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Supplementary Notes

(1) Calculation of evaporation and transpiration

Evaporation from the ground surface (Eg) and transpiration through the leaves (El) are

calculated based on the Penman-Monteith equation derived from energy balance. The total net

radiation (Rn) is partitioned into the fraction absorbed by leaves (Rnl) and the fraction that

penetrates through the canopy to the ground surface (Rng) following Beer’s law.

Rn = Rng +Rnl (16)

Rng = Rn exp (−k LAI) (17)

Rng = Hg + λEg (18)

Rnl = Hl + λEl (19)

where k is the canopy extinction coefficient calculated using solar zenith angle assuming a

spherical leaf angle distribution [1]; LAI is the leaf area index; Hg and Hl are the sensible heat

flux on the ground and canopy surfaces respectively; λ is the latent heat of vaporization.

On the ground and canopy surfaces,

Hg = ghg Cp (Tg − Ta) (20)

Eg = gvg [es(Tg) − e(Ta)] /P0 (21)

Hl = ghl Cp (Tl − Ta) (22)

El = gvl [es(Tl) − e(Ta)] /P0 (23)

where Cp is the specific heat capacity of air; Tg, Tl and Ta are the temperatures on the ground

surface, canopy surface, and in the air respectively; es and e are the saturated and actual vapor

pressure corresponding to given temperature respectively; P0 is the atmospheric pressure; ghg ,

gvg , ghl and gvl are the conductances for heat (superscript h) or water vapor (superscript v) from

the ground surface (subscript g) or the canopy surface (subscript l) to the atmosphere above the

canopy (height of eddy covariance measurement). The conductances are calculated based on
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resistances in series.

ghg =
[
g′a
−1

+ ga
−1
]−1

(24)

gvg =
[
ghg
−1

+ gsoil
−1
]−1

(25)

ghl = ga (26)

gvl =
[
ga
−1 + (gs LAI)−1

]−1 (27)

where g′a and ga are the aerodynamic conductances below and above the canopy, calculated

as functions of wind speed, friction velocity, canopy height, and measurement height following

[1, 2]. A stability correction on ga is incorporated as described in [1]. The gsoil is the soil surface

obtained based on the top layer soil moisture, following [2]. gs is the stomatal conductance at

a leaf level calculated using either an empirical or a hydraulic representation as described in

Methods.

Combining Eq. 18–23, evaporation and transpiration can be solved using the Penman-

Monteith equations:

Eg =
∆Rng + P0Cp g

h
g D

∆λ+ P0Cp ghg /g
v
g

(28)

El =
∆Rnl + P0Cp g

h
l D

∆λ+ P0Cp ghl /g
v
l

(29)

where ∆ is the rate of change of saturated vapor pressure with air temperature; and D is the

vapor pressure deficit.

(2) Physiological constraints imposed in MCMC

Two physiological constraints based on previous meta-analyses were incorporated in the

MCMC optimization process. Samples that did not satisfy the two constraints were discarded.

The first constraint is that leaf water potential corresponding to stomatal closure is generally

higher than -4 MPa across species (ψclose ≥ −4 MPa) [3]. The second constraint is that leaf

water potential corresponding to 50% loss of stomatal conductance is generally higher than that

corresponding to 50% of xylem conductance (ψgs,50 > ψ50) [4]. That is, stomatal closure occurs

earlier than xylem embolism [5].
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To implement the first constraint, according to Eq. 9 (Methods), the marginal water use

efficiency (λclose) corresponding to stomatal closure (gs = 0) is ca/(a0D). Combining with Eq.

6 (Methods), the leaf water potential corresponding to stomatal closure is

ψclose =
1

β0
ln

(
ca

a0DλW

)
(30)

where ca and a0 are constants (see Methods) and the average of day-time VPD is used as D for

each site. Setting Eq. 30 greater than −4 MPa imposes a physiologically feasible constraint

on the combination of β0 and λW . The probability distribution of ψclose across sites calculated

using site-specific VPD and posterior samples of λW and β0 under constraint is shown in Sup-

plementary Fig. 1a.

To implement the second constraint, according to Eq. 9 (Methods), the stomatal conduc-

tance at half closure is

gs,50 = α

[
−1 +

(
ca

a0 λ(ψgs,50)

)1/2

D−1/2

]
=

1

2
α

[
−1 +

(
ca

a0 λW

)1/2

D−1/2

]
(31)

Combining with Eq. 6 (Methods), ψgs,50 can be obtained as

ψgs,50 = − 2

β0
ln

(
1

2

√
a0DλW

ca
+

1

2

)
(32)

Setting Eq. 32 greater than ψ50 poses a physiological constraint on possible combinations of

ψ50, β0 and λW . Estimated ψgs,50 across sites using posterior samples are compared with ψ50 in

Supplementary Fig. 1b.

