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Low soil moisture and high vapour pressure deficit (VPD) cause plant water stress and
lead to a variety of drought responses, including a reductionin transpiration and

photosynthesis*2. When soils dry below critical soil moisture thresholds, ecosystems
transition from energy to water limitation as stomata close to alleviate water stress>*.

However, the mechanisms behind these thresholds remain poorly defined at the
ecosystem scale. Here, by analysing observations of critical soil moisture thresholds
globally, we show the prominent role of soil texture in modulating the onset of
ecosystem water limitation through the soil hydraulic conductivity curve, whose
steepness increases with sand fraction. This clarifies how ecosystem sensitivity to VPD
versus soil moisture is shaped by soil texture, with ecosystems in sandy soils being
relatively more sensitive to soil drying, whereas ecosystems in clayey soils are
relatively more sensitive to VPD. For the same reason, plants in sandy soils have
limited potential to adjust to water limitations, which has animpact on how climate
change affects terrestrial ecosystems. Insummary, although vegetation-atmosphere
exchanges are driven by atmospheric conditions and mediated by plant adjustments,
their fate is ultimately dependent on the soil.

Terrestrial ecosystems are home to most species on Earth’, have akey
role in the global climate system® and provide annual ecosystem ser-
vices estimated to be approximately equivalent to the annual global
gross domestic product’. However, due to climate change, land ecosys-
tems are experiencing higher temperature increases than the global
(land-ocean) average®, contributing to widespread increases in vapour
pressure deficit (VPD)®° and drought frequency'® 2, which lead to
amplified water limitation®, reduced global vegetation growth’, land
degradation and food insecurity in many regions®. Low soil moisture
(volumetric water content, ) and high VPD are considered the two main
drivers of plant water stress, but their relative importancein ecosystem
water limitation is debated"**">, While the exchange of water between
vegetationand the atmosphereisinitially driven by energy availability,
soildrying below a critical soil moisture threshold (6., limits the soil -
plant water supply, which causes stomata to downregulate transpira-
tion (7). The decreaseintranspirationis accompanied by reduced gross
primary production (GPP) and reduced evaporative cooling, resulting
inafeedback between ecosystem water limitation and climate warm-
ing*'%V. Therefore, critical soil moisture thresholds have a crucial role
inthe vegetation and climate of terrestrial ecosystems. However, the
key mechanisms controlling these thresholds remain poorly defined
atthe ecosystem scale.

The closure of stomata at critical soil moisture thresholds, or at the
corresponding critical soil water potential thresholds (¢.;,), is triggered
by a decrease in leaf water potential (¢,.,¢) and soil-plant hydraulic
conductance (K pian)™ >%. The decrease in ¢, depends on the soil

water potential (¢,,;), the upstream hydraulic conductances (soil and
plant) and the actual transpiration rate. Critical soil water thresholds
(0. and @) are therefore influenced by atmospheric, plant and soil
variables. Relevant variables include the: (1) atmospheric conditions
driving the transpiration stream (that is, solar radiation, VPD, bound-
ary layer thickness and conductance); (2) plant traits mediating the
transpiration rate (that is, physiological and hydraulic traits, such as
stomatal sensitivity to ¢.,, and root-shoot investment); and (3) soil
hydraulic properties supplying it (that is, soil water retention and
hydraulic conductivity curves). As water flows from the soil into the
roots and along the xylem to the leaves and stomatal cavities through
resistances in series (Fig. 1a), the element with the lowest hydraulic
conductance determines the total conductance of the soil-plant sys-
tem. The conductance of each element decreases with the respective
element water potential, and a sharp drop in water potential occurs
across the limiting hydraulic element. This drop can lead to a further
reductionindownstream hydraulic conductance, and eventually to low
leaf water potentials, triggering the downregulation of fluxes due to
the decrease in canopy conductance (g.) caused by stomatal closure.

Therelativeimportance of the conductance of eachelement (that s,
Kooit Kroot Kseem aNd Kier) Nnot only affects the onset of water limitation,
but also shapes the relative importance of VPD versus soil moisture
limitation. When the limiting hydraulic conductance resides within
the plant (in the roots or shoot), the leaf water potential is primarily
affected by VPD, which determines the water flow rate, because the large
dissipationinwater potential occurs within the plantand is proportional
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Fig.1| Therelativeimportance of soil and plant hydraulicsin ecosystem
water limitation varies with soil texture. a, Critical thresholds of ecosystem
water limitation depend on the relative importance of soil (K,,;) and plant
(Kptane: /K piane = 1/K o0t + 1/K ) hydraulic conductance in triggering adecrease
incanopy conductance (g,). b, Therelativeimportance of K, and K, depends
onsoil texture. The steeper decline of K; in coarse soils (that is, loamy sands)
triggers ecosystem water limitation at less negative critical soil water potential
thresholds (¢..;,) thanin finesoils (thatis, clays), also translating into differences
incritical soil moisture thresholds (6.,;). ¢, 0. is defined as the minimum soil
moisture (6) at which the soil-plant hydraulic system can supply water at the
rate of the potential transpirationrate (thatis, 4 mm d™). Owing to different soil
hydraulic properties, fine soils show ecosystem water limitation at higher 8 than
coarsesoils.d,e, ¥ (d) and the soil hydraulic conductivity at .., Keoit (Peric)s

(e) asafunction of soil texture. Neglecting soil water limitations (equivalent to

to the transpiration rate. In this case, the onset of water limitation is
expected to be particularly sensitive to VPD and less to soil drying.
Instead, when the soilis the limiting element responsible for triggering
stomatal closure, transpiration is particularly sensitive to soil drying
and, inaddition, critical soil water thresholds would be affected by the
soil hydraulic conductivity and its dependence on the water potential.

Currently, itis under debate which element of the soil-plant con-
tinuumis the hydraulic limit triggering stomatal closure. Some studies
have highlighted the role of plant tissues—that is, the leaves®"?, the
xylem? or the roots**—while others have pointed to the limiting role
of the soil®?* and soil-root interface?. This ambiguity regarding the
limiting hydraulic element of the soil-plant continuum is mechanisti-
cally linked to the debate about the relative importance of soil drying
versus VPD for the onset of ecosystem water limitation. Note that the
ranking of which soil-plant element is the hydraulic limit varies with
time (for example, there is no soil limitation when the soil is wet, but
K,,; may become limiting as the soil dries below the critical soil water
thresholds during the growing season).
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Kyoi>> Kpjano), €ither by assuming aninfinite rootlength (L, inf., black dashed
line) or an early limitation by plant hydraulic conductance (K, lim., black
dashed-dotted line), we would expect a uniform ¢.;,, independent of soil
texture, close to the permanent wilting point (solid black line), and field
capacity (lightgrey polygon), respectively. Considering soil and plant water
limitations (default simulation), we would expect ¢, to become less negative
withanincreasingsand fraction (¢, all soils, red curve representing alocal
polynomial regression fitting) as aresult of the contrasting soil hydraulic
conductivity curves. e, Inthe coarsest-textured soils, k,; and ¢, follow alinear
decline (dashed brownline) corresponding to simulations excluding any plant
hydrauliclimitations (no plantlim.). In very fine-textured soils, ¢ ;. converges
toaconstant value controlled by the water potential at which plants lose
conductivity (black dashed verticalline, asind, representing L, inf.).
Illustrationinacreated using BioRender (https://biorender.com).

