mean 
or SD, and the interaction between conductance sensitivity and the trait varia-
ble). We evaluated the influence in traits using the change in AIC of the linear 
regression model with versus without the trait predictor and the significance 
of the interaction term. We analyzed all forested sites considered together, 
and we also tested angiosperm- dominated and gymnosperm- dominated sites 
as additional analyses in Figs. 2–4. We conducted this clade- specific analysis 
because it is common practice in both trait and flux studies (1, 9, 10, 40–42) 
and differential trait–function relationships may be expected due to large 
differences in physiology, canopy structure, and boundary layer conditions (9, 
10, 12, 42). A site was classified as “gymnosperm- dominated” if more than 
50% of its composition (typically basal area or stem density) was from gym-
nosperm species following previous studies (9, 40). We further note that we 
included the fraction of a site that is gymnosperm in our regression analyses 
in Fig. 3, which directly incorporates the degree of angiosperm- gymnosperm 
mixed forests into our analyses.

Sensitivity Analyses. We conducted several sensitivity analyses to ensure 
that our metrics capturing the conservative- acquisitive trade- off were robust. 
First, we compared our eddy covariance metrics of maximum latent heat 
flux and sensitivity of canopy conductance to VPD to the same metrics calcu-
lated using the nighttime partitioning method (58) of GPP. We found strong 
correlations in both metrics (r = 0.69, r = 0.53, P ≪ 0.00001 for both) 
(SI Appendix, Fig. S2), and we noted that there was no significant correlation 
between maximum fluxes and flux sensitivities to VPD in the GPP metrics 
(P = 0.14), further supporting our main conclusions. Second, we included 
soil moisture as a covariate in our regression models for both sapflux and 
eddy covariance data at sites where it was included and observed strongly 
correlated patterns in the VPD sensitivity coefficients between models with 
versus without soil moisture (rcomm = 0.94, recos = 0.92, P ≪ 0.00001 for both) 
(SI Appendix, Fig. S2). These analyses underscore that our primary metrics 
are likely robust and not likely confounded by not explicitly modeling soil 
moisture impacts. Third, we calculated the fractional contribution of each 
species to overall community canopy conductance as VPD increases in the 
10 SAPFLUXNET sites with at least two species and 3 y of complete data and 
found differential slopes in 90% of those sites and rank- order changes in 
50% of sites (SI Appendix, Fig. S8), supporting a buffering effect as species 
richness increases. Finally, we subsampled the species and community- level 
SAPFLUXNET data to the same climate space as FLUXNET2015 sites (MAP 
[480,1,600] mm, MAT [−3, 26] °C from SI Appendix, Fig. S6) and verified 
that similar trade- offs were observed in this subsample (Nspecies = 93, R2

species 
= 0.49, pspecies ≪ 0.00001; Ncomm = 88, R2

comm = 0.53, pcomm ≪ 0.00001), 
such that the weakening trade- off at ecosystem scales is not likely due to a 
restricted climate space in eddy covariance sites.

Statistics and Availability of Data and Code. We conducted all trait–flux 
analyses as ordinary least square linear regression models, although we verified 
that the scaling trade- off patterns observed in Fig. 2 were robust to analysis via 
a type II regression (RMA: pspecies < 0.01; pcomm < 0.01; pecosystem = 0.08). For 
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Figs. 3 and 5, we conducted a P- value correction for multiple hypothesis testing 
per Holm’s method (59). This method is a fairly stringent (conservative) method 
of adjustment of P- values and P- values denoted as “Padj” in the main text indi-
cate where this correction was applied. We compared species richness and trait 
diversity (community- weighted trait SD of WD, Amax, and P50) between com-
munity and ecosystem scales using t tests for means and Kolmogorov–Smirnov 
tests for distribution differences. All analyses were conducted in the R statistical 
environment (R Core Team 2012).

SAPFLUXNET data version 0.1.6 used here can be reproduced by running the 
code at <https://github.com/sapfluxnet/sfn_0_1_5_corrections> on the data 
available at Zenodo <https://doi.org/10.5281/zenodo.3971689> <rep 0.1.5>. 
FLUXNET2015 Tier 1 data used in the study are available at <https://fluxnet.org/
data/fluxnet2015- dataset/>. All trait data are publicly available from previous 
studies (8, 40). Code used to undertake this analysis can be found at https://doi.
org/10.6084/m9.figshare.23137193 (60).

Data, Materials, and Software Availability. Code have been deposited in 
FigShare https://doi.org/10.6084/m9.figshare.23137193 (60). Previously pub-
lished data were used for this work (https://doi.org/10.5281/zenodo.3971689 
(61) and https://fluxnet.org/data/fluxnet2015- dataset/) (35). All other data are 
included in the article and/or SI Appendix.
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