Overall, the majority of posterior samples of the hydraulic traits lead to ψclose and gs,50

away from the two constraints (Supplementary Fig. 1, red lines). This indicates the robustness

of the inferred hydraulic traits with respect to the exact constraining thresholds (i.e., the -4

MPa threshold for ψclose and the 1:1 slope between ψgs,50 and ψ50), which might vary with

available data in the meta-analysis [3, 4]. In addition, the retrieved pattern of ψgs,50 and ψ50

(Supplementary Fig. 1b) is also consistent with a global comparison between these two traits

[6], indicating a wide range of ψ50 from -10 MPa to 0 MPa in contrast to ψgs,50 mostly being

above -2 MPa and ψ50.
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(3) Attribution analysis on the restriction effect of VPD on ET in the hydraulic model

This section analyzes the contributions of three factors that contribute to the relatively high

restriction effect of VPD on ET in the hydraulic model (Fig. 3, main text). The three factors

that are distinct from those of the empirical model include: (1) the overall higher magnitude

of g∗s and m due to the hydraulic constraint (difference in mean); (2) the dynamics of m as a

function of leaf water potential as opposed to a constant value in the empirical model; and (3)

the different dynamical pattern of g∗s with leaf water potential in contrast to varying with soil

moisture. To evalute the impact of difference in the mean of g∗s and m, a modified version of

Eq. 11 (Methods) as below is used.

gs,1 = g∗s,Hydr

g∗s,Empr

g∗s,Hydr

(
1 −mHydr

mEmpr

mHydr

lnD

)
(33)

where g∗s,Empr and g∗s,Hydr are the temporal averages of reference stomatal conductance esti-

mated using the empirical and hydraulic model, respectively; mEmpr and mHydr are the tem-

poral averages of the VPD-sensitivity estimated using the empirical and the hydraulic model,

respectively. The g∗s,Hydr and mHydr were calculated numerically using the full stomatal model

(Eq. 5 in Methods) as g∗s,Hydr = gs,Hydr(D = 1kPa) and mHydr = (1 − gs,Hydr/g
∗
s,Hydr)/ lnD,

respectively. Eq. 33 forces the temporal average of the VPD-sensitivity in the hydraulic model

being equal to that in the empirical model, and correspondingly correct the difference in the

mean value of the reference stomatal conductance. Thus gs,1 yields an ET without the differ-

ence in the mean of VPD-sensitivity between the two models. The contribution of difference

in the mean of g∗s and m to the restriction effect of VPD on ET can then be quantified as the

difference between the restriction effect calculated using the original hydraulic model and that

using gs,1. For mathematical tractability, a reference VPD of D0 = 1 kPa is used to calculate

the restriction effect (Eq. 15, Methods) in this section.

Likewise, to evaluate the impact of the dynamics of the VPD-sensitivity, mHydr in Eq. 11

(Methods) is artificially held constant as its temporal average mHydr, i.e.,

gs,2 = g∗s,Hydr (1 −mHydr lnD) (34)

Thus gs,2 leads to an ET without dynamics in VPD-sensitivity and the contribution of this dy-
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namics can be quantified as the difference between the restriction effect calculated using the

original hydraulic model and that using gs,2.

To evaluate the impact of the dynamics of the reference stomatal conductance, g∗s,Hydr in

Eq. 11 (Methods) is artificially changed into g∗s,Empr while correcting the mean to ensure the

temporal mean remains unchanged, i.e.,

gs,3 = g∗s,Empr

g∗s,Hydr

g∗s,Empr

(1 −mHydr lnD) (35)

Thus gs,3 leads to an ET with the dynamical pattern of the reference stomatal conductance the

same as that in the empirical model. The impact of the different dynamics of gs,Hydr with respect

to gs,Empr can then be quantified as the difference between the restriction effect calculated using

the original hydraulic model and that using gs,3.
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Supplementary Table

Table 1: Location, plant functional type (PFT), canopy height (Zc), maximum rooting depth

(Zr), and soil texture of the studied FLUXNET sites. PFTs of the sites include evergreen

broadleaf forests (EBF), mixed forests (MF), evergreen needleleaf forests (ENF), croplands