The key principles of soil-plant hydraulics and water use regula-
tionare well established at the plant scale, and have been successfully
applied in irrigation management® and implemented in models of
soil-plant water relations?>?°*2, However, extending these principles
tonatural systems at the ecosystem scale remains challenging. This is
primarily due to the large uncertainty in the key hydraulic variables
operating at this scale that obscure the dominant mechanism behind
critical soil water thresholds. In particular, uncertainties in soil and
plant hydraulic properties, such as soil hydraulic conductivity func-
tions and root length density, soil spatial heterogeneity and complex
species composition, pose challenges to unambiguously identifying
the limiting hydraulic element along the soil-plant-atmosphere con-
tinuum. Notwithstanding these uncertainties, the strong dependence
of the soil hydraulic conductivity curve on soil texture allows testing
of the limiting role of the soil in natural ecosystems by investigating
the relationship between critical soil water thresholds and soil tex-
ture. Recent developments in terrestrial monitoring networks, such
as eddy covariance and sap flow measurements, and remote sensing
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have enabled theidentification of 8., across soil textures, climates and
biomes*****, providing an unprecedented opportunity for testing these
variables and their dependence on soil texture at the ecosystemscale.

Here, we hypothesize that the steep decline in soil hydraulic conduc-
tivity with soil water potential (Fig. 1b,e) triggers the downregulation
of water fluxes—that is, of transpiration rate and root water uptake.
This s particularly relevant in coarse-textured soils, whose hydraulic
conductivity curves decline particularly steeply with decreasing water
potential, whereasitislessimportantin fine-textured soils, inwhichit
is rather the decline in plant hydraulic conductance (K,,,.) that limits
plant water use (Fig. 1b). The hydraulic conductances (K, and K,j,,.)
are defined as the ratio between the transpiration rate and the differ-
enceinwater potential across the respective element (soil and plant),
and the total conductance of the soil-plant continuum (K. piane) is the
harmonic mean of the two conductances. The water potential across
soil and plant is calculated by solving the flow equation in both com-
partments for a given potential transpiration rate and includes the
notion that the hydraulic conductivity in soil and plants declines with
declining water potential®. Transpiration s limited when the K, Of Ky
decline sufficiently enough to impact the relationship between Tand
Yo (dotted line inFig. 1b, corresponding to agiven soil water potential,
Y.io)- Note that the limiting hydraulic element is not required to have
the lowest absolute conductance among all hydraulic elements to be
able toinduce an effective loss in the overall K. p1an: (ref. 25). This can
be seen even in coarse-textured soils (Fig. 1b, loamy sand), where the
Ko at . is still higher than K., However, if the stomata were not
closing, the K,; would drop almost vertically because the soil could
no longer sustain the transpiration demand (note the marked decline
in K, right before ¢,;). Therefore, the steep loss in K; is enough to
initiate aninitial decline in Ky.pian and to trigger stomatal closure even
when K > Ky INother words, stomatal closure prevents an excessive
dropinsoil conductance which could have much worse consequences
for plant water use and functioning®",

A consequence of this analysis is that the relative importance of
soil versus plant hydraulic limitation is expected to be soil-texture-
dependent. Specifically, we hypothesize that 6., (Fig. 1c) and ¢,
(Fig.1b,d,e) are functions of soil texture, with ¢, becoming less nega-
tivewithincreasing sand fraction (Fig.1d, red line). Note that, due tothe
texture-dependentrelationship between 8and ¢, the lower 6, valuesin
coarse-textured soils correspond to less negative ¢, values compared
to fine-textured soils. By contrast, if stomatal closure was triggered by
an early decline in Kj,,,,,, or if soil hydraulic limitation was negligible
(thanks to an infinitely large root surface), we would expect ¢, to
be uniformacrosssoil textures. More precisely, ., would be close tothe
field capacity in the first case (dashed-dotted line in Fig. 1d) and close to
the permanent wilting pointin the second case (dashed line). Thefilled
circles in Fig. 1d are model calculations for each soil textural class,
while theredlineis aninterpolation. Thelarger blue and greencircles
correspond to the ¢;, of clay and loamy sand, as calculated in Fig. 1b.

The relative importance of soil and plant hydraulic limitations and
the specific role of soil texture is well represented in the relationship
between ¢, and the soil hydraulic conductivity. Figure 1e shows the
Y. and k(y.;,) of each soil texture (closed circles, corresponding to
the circlesin Fig. 1d). In the coarsest-textured soils, ¢, is close to the
field capacity. With finer soil texture, ¢, becomes more negative
and k; (¢.i.) decreases, as the conductivity curves become flatter.
Invery fine soils, ¢ converges to a constant value (dashed grey line)
controlled by the water potential at which plants lose conductivity,
causing k.; (.i0) to increase again. Overall, the trajectory of this rela-
tionship (solid red line) is constrained by two lines, one (dashed brown)
indicating soil hydraulic constraints alone—that is, in the absence of
any plant hydraulic limitations—and one vertical line (dashed grey)
determined by plant hydrauliclimitations. Thisis akey figure because:
(1) it provides a mechanistic explanation of soil water limitation; and
(2) itshowstherelative importance of soil and plant hydraulicsinanew

and clear way, suggesting that transpiration tends to be soil limited in
coarse-textured soils and plant limited in fine-textured soils. Note that
Fig.1b-eresult from amodel® that hypothesizes that transpirationis
limited by adeclineinthe conductance of either soil or plants (Extended
DataFig.1). Themodel thus predicts that soil water thresholds and the
relative importance of soil and plants are soil-texture specific.

To test the hypothesized soil texture dependence of ¢,;,, we com-
bined global observations of 8, obtained from two complementary
measurements of (evapo)transpiration, with soil-plant hydraulic
modelling. We analysed whether the expected dependence of ¢..;,
and 6, (Fig. 1b—e) is visible at the tree and ecosystem scale across
biomes and climates, where plant selection and adaptation to soil and
climate may mask the effects of soil texture. In addition to demonstrat-
ing the effect of soil texture on critical soil water thresholds***, our
study aimed to determine the mechanistic basis of these thresholds,
including understanding the effects of plant trait plasticity and future
climate on ecosystem water limitation. As a first step, we simulated
critical soil water thresholds by varying the soil hydraulic properties
alone (Supplementary Table 2). Next, we tested the effect of plant trait
adjustments (root length density and plant vulnerability) on critical soil
water thresholds. Afterwards, we analysed the relative importance of
VPD versus soil moisture across soil textures. Finally, we assessed the
impact of future climate on ecosystem water limitation by mapping
the expected changesin 6, inresponse to future VPD conditions and
evaluated the implications for vegetation and ecosystem fluxes.

Soil texture modulates soil water thresholds

In line with previous studies****¢, our results show that critical soil
moisture thresholds across the globe are strongly dependent on soil
texture. In both datasets (hereafter referred to as FLUXNET (FN) and
SAPFLUXNET (SFN)), 6. is inversely related to the gravimetric sand
fraction (%) and decreases from more than 0.2 for clayey soils to less
than 0.1in sandy soils (Fig. 2a). Clay soils aside (SFN), the simulated
soil-texture-specific estimates of 6, were in good agreement with the
observed 0., (Fig. 2b, see figure caption for details on linear regres-
sions). Because all model parameters were kept constant, aside from
the soil hydraulic properties that varied with the local soil texture at
eachsite, the strong soil texture dependence of .., indicates a promi-
nent role of soil hydraulic properties in ecosystem water limitation.
Thevariability in 8, varied with soil texture, being inversely related
tothesandfraction. The soil texture dependence of 8,,;-variability (span
of Sg.i in Fig. 2¢) is explained by the sensitivity of 8., to plant hydraulic
variability (plant vulnerability, ¢,., and active root length, L) and soil
hydraulic properties, which are expected to vary in each soil textural
class (for example, coarse versus fine sand). Varying ¢,. (from -1.5 to
-5 MPa) affected 6,,;, such that Sy,;; was larger in fine (approximately
0.15) thanincoarse (less than 0.05) textured soils (Fig. 2c), while chang-
ing L, affected 6.,;, without exhibiting a soil texture dependence.
Variations in ¢,. have a stronger effect in fine-textured soils because
ecosystems in these soils are expected to be more plant limited. This
analysis shows that the impact of plant hydraulic adjustment on 6,
depends on soil texture. While 8, could be considerably shaped by
plant vulnerability adjustments in fine-textured soils, the effect in
coarse-textured soils tends to be marginal. Moreover, the predicted
Secric cOnsidering the variability in soil hydraulic parameters in each
textural class (morethan 0.2inclaytolessthan 0.1insand) agrees well
withthe observed 8., variability (Fig. 2c). This demonstrates how sensi-
tive soil water thresholds are to soil hydraulic properties, and calls for
direct measurements of soil hydraulic properties, which are an essential
element in predicting site-specific critical soil water thresholds.
Inadditionto 6., Y., also depends on soil texture and exhibits the
hypothesized trend (Fig. 1d). The median of ¢.;, ranged from values
typically associated with field capacity insandy soils (about —0.03 MPa)
to values approaching the permanent wilting point in clay soils
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Fig.2|Soil hydraulic conductivity controls critical soil water thresholds

of ecosystem water limitation. a, Global critical soil moisture thresholds
correlated with the mean (range indicated by horizontal error bars) gravimetric
sand fraction per soil textural class (linear regression of 8., to mean sand
fraction for all observations—thatis, FN + SEN—for soil texture specific maximum
and minimum 6., and for all FN and SFN 6., separately, are shown as solid
black, solid grey, dashed-dotted grey and dotted grey lines, respectively).

b, Critical soil moisture thresholds are well predicted by applying the model to
thesite-specific soil texturalinformation (linear regressions of observed-to-
simulated 8..;,, considering all soil textures, and by excluding clay soils, are
shown as solid black, while linear regressions of FN and SFN separately are
shown as dashed-dotted and dotted grey lines, respectively). c, The sand
fraction dictates the span of observed (FN, SFN) and simulated (sim.) critical
soil moisture thresholds (Sy.;,) and the difference between maximum and
minimum 6. per soil textural class. Sy is ameasure of the 8, variability of
the observations (black) and of the 6., sensitivity to the model parameters,
such asvaryingsoil hydraulic propertiesin asoil textural class (brown), and
varying plant traits (plant vulnerability, ¢,so, and root length, L, in green).
Thenegative slopes of the linear regressions of S, (except for L ..

(about —0.6 MPa) (Fig. 2d). ¢, is inversely related to the sand frac-
tion (note the logarithmic scale), meaning that ecosystems in sandy
soils become water limited at less negative soil water potentials than
in fine-textured soils. This is explained by the steeper decline in soil
hydraulic conductivity in coarse soils, as shown in Fig. 1e.

Notably, the two monitoring networks, despite their differences in
methodology and scale, provided consistent results and confirmed the
hypothesis on the texture-dependent relative importance of soil and
planthydraulicsin controlling the onset of ecosystem water limitation.
Evident exceptions were the estimates of 8., and ¢, in clay, which
were particularly low (that is, dry) in the SFN data. Unlike FN, which
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demonstrate the decreasing variability and sensitivity of 8., with sand
fraction, inboth observation and simulation (solid black and coloured
dottedlines, respectively).d, The observed median critical soil water potential
thresholds (¢.;,) for FN (open circles) and SFN (crosses) confirm the expected
declinewithincreasing sand fraction (note the simulations (filled circles
andred solid curve) correspond to Fig.1d, and the log,,-transformed linear
regressions forall ¢, not only the medians, are shown as solid black, with FN
and SFN shown separately as dashed-dotted and dotted grey lines, respectively).
a,b, Thedataare presented as grouped (FN, SFN) box plots (the thick solid line
represents the median, the lower and upper hinges correspond to the first

and third quartiles, with the whiskers extending to the highest or lowest value,
respectively, but no furtherthan1.5times theinterquartilerange, and the
width of the boxes scales with the square root of the number of observationsin
eachsoil textural class) in combination with individual observations displayed
as pointsalongthe boxes (nyy and ngy indicate the number of FNand SFN 6.,
observations per soil textural class, respectively, while the number of sites per
soil textural class is givenin Supplementary Table 2). a-d, Adjusted R? values
(R*,4) and two-sided Pvalues of the linear regression slopes (regression t-test)
areindicated.*P<0.05,**P<0.01,***P<0.001. NS, not significant (P>0.05).

reports evapotranspiration, SFN measurements only determine water
fluxes through plants—more precisely, trees. In this case, considering
only the volumetric water content of the topmost soil layer might not
have been representative enough of the soil water limitations in clay.
In other words, root water uptake from deeper soil layers might have
been effective enough to supply transpiration at the maximum rate.
Note that the assumption of our analysis is that the initial decline in
transpirationis driven by drying of the topsoil, where the root density
istypically highest. Water uptake from deeper soil layers isimportant
inthe rate of decline in transpiration and in plant stress, but this was
notinvestigated here.
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a-d, Soil texture drives the relativeimportance of VPD versus the soil moisture
(0) limitation of ecosystem fluxes (that is, the downregulation of g. fromiits
maximum g.,,) and involves implications of future climate on terrestrial
ecosystems (Fig. 4). Ecosystems in fine-textured soils (that s, clays (b,d)) are
expected to be comparatively more sensitive to VPD than those in coarse soils
(thatis, sands (a,c)), while ecosystemsin coarse-textured soils are expected to
be comparatively more sensitive to soil drying thanin fine soils because critical
soil water potentials (,,;) are more negative (note the 10-fold different x-axis
limitina,b),and the g.downregulation is more gradual (softer colour transitions),
infine-thanin coarse-texturedsoils. e,f, The evaporative fraction (EF) from

Relative importance of VPD and soil moisture

Our analysis of critical soil water thresholds reveals the important
role of soil texture through the emergent control of soil hydraulic
conductivity on the onset of ecosystem water limitation. This offers
new insights into ecosystem responses to drought, such as the sensi-
tivity of ecosystems toincreasing atmospheric water demand (that s,
VPD) and to more frequent soil drying. Ecosystems in coarse-textured
soils are expected to be more sensitive to soil drying and less to VPD
in comparison to ecosystems in fine-textured soils (Fig. 3a-d). For
the same reason, they are less sensitive to plant internal hydraulic
adjustments (Fig. 2c). In coarse-textured soils, asmall change in water
content under dry conditionsresultsin alarge decreasein water poten-
tial and a large decrease in soil hydraulic conductivity. This results
inamarked drop in transpiration as a function of both soil moisture
and soil water potential and a smaller sensitivity to VPD (Fig. 3a,c).
The sensitivity to soil drying is less in fine-textured soils, which have
less-steep hydraulic conductivity curves (Fig. 1e) and show a more
gradual decline in transpiration as a function of soil water content
and soil water potential (Fig. 3b,d). Compared to coarse-textured
soils, ecosystems in fine-textured soils are therefore relatively more
sensitive to VPD and less to soil drying.

Based on this mechanism, we expected an impact of soil texture
on the relative importance of VPD versus soil moisture limitation.

6 ()
eddy covariance data shows different responses to the two environmental
drivers, 8and VPD, for the two contrasting soil textures (sand (e) and clay (f)
sites, median of five FN sites). The evaporative fraction declines inboth soil
textures withinanarrow range of soil moisture, but more sharply and at lower
absolute water contentsin the sandsites thanin the clay sites. The simulations
oftranspirationrateasafunction of VPD and 6 (red line) agree well with the
observeddeclineinthe evaporative fractionaround 6,,;.. Theinset plots show
the medianrelative sensitivity of evaporative fraction to VPD and 6, confirming
the stronger relative contribution of soil hydraulic limitationin coarse-textured
compared to fine-textured soils.