(CRO), and grasslands (GRA).
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Site ID Latitude Longitude PFT Zc (m) Zr (m) Soil texture Reference
AU-Wac -37.43 145.19 EBF 80 9.0 sandy loam [7]
AU-Wom -37.42 144.09 EBF 25 3.5 sandy loam –
BE-Lon 50.55 4.75 CRO 1 0.1 loam [8]
BE-Vie 50.31 6.00 MF 28 1.1 silt loam [9]
BR-Sa3 -3.02 -54.97 EBF 37 8.3 loam –
CA-NS1 55.88 -98.48 ENF 20 0.2 loam –
CA-NS2 55.91 -98.52 ENF 20 0.2 loam –
CA-NS3 55.91 -98.38 ENF 7 0.2 loam –
CA-SF1 54.49 -105.82 ENF 6 2.1 sandy loam [10]
CH-Oe2 47.29 7.73 CRO 1 0.1 sandy clay [11]
CN-Cha 42.40 128.10 MF 28 0.2 silt loam [12]
CN-Din 23.17 112.54 EBF 31 1.2 loam –
CN-Qia 26.74 115.06 ENF 23 4.6 loam –
DE-Geb 51.10 10.91 CRO 1 0.4 loamy sand [13]
DE-Hai 51.08 10.45 DBF 33 0.5 silt clay [14]
DE-Kli 50.89 13.52 CRO 1 0.2 clay loam [15]
DE-Lkb 49.10 13.30 ENF 18 1.0 loam [16]
DE-Obe 50.79 13.72 ENF 25 2.3 loam –
DE-Seh 50.87 6.45 CRO 1 0.3 loam [17]
DK-Sor 55.49 11.64 DBF 26 1.1 loam [18]
FI-Hyy 61.85 24.29 ENF 18 1.2 sandy loam [19]
FR-Gri 48.84 1.95 CRO 1 0.6 silt loam [20]
FR-LBr 44.72 -0.77 ENF 18 0.8 sandy loam [21]
IT-CA3 42.38 12.02 DBF 3 1 loam [22]
IT-Col 41.85 13.59 DBF 20 2.5 loam [23]
IT-Isp 45.81 8.63 DBF 23 0.5 sandy loam [24]
IT-Lav 45.96 11.28 ENF 33 1.8 loam [25]

IT-MBo 46.01 11.05 GRA 0.3 0.1 loam [26]
IT-PT1 45.20 9.06 DBF 26 0.2 sandy loam [27]
IT-Ren 46.59 11.43 ENF 27 2.5 loam [28]
IT-Ro1 42.41 11.93 DBF 15 0.5 sandy clay [29]
NL-Hor 52.24 5.07 GRA 0.3 0.1 loam [30]
RU-Fyo 56.46 32.92 ENF 27 1.5 sandy loam [31]
US-Blo 38.90 -120.63 ENF 8 2.0 sandy clay loam [32]
US-Me2 44.45 -121.56 ENF 33 2.0 sandy loam [33]

US-MMS 39.32 -86.41 DBF 27 2.2 silt loam [34]
US-NR1 40.03 -105.55 ENF 12 0.6 loamy sand [35]
US-Prr 65.12 -147.49 ENF 11 0.2 loamy sand –

US-UMB 45.56 -84.71 DBF 20 2.0 sand [36]
US-UMd 45.56 -84.70 DBF 22 0.4 sand [37]
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Supplementary Figures

Figure 1: Physiological constraints imposed in MCMC. (a) Distribution of leaf water potential
(daily average) at full stomatal closure (ψclose) across the studied sites and MCMC samples for
each site (grey area). (b) Scatter of the leaf water potential (daily average) at half stomatal
closure (ψgs,50) and ψ50 across the studied sites and MCMC samples for each site. The red lines
denote the constraints based on meta-analysis [3, 4].
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Figure 2: Posterior distributions of ψ50 at five example sites estimated with (a) 20% shallower,
(b) the same, and (c) 20% deeper roots as listed in Table S1. Refer to Fig. 1 (main text) for
detailed description of symbols.

Figure 3: The restriction effect of soil moisture and VPD on ET at five example sites (Supple-
mentary Fig. 2) based on the hydraulic and empirical models estimated with (a) 20% shallower,
(b) the same, and (c) 20% deeper roots as listed in Table S1. Refer to Fig. 3 (main text) for
detailed description on symbols.
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