We analysed the evaporative fraction of ecosystems in contrasting soil
textures and compared their VPD versus soil moisture limitations. The
predicted relationship between transpiration, soil moisture and VPD
agreed well with the observed (Fig. 3e,f). The simulated onset of hydrau-
liclimitation (red line) demarks well the observed transition between
energy-driven (lower right corner, yellowish green) and water-limited
(upper left corner, blueish) fluxes in both soil textures. The observa-
tions clearly show that the evaporative fraction is comparatively more
sensitive tosoil dryingin sandy soils because the evaporative fraction
decreases sharply with soil moisture, and the relative sensitivity of
evaporative fraction with respect to 8 is greater than with respect to
VPD. In clay, the evaporative fraction decreases comparatively more
gradually with soilmoisture, and the slope of the evaporative fraction
withrespect to fis comparatively more similar to the slope with respect
to VPD. The good agreement between the simulations and the different
sensitivities of 6., to VPD and soil moisture observed in the coarse-and
fine-textured soils suggest animportant control of soil texture on VPD
versus soil moisture limitation. Our analysis therefore contributes anew
perspective to the ongoing debate on whether ecosystems are water
limited by soil moisture or VPD'. It also suggests that ecosystemsin
fine-textured soils are likely more affected by increases in VPD than
ecosystems in coarse-textured soils. Hence, soil-texture-specific soil
hydraulic properties should be considered when investigating the
impacts of climate change on terrestrial ecosystems.
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Fig.4|The global sensitivity of critical soil moisture thresholds to climate
change dependsonsoil texture. a, Predicted changes in global critical

soil moisture thresholds (Af.,;,) in response to changes in VPD from current
(2005-2014) to future (2060-2069) climate (SSP2-4.5 scenario). The four
rectangles highlight regions where we expect the highest amplification of
ecosystem vulnerability to drought due toincreasing VPD. These regions
will experience anincreaseinatmosphericdrying, but show limited buffer
capacity (small A@,,;) due to the coarseness of their soil texture. Hyperarid
deserts (dark grey, aridity index (Al) < 0.05) were excluded. In humid regions
(dotted area, Al >1), where ecosystems are unlikely to be water limited, the
impactof A@,, is likely to be negligible. b, The colours are mapped along the

Note that our analysis was based on state variables (transpiration as
afunction of soil moisture and VPD) and did not consider the temporal
scale—thatis, how quickly the soil dries and how frequently ecosystems
are water or energy limited. The temporal dynamics of soil moisture
are important and influenced by soil properties in several ways. For
example, soil properties regulate how water infiltrates, how soils are
drained and how much water is available to plants. Addressing the
temporal dynamics of soil drying would include an analysis of how
plant hydraulics, leafareaand root depth change and potentially adapt
to the local climate and soils on a seasonal time scale”.

Ecosystem water limitation under climate change

The dependence of critical soil water thresholds on soil hydraulic prop-
erties also indicates that climate change impacts on ecosystem water
limitation will be modulated by soil texture. The majority of climate pro-
jections suggestawidespreadincrease in VPD®%* whichwill resultinan
increase in potential transpiration rate (+AT,,,)*’. Therefore, anincrease
inVPDisexpectedtocauseanincreasein 6 (+Af,,), as supply-limited
flux conditions are reached at higher soil moisture (Extended Data
Fig.2a). Under these conditions, ecosystems will become water-limited
earlier (+A@,;,), that is, flux downregulation at a higher soil moisture,
during seasonal soil drying, with potential negative effects on vegeta-
tion, suchas reduced GPP. Contrastingly, the onset of water limitation
at higher soil moisture suggests an earlier downregulation of plant
water use (Extended Data Fig. 2b)—a mechanism that saves water and
potentially delays the risks of severe water stress and drought mortality
(Extended DataFig. 2c). The slope of the relationship between 6.,;.and
T, issoil-texture-dependent, with 6, (T,,,,) being steeperinfine- than
coarse-textured soils (Fig. 4b), whichis explained by the hydraulic con-
ductivity curves of the respective soils. It follows that critical soil water
thresholds in fine-textured soils are comparatively more sensitive to
VPD thanin coarse soils. The soil texture modulation of AG,; may thus
have manifold implications for plant functioning and ecosystem fluxes.
Inthefollowing, we investigate how soil texture would globally mediate

theeffect of AT, onthe onset of ecosystem water limitation, thatis, 0.
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two axes representing the absolute changes in 8., (y axis) and relative changes
in potential transpiration rate (AT, x axis), respectively. Each pixel ismapped
continuously inits opacity, fromtransparency (0% change) to full intensity
(99% of all observations), while the colours change continuously from sand
(red) to clay (yellow) based on the soil-texture-specific relationship between
AT,..and AB,,; (the colours stem from the 12 different soil textural classes;
compare also the different slopes, forexample, clay versus sand, to Fig. 1c).
Warm colours (red-orange-yellow) indicate anincrease (+Af.,;) and cold
colours (blue-green) indicate adecrease (-Af.,;,) in critical soil moisture
thresholds.

Globally, the average A@.; is predicted to change by +0.004 from
current (2005-2014) to future (2060-2069) climate (Shared Socio-
economic Pathways (SSP) 2-4.5 scenario). This average change, and
eventheentirerange (—-0.003to +0.012, equal to less than10% relative
change), are remarkably small compared to the AT, (from -19% to
+65%) and the absolute values of 6, (from less than 0.1to about 0.3).
The small AG,,;,, means that the onset of ecosystem water limitation is
only marginally sensitive to changes in VPD. This is explained by the
steepness of the soil hydraulic conductivity curves, which causes alarge
drop in conductivity for a small change in soil moisture.

The regions with the largest +Af,;, were found in fine-textured soils
with ecosystems responding most sensitively and promptly to future
evaporative demands. In other words, ecosystems in fine-textured
soils are expected to show the most pronounced effects of earlier
stomatal downregulation. In relatively humid regions undergoing
only periodic water limitation, this may result in GPP loss or may off-
set the positive effect of rising temperatures on vegetation growth in
temperature-limited ecosystems***! (Extended Data Fig. 3). In drier
climates, thismay instead help save water for periods of severe drought
stress, although anacceleration of the water cycle (thatis, anaccelera-
tionof seasonal soil drying) canbe expected in many regions due towide-
spread increases in VPD and T,,,, respectively (Extended Data Fig. 4b).

Contrastingly, a small +A6,,, despite a substantial increase in VPD
can be found in coarse-textured soils (red regions). In these regions,
the effect of earlier stomatal closure is strongly diminished. Therefore,
ecosystems in coarse-textured soils (highlighted by red rectangles)
subject toregular water limitation may experience a high risk of exac-
erbated water stress and drought mortality (Fig. 4 and Extended Data
Fig.3). Notably, this includes some regions that are expected already
orin the future of being vulnerable to drought, such as the American
Southwest and southern Amazonia**,

This simplified analysis of climate change impacts on terrestrial
ecosystemsonly considers the effect of VPD on critical soil water thresh-
olds. In fact, climate change impacts on vegetation and ecosystems
depend on many more factors, such as changes in other components
of the hydrological cycle®®*, plant species composition, hydraulic



diversity and ecosystemresilience to drought*¢*, future temperature®
and carbon dioxide (CO,)*. Nonetheless, our analysis shows the effects
of soil texture on ecosystem water limitation and should be considered
soastobetter understand the impacts of climate change on terrestrial
ecosystems. Whenincluded in the comprehensive modelling of global
land-atmosphere dynamics, our results may help toimprove the man-
agement of drought risk under future climate scenarios.

The central role of soil texture

Global ecosystem-scale observations, coupled with principles of water
flow insoils and plants, show how soil and plant hydraulic conductivi-
ties determine the transition from energy to water limitation in ter-
restrial ecosystems. The dependence of critical soil water potential on
soil texture underlines the role of soil hydraulics on ecosystem water
limitation globally. The implications are manifold. First, the relative
sensitivity of ecosystems to VPD and soil moisture depends on soil
texture. Consequently, the predicted changesin 6, for future climates
(thatis, changes in potential transpiration rates via changes in VPD)
aresoil-texture-dependent. Given the limited adaptability of plants to
critical soil water thresholds, a widespread increase in VPD may thus
exacerbate water stress in many ecosystems more than previously
assumed. Second, the extent to which plants can shape ecosystem water
limitation by adjusting their hydraulic traits (for example, K, and ¢,.)
depends on the soil texture and is particularly limited in sandy soils.

Plant adjustments thatalter the soil hydraulic properties adjacent to
theroots (therhizosphere) are effective inweakening adrop in hydrau-
lic conductivity (particularly relevant in soils with steep hydraulic con-
ductivity curves, such as sand—note the sensitivity to L, in Fig. 2c).
Plants have developed several strategies to enhance their ability to
acquire water from the soil, such as the growth of root hairs*®, the
exudation of polymers, such as mucilage®, the symbiosis with myc-
orrhiza®*®, and soil water-sensing strategies, such as hydropattern-
ing®. Root and rhizosphere plasticity have also been reported in the
context of variations in soil properties. Plants grow more and thicker
roots in sandy soils*, and have denser and longer root hairs in these
soils***, Therefore, we expected that our model predictions, which
assumed identical plant traits across soils, would have overestimated
0. in coarse-textured soils and underestimateditin fine-textured soils.
Because this was not the case—in fact, it was rather the opposite—it
suggests the occurrence of additional limitations in coarse-textured
soils, such as loss of root-to-soil contact™,

Over time, plants and microorganisms change the soil structure,
with effects on soil water dynamics. Therefore, our simplified analysis,
based on texture and sand content, should be further developed to
includesoil structure, and its dynamics and feedback with the vegeta-
tionand soilbiota. In conclusion, we argue that accurate measurements
and representations of soil and rhizosphere hydraulic properties are
essential for predicting site-specific critical soil water thresholds. In
particular, the heterogeneity of soil hydraulic properties due to the
dynamicinteractions between texture and soil formation processes
shouldbe addressed in anew quantitative framework that includes soil
structural properties®*®. Rather than only using pedotransfer func-
tions, whichintroduce additional prediction uncertainty, we advocate
measuring soil hydraulic properties locally, especially the unsaturated
soil hydraulic conductivity.

We have demonstrated the globalimportance of soil hydraulic prop-
ertiesinshaping ecosystem water limitation under current and future
evaporative demands, and have provided new insights into ecosystem
drought responses. Soil hydraulic properties are likely to influence
many aspects of current and future terrestrial ecosystem functioning,
such as drought-induced vegetation mortality®, ecosystemresilience
to drought***®and climate extremes through land-atmosphere feed-
backs®>®, Therefore, predictions of the terrestrial water cycle, the
land carbon sink and ecosystem sensitivity to VPD versus soil moisture

should include more detailed information onsoil hydraulic properties.
Furthermore, the global relevance of soils will increase in the future
because ecosystems are expected to shift widely from energy to water
limitation®. Overall, we recommend taking a deeperlook at the hidden
half of terrestrial ecosystems, given its large influence on ecosystem
water limitation globally. A better understanding and parameterization
ofthe mechanisms affecting ecosystem water limitation may ultimately
help to safeguard vital ecosystems that are vulnerable to drought, not
least under future climate conditions.
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Methods

Linking stomatal regulation and soil-plant hydraulics

As the soil dries, its water potential, ¢ (which is the negative work to
extract a unit of volume of water), and its hydraulic conductivity, k,
decrease by several orders of magnitude. Therefore, thereis a critical
soil water threshold (moisture or potential) at which the soil can no
longer supply water to the roots at the rate required to sustain the
transpiration demand®®*. The relationship between water supply and
demand provides the mechanistic link between soil-plant hydraulics
and stomatal regulation inwater and carbon exchange between vegeta-
tion and atmosphere?*%, The nonlinear decrease in soil-plant hydraulic
conductance withsoil drying orincreasing VPD has the key role in this
framework. Note that different definitions and meanings of hydraulic
‘conductance’ and hydraulic ‘conductivity’ may create confusion. Here
we refer to hydraulic conductance, K, as the ratio between the water
flow, such as T (millimetres per day), and the water potential difference,
Ay (megapascal), yielding millimetres per day per megapascal, while
we refer to soil hydraulic conductivity, k (metres per second), to the
ratio of the water flux density, g (metres per second), to the gradientin
soil water potential along the flow path, dg¢/dx (metres per metre). Itis
believed that stomata downregulate transpiration and photosynthe-
sis at the point where transpiration comes at a disproportional ‘cost’
to water transport?>?3%%, Despite the popularity and mechanistic
strength of the framework, and models derived from this, it remains
unclear which is the limiting hydraulic element of the soil-plant con-
tinuum. Thereis also discrepancyinthe rules applied to derive stoma-
tal regulation from the disproportionate cost of water transport (for
example, centred on stomatal optimality, hydraulic conductance or
physiological mechanisms). Here we used the supply-demand frame-
work, implemented according to ref. 25.

General model description

Critical soil water thresholds were calculated based on the hydraulic
framework formulated in ref. 25. The premise is that stomata down-
regulate transpiration when the relationship between transpiration
and leaf water potential becomes nonlinear (that is, loss in hydraulic
conductance). The onset of nonlinearity is the uppermost limit of tran-
spiration that canbe supplied by soil-plant water flow before stomatal
closurerestricts the transpiration rate and photosynthesis. Hence, 6,
and ¢, are defined as the minimum soil moisture and water potential
atwhichthe soil-plant hydraulic system can supply water at the rate of
the potential transpiration (7). In other words, 8., and ;. are defined
where T, (here,4 mm d™) isat the edge of the linear zone of the T (s,
Yap) surface (green zone in Extended Data Fig. 1a,b) intersecting the
stress onset limit (SOL)%.

The surface T(Yoi, Yiear) is the physical space of plant water use, and
the SOL delineates between the linear and nonlinear zones (yellowin
Extended Data Fig. 1a,b), thereby defining the onset of water limita-
tion”. Inwet soils, the surface is planar for alarge range of transpiration
rates (green zone). Asthe soil dries, the surface bends (brown zone) as
therelationship betweentranspiration rate and leaf water potential for
agiven soil water potential becomes nonlinear (dotted black lines in
Extended Data Fig. 1a). This nonlinearity corresponds to a substantial
declineinthe hydraulic conductance of the soil-plant continuum. The
transition from the linear to the nonlinear zone—the SOL—is defined
as the point where d7/dy,.,s reaches 80% of its maximum (for each
Y.on). This indicates a substantial loss of hydraulic conductance in
the soil-plant continuum and is hypothesized to trigger stomatal
closure®. The SOL presumes a plant physiological optimization to
minimize the trade-offs between gas-exchange benefits and hydrau-
lic losses. The SOL is the uppermost limit of transpiration. It sets the
maximum transpiration and corresponding stomatal conductance
that plants could sustain under given soil water and VPD conditions.
Obviously, stomatal conductance can be lower than this value, for

instance, limited by lightand elevated CO,. In other words, our model
does not aim to reproduce stomatal closure driven by factors other
than hydraulic limitation, which are crucial in predicting stomal func-
tioning below the SOL.

The model assumes that stomata progressively close when the
hydraulic supply does not match the water demand—a process that
hasatimescale of minutes to hours. We used this model to predict the
onset of water limitation during soil drying, a process thatis compara-
tively slower and has a time scale of weeks. During this time, the plant
hydraulics may change (particularly for grasses and annual crops).
A key assumption of our analysis was that the relevant hydraulic vari-
ables changed proportionally, thatis, T, Kpjane and L., were assumed
to change proportionally.

Modelling steps and parameter estimation

To test our hypothesis, that critical soil moisture thresholds show
soil texture specificity on an ecosystem scale, we simulated soil water
thresholds for each soil textural class (12 US Department of Agricul-
ture (USDA) classes) and compared them to both flux-tower and sap
flow-derived observations. We simulated 6..;.and ¢, by solely varying
the soil hydraulic properties (Supplementary Table 2), while keeping
plant and climate parameters constant (Extended Data Table 1). We
justified the constant set of plant and atmospheric model parameters
using the insignificant relationships of differences between observed
andsimulated 6., to site-specific latent heat fluxes (that s, to the abso-
lute evapotranspiration rates determined by the climate of each site,
T,o0) across climates and biomes (Supplementary Figs. 5and 6). The few
required model parameters were set to average values fromthelitera-
ture, except for the effective L,,,.. The potential transpiration per land
surface, T, Was setto4 mm d* (during daytime)*. The maximum plant
hydraulic conductance was set as K, jnemax = Tpot/~Wiearmax (MM dMPa™),
which gave a leaf water potential of =1 MPa ({;c,r.max) When the soil was
wet (¢,,; = 0 MPa) and transpiration was at a maximum, that is, T,,.
The plant water potential threshold (¢,.) at which the stem hydraulic
conductanceisreduced to 50% (approximately ¢,,) was set to-2.8 MPa,
based on reported values of xylem embolismin woody species®, while
the effective root and rhizosphere radii, and the slope of the decrease
in K, With increasing water tension, were set to default values™. The
effective L,,,. (m m2), defined per land surface area, was the only fit-
ting parameter, and was inversely estimated by fitting 6., over all soil
textural classes. In other words, the difference between observed (6,,,)
and simulated (6y;,,) critical soil moisture was minimized over both
datasets acrossall soils (least absolute deviations) by varyingonly L,
(where n =149 is the number of 6., observations).

n
Ligor :=min Z ‘ 6:,00s = 0 sim |
i=1

Main data collection

To test our hypotheses, we compared our model simulations to both
eddy covariance and sap flow data across climates and biomes. To
estimate critical soil moisture thresholds (6,,;) from the eddy covari-
ance data, we acquired daily data comprising the soil volumetric water
content and the latent and sensible heat fluxes from the eddy covari-
ancesites provided by Integrated Carbon Observation System (ICOS)
(https://www.icos-cp.eu/), AmeriFlux (https://ameriflux.lbl.gov/) and
FLUXNET (https://fluxnet.org/), all of which have undergone standard-
ized quality control and gap filling®” (we used both measured, quality
flag = 0, and good-quality gap-filled, quality flag =1, data). Only sites
for whichin situ estimates of soil texture were available were selected
(n=44).Thesesites either reported the soil textural class or provided
the fractions of sand, siltand clay from which we could classify the soil
texture based on the USDA soil texture classification system®®, Given
the high correlation of critical soil moisture thresholds in the surface
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soil layer with the 6,,;, observed in deeper layers*®, only the surface
layer soil moisture was considered in our analysis. To estimate critical
soil moisture thresholds (6.,;;) using sap flow data, we acquired the
sapwood-area-based sap flux density (cm?® cm™,,, h™) and soil volumet-
ric water content time series from SAPFLUXNET® (https://sapfluxnet.
creaf.cat/) using the provided sapfluxnetr package v.0.1.4 (ref. 70). Only
sitesthat reported local estimates of 8 (shallow soil layer), soil texture
(USDA classification, and/or sand, silt and clay fractions) and soil depth
along the sap flux density values were kept for further analysis.

Main data analysis

Eddy covariance data. The evaporative fraction was calculated as
the ratio of the latent heat flux to the sum of the latent and sensible
heat fluxes for each day”™". 9,,;, was determined from the relation-
ship of the evaporative fraction to 0 by applying a regression bet-
ween evaporative fraction and 6 using a linear-plus-plateau model
(lin_plateau.R function from ref. 73). The good correlation between
the onset of a decline in evaporative fraction and a decline in gross
primary production* justified the approach to interpret these data
asadecline in transpiration, although bare evaporation can substan-
tially contribute to the evaporative fraction. 8., is defined as the soil
moisture at the breakpoint between the linearincrease phase and the
plateau of the model. As in ref. 36, 6, was estimated from periods of
soil moisture dry-downs during the respective summer seasons (that
is, June-July-August for the Northern Hemisphere and December-
January-February for the southern hemisphere). Soil moisture dry-
downs were considered to be periods in which the soil moisture
decreased consecutively for at least 10 days after a rain event®™. We
could determine 6, for 36 out of the 44 sites (see ‘Main data collec-
tion’) using the dry-down definition from ref. 36. For five sites, we
determined 6., for periods beyond the summer season, but still apply-
ing the 10-day drying criterion. For two sites, this dry-down criterion
alsodid not resultin a 6., estimate, and thus we neglected the 10-day
dry-down criterion, rather applying the summer criterion. Finally, we
discarded one site for which no 6,,;, could be determined at all. The
remaining 43 sites formed the basis for all further analysis. We justified
the different dry-down criteria by the high coefficients of determina-
tion (‘Summer’ versus ‘Full-criterion”: R,4; = 0.97,n =11;10 days’ versus
‘Full-criterion’: R?,4; = 0.98, n =10). The eddy covariance sites span
around theglobe, encompassing all continents (excluding Antarctica)
(Supplementary Fig. 7).

Sap flow data. Similarly to ref. 75, (sub)hourly sap flux density time
series were aggregated to daylight averages (06:00 to 20:00) using
daylight_metrics from sapfluxnetr’. As for the eddy covariance data,
we estimated dry-down periods as periods where the daily (24 h) aver-
ages of 6 decreased for at least ten consecutive days (site level). After
intersecting summer and dry-down periods, 6., was determined as for
the eddy covariance data, but on atree level (multiple treesin the site
sharing the same environmental data) using the linear-plus-plateau
model (now part of the soiltestcorr package v.2.2.0 (ref. 76)), given that
apositive linear slope was determined and that the breakpoint deter-
mination met the standard significance criterion (P < 0.05). Finally, 14
sites (Supplementary Fig. 8) and 106 trees (multiple tree individuals
per site, either from the same or a different tree species) resulted in
106 sap flow-derived estimates of ., spanning six soil textural classes
(Supplementary Table1).

Soil hydraulic properties

The parameters of the soil water characteristics as a function of soil
textural classes were taken fromref. 77, which reported the mean and
standard deviation. Because the saturated conductivity datainref.77
were from another data source and without information on its vari-
ability, we took the values from ref. 78 that provided a recent global
data collection.

Therelativeimportance of soil and plant hydraulics

Analysing the relative importance of soil and plant hydraulicsis key to
identifying the dominant controls on ecosystem water limitation. We
approached this in two ways: (1) by comparing the simulated soil and
plant hydraulic conductance as afunction of soil texture (Fig. 1b); and
(2) by comparing the differences in 6, variability between observa-
tions and simulations (Fig. 2c).

Simulating the physical space and transpiration downregulation
(SOL) in each soil textural class allowed us to disentangle, by means
ofthe soil-plant hydraulic model, whether the soil or plant hydraulics
would have, in relative terms, a stronger impact on soil water thresh-
olds. We calculated the soil and plant hydraulic conductance as K; =
T/(wsoil - (l)soil-root) and Kplant = T/(wsoil-root - lpleaf)r respectively, where wsoil-root
and ¢.,;are water potentials at the soil-rootinterface andin the leaves,
respectively. To analyse the 8., variability, we quantified the variation
in 8. in response to variations in soil hydraulic properties for each
soil textural class. First, we determined, for each soil textural class, the
minimum and maximum values of a hydraulic property by subtracting
oradding the standard deviation from the mean value (the geometric
mean, in the case of saturated hydraulic conductivity and the shape
parameters of the soil water characteristics curve). Next, we defined
the hydraulic properties of the ‘coarse end’ of a soil textural class by
combining the minimumair entry value, maximum slope parameter of
soil water characteristics curve and maximum hydraulic conductivity
for eachsoil textural class. For the ‘fine end’ of a soil textural class, the
maximum air entry value, minimum slope parameter and minimum
soil hydraulic conductivity values were chosen. Note that 7, which is
theslope of k,,; over ¢, ;; whenboth are expressed in logarithmic scale,
is positively correlated with K, and inversely correlated with the air
entry value, h, (the correlations between log(h,) and rand log(K.,,) and
rinthedatapresentedinref.77 are 0.78 and 0.88, respectively). To test
the effects of variable plant traits (L, density and plant vulnerability)
and atmospheric conditions (increasing VPD) on soil water thresh-
olds, we modelled 6.;, and ¢; by varying L .. from 1/30 (minimum)
to 30 (maximum) times the reference, and ¢,. from -1.5 (minimum) to
-5 MPa (maximum). From these results, we calculated the span of 6,
(Sgerivs Unitless) for each soil textural class as Sg.;; = max(6,;,) — min(@.,),
which allowed us to compare the effects of varying soil and plant prop-
ertiestothe variance of the observations—that s, the span of the FN and
SFN observations per soil textural class. Varying atmospheric condi-
tions were simulated using future projections of potential transpir-
ation rates. Details of the future climate modelling are described in
the section ‘Global map’.

Therelativeimportance of VPD and soil moisture in ecosystem
water limitation

To evaluate the relative importance of VPD and soil moisture in eco-
system water limitation, we compared the soil-specific simulations
with observed ecosystem fluxes for two contrasting soil textures
(median of five eddy covariance sites for clay and sand, respectively).
For these simulations, we assumed that T, =4 mm d™, corresponding
to VPD =1.5 kPa (Fig.3a-d). Our model predicted that,at VPD = 1.5 kPa,
plants could transpire at full stomatal opening (g....,) as long as the
soil moisture was higher than, or equal to, the simulated 6, (that is,
moving horizontally in Fig. 3). Rising VPD (that is, moving vertically in
Fig.3) triggered stomatal closure at acritical VPD, which was set by the
stressonset limit (yellow line in Extended Data Fig.1). The critical VPD
declined with decreasing soil water content, but it remained relatively
constant for 6 > @, (particularly in sandy soils; in Fig. 3, this critical
VPD is approximately 2 kPa). This critical VPD in wet soil depends on
plant hydraulics and 7,,.. More precisely, critical VPD depends on the
difference between T,,,,/K,,,. and the critical leaf water potential where
Kpiane declines (psi_star, Supplementary Information). For instance,
transpiration would become water-limited at alow VPD (and high soil
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moisture) when the plant hydraulic conductance was too low to sus-
tain high transpiration fluxes. In this case, the system becomes water
limited even in wet soils due to plant limitations, the key driver being
the rising VPD.

For the observed evaporative fractions in clay and sand, we used
(half-)hourly fluxes from these eddy covariance towers and filtered
themas follows, referring to previous studies'? to remove unmeaning-
ful data for our analysis: only positive latent and sensible heat fluxes;
only during daytime; without negative soil moisture and VPD values;
sufficientincomingradiation and VPD to drive substantial transpiration
(photosynthetic photon flux density of more than 500 pmol m2s™,
VPD of more than 0.5 kPa); sufficient wind speed (more than1ms™)
to foster vegetation—atmosphere coupling; and without ‘cold’ days
limiting plant metabolism (where the median daily temperature was
less than 15 °C). Because we aimed to analyse as much of the VPD-soil
moisture space as possible, we used the maximum available time resolu-
tion (half-hourly to hourly) and all levels of gap-filled data. Binning and
visualization of the evaporative fraction along VPD and soil moisture
(thereby removing soil moisture values below and above the residual
and saturated water content of each soil texture, respectively, as well
as cutting off the extreme VPD conditions (VPD of more than 5 kPa)
occurringinone sand site) revealed soil-specific responses to the two
environmental drivers. Simulations of transpiration rate with soil dry-
ing, based onthe SOL ineach of the two soil textures, were anchored to
the VPD axis by the assumption that the maximum transpiration rate
being sustained by the underlying soil-plant hydraulic constraints
corresponded to the experimentally observed maximum evaporative
demand (we took the 99th percentile of the median VPD distribution
of the five sites) in wet soil (6 > 6,,;,) for each textural class. Inset plots
displaying the median relative sensitivity of evaporative fraction to
VPD and 8 confirmed the stronger relative contribution of soil moisture
limitation in coarse-textured soils.

Global map

To test the effects of variable atmospheric conditions and evalu-
ate the impacts of future climate on 6., we simulated ., in all soil
textural classes under changing potential transpiration demands.
For each soil textural class, we obtained a numerical function of
7(0), as in Supplementary Fig. 9 (note that the slightly different
model parameters enabled projections of future transpiration rate
up to the maximum increase in T,,,, that is, +65%). An analytical sig-
moidal function was fitted to 7(6) to calculate 8, and A8, for the
expected changesin potential transpiration rate under future climate
(2060-2069) (Fig. 4 and Extended Data Figs. 3 and 4). To estimate
the potential transpiration rate, we chose a simple approach based
on air temperature and relative humidity, as described by Ivanov’s
formula’?°, Temperature and relative humidity data for the years
2005-2014 (current climate) and 2060-2069 (future climate) were
downloaded from World Climate Research Programme Coupled Model
Intercomparison Project 6 (SSP2-4.5 scenario) using the EC-Earth3
model with a spatial resolution of 0.7° (refs. 81,82). Additionally, cur-
rent and future precipitation data were acquired to classify world
regions based on the current and future Al. The Al was calculated on
anannual basis as Al = precipitation/T,,... Next, the global map of Af,.;,
resulting from changing climate (7,,,) was calculated as follows: in a
first step, global maps of sand and clay content from SoilGrids®* were
used to determine a global map of soil textural classes (Extended
DataFig.4a).Foreach pixel, the change in potential transpiration rate
(Extended Data Fig. 4c) and the corresponding change in critical water
content were then computed and visualized (Fig. 4 and Extended Data
Figs.3and 4).

Statistical information
Functional relationships between key variables were underpinned
by linear regression analyses using ‘Im()’ from the stats package

(v.4.3.2) of R statistical software v.4.3.2 (ref. 84). The linear regres-
sion prerequisites were verified using ‘check_model()’ from the
performance package (v.0.11.0) (ref. 85) (see ‘Code availability’ for
details). Asagoodness of linear regression fit, adjusted R, values and
two-sided Pvalues of the linear regression slopes were calculated and
are indicated in the figures, where meaningful (significant P values
are indicated in the plot area using standard significance levels of
*P<0.05,*P<0.01,**P<0.001, not significant (NS) P> 0.05). The
main linear regressions, indicated by R?,;and significance levels
in the main text figures, are detailed as follows: Fig. 2a, solid black
regression line, R?,;;= 0.34, P<0.001, y = -0.0017x + 0.23; Fig. 2b,
solid black regression lines encompassing all textures, R?,4 = 0.35,
P<0.001, y=0.61x + 0.05, and excluding clay soils, R?,4;= 0.48,
P<0.001, y=0.98x + 0.01; Fig. 2c, solid black regression line,
R?,4;=0.4,P<0.01,y=-0.0019x + 0.23, dotted brown regression
line, R%,;;= 0.87, P< 0.001, y = -0.0018x + 0.24, dotted dark green
regression line, R%,4; = 0.87, P< 0.001, y = -0.0013x + 0.15; Fig. 2d,
solid black regression line, R?,; = 0.37, P < 0.001, log,, () = —0.048x
+2.6 (see ‘Code availability’ for further details). Note that, in Fig. 2b,
we tested whether the 95th intervals of the estimated slopes and
intercepts of the linear regressions overlapped with the 1:1line (see
‘Code availability’ for details). The error bars for the sand fraction (in
Fig. 2a) show the entire range of sand percentages within each soil
textural class®®. The data distributions are displayed using grouped
box plots (the thick solid horizontal line represents the median, the
lower and upper hinges correspond to the first and third quartiles,
the whiskers extend to the highest or lowest value, respectively, but
no further than 1.5 times the interquartile range, and the widths of
the boxes scale with the square root of the number of observations
ineach soil textural class) and individual observationsin the groups
are displayed as points along the boxes. Note that the grouped (FN
and SFN) boxes and points (Fig. 2a,b) are slightly shifted around the
true x coordinate (the same for both) for readability. The number
of sites in each soil textural class is given in Supplementary Table 2,
while the number of 6..;, observations per soil textural class are dis-
playedin Fig.2a,b.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

All ecosystem flux data are publicly available from FLUXNET (https://
fluxnet.org/), AmeriFlux (https://ameriflux.Ibl.gov/) and the ICOS
(https://meta.icos-cp.eu/collections/ueb_7FcyEcbG6y9-UGoSHUQV).
Additional soil texture information, where missing, was kindly provided
from scientists responsible for the respective eddy covariance site.
All sap flow data are publicly available from SAPFLUXNET (https://
sapfluxnet.creaf.cat/). An overview of the analysed sites, including
datareferences, is provided in Supplementary Table 2. Temperature,
relative humidity and precipitation data for the years 2005-2014 (cur-
rent climate)® and 2060-2069 (future climate)® are publicly avail-
able from the World Climate Research Programme Coupled Model
Intercomparison Project 6 (https://aims2.lInl.gov/search/cmip6/) and
were downloaded using the EC-Earth3 model (SSP2-4.5 scenario) with
aspatial resolution of 0.7° (data deposited at Figshare (https://doi.
org/10.6084/m9.figshare.24138300)%).

Code availability

The codes to analyse and visualize the data were writtenin R v.4.3.2
(ref. 84), MATLAB R2023a (ref. 88) and Mathematica v.13.0 (ref. 89).
All codes essential for this analysis are available at Figshare (https://
doi.org/10.6084/m9.figshare.24138300)%".
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Extended DataFig.1| Couplingsoil-plant hydraulics with stomatal
regulation allows simulating soil-specific soil water thresholds. a, Plant
hydraulic surface and soil drying trajectory (thick yellow line) simulated® for
exemplary hydraulic parameters and a potential transpiration rate of 4 mm/
day. Therelationisshowninaas3-D hydraulic surface and inb from the soil
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point of view, distinguishing the linear (green) and nonlinear (brown) zones.
c,dExemplarylandsurface transpiration rate for three contrasting soil textural
classesinrelationto cbulk soil water potential and d volumetric soil moisture
content. The three soilsresultin different 8, and ¢, (dashed black lines)
while the evaporative demand is the same (4 mm/day).
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Extended DataFig.2|Expected changes of critical soil moisture thresholds
inresponsetoincreasing VPD.a, Anincreasein VPD (red) resultsinan
increaseincritical soil moisture threshold (+A8,,,). b, Anincreasein VPD (red)
causesan ‘earlier’ stomatal downregulation, i.e., at higher soil moisture.c, An
increasein VPD (red) may dry the soil initially faster due toincreasein
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transpiration rate in non-water-limited soil moisture (assuming no changein
other componentsin the hydrological cycle), but the ‘earlier’ stomatal closure
may prolong the time between onset of water limitation (6.,;) and severe water
stress.
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Extended DataFig. 3| The globalsensitivity of critical soil moisture
thresholdsto climate change depends on soil texture - 1. Predicted changes
ofglobal critical soil moisture thresholds (A8.;) inresponse to changesin VPD
from current (2005-2014) to future (2060-2069) climate (SSP2-4.5scenario).
The colorsare mapped along two axes representing the absolute changes in
6. (y-axis) and relative changes in potential transpiration rate (AT, x-axis),
respectively. Pixels are coloured across the globe according to their expected

implications for gross primary productivity (GPP) and vulnerability to drought.

Opaque and pale colours differentiate between non-humid (aridity index
(Al)<1) and humid (Al>1) moisture regimes, respectively. Warm colours

[ D tenuatety o e [ aneniatedoy doe
(red-orange-yellow) indicate anincrease (+A8.,;,), and cold colours (blue-green)
indicate adecrease (-A6.,;,) in critical soil moisture thresholds. The four
rectangles highlight regions where we expect highest amplification of
ecosystem vulnerability to drought givenincreasing VPD (cf. Fig. 4 in the
Article). Theseregions will experience anincrease inatmospheric drying but
show limited buffer capacity (small A8,,;,) due to the coarseness of their soil
texture. Hyperarid deserts (dark grey, aridity index (Al) < 0.05) were excluded.
Inhumidregions (dotted area, Al >1) where ecosystems are unlikely to be water
limited, theimpact of A8, is likely to be negligible or rare.
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Extended DataFig. 4 |The global sensitivity of critical soil moisture
thresholdsto climate change depends on soil texture -1I. a, Global
distribution of soil textural classes according to USDA classification
determines how the projected changes in potential transpiration rate (T,,,)
translateinto changesin critical soil moisture threshold (A6,,;) under future
evaporative demand (2060-2069, cf. Fig. 4 + Extended DataFig. 3). b, Current

estimated annual T, based on air temperature and relative humidity alone
asdescribed by Ivanov’*®. ¢, Estimated changes in T, [%] under future
evaporative demands driving the changesin 0., [%]ind. Note that here, in
contrastto Fig.4 + Extended DataFig. 3, hyperarid and humid regions are not
specifically marked, and the changesin 0., arerelative, i.e., strongly depend
onthesoil textural class, which controls the absolute value of 6, [-].



Extended Data Table 1| Model Parameter Definitions and Derivations

Parameter Definition Unit (Default) Value Reference/Derivation

Tpot Average Potential Transpiration per Land Surface Area mm d"*' 4 65"

Wieaf-max Average Plant Water Potential at Full Transpiration (Tpot) MPa -1 88t

Rroot Root Hydr. Resistance (1/Kpiant-max) MPa mm™ d 0.25 ~Pieat-max / Tpot
Fitted to minimize the sum of absolute

Lroot Effective Root Length mm?2 638 errors between observed and simulated
Bcit (see Methods)

Y Plant Water Potential Threshold (~yxso) MPa 2.8 88t

Tx Plant Water Potential Exponent 5 2

fo Root Radius cm 0.05 %

r2 Rhizosphere Radius cm 1 2

* Toot = 4 mm/d stems from the potential evaporation rate used in this study to derive physical constraints for soil evaporation globally.
tW, .x = =1 MPa represents approx. the median of reported leaf water potentials at full transpiration in wet soil contained in this database.

+ . =-2.8 MPa represents P50 given median values of the Weibull parameters (c and d, respectively) in this dataset.
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eddy covariance site. All sapflux data are publicly available from SAPFLUXNET (https://sapfluxnet.creaf.cat/). An overview of the analyzed sites including data
references is provided in Tab. S2. Temperature, relative humidity, and precipitation data for the years 2005-2014 (current climate) and 2060-2069 (future climate)
are publicly available from WCRP Coupled Model Intercomparison Project CMIP6 (https://esgf-node.linl.gov/search/cmip6/) and were downloaded using the EC-
Earth3 model (SSP2-4.5 scenario) with spatial resolution of 0.7 degrees (data deposited at https://doi.org/10.6084/m9.figshare.24138300).
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Population characteristics N/A
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Ethics oversight N/A
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size N/A
Data exclusions  N/A
Replication N/A
Randomization  N/A

Blinding N/A

Behavioural & social sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description N/A
Research sample N/A
Sampling strategy N/A
Data collection N/A
Timing N/A
Data exclusions N/A
Non-participation N/A
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.
Study description Meta-analysis of published eddy-covariance and sapflux data collected together with local soil information (volumetric soil moisture,
soil textural class/fractions of sand/silt/clay). Soil-plant hydraulic model used to test and explain global soil texture influence on

observed critical soil moisture thresholds.

Research sample All soil moisture as well as ecosystem and tree-level flux data were publicly available (see Manuscript). Additional soil texture
information, where missing, was kindly provided from scientists responsible for the respective Eddy-Covariance site.
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Timing and spatial scale No new data were recorded. Global scale

Data exclusions All sites where soil texture was unambigously classified (locally) or fractions of sand/silt/clay were given were used. Further
processing of this dataset (e.g. estimating critical soil water thresholds) is described in detail in the manuscript.

Reproducibility no experiment done
Randomization Sites were grouped according to their soil textural class. No randomization applicable.
Blinding Sites were grouped according to their soil textural class. No randomization applicable.

Did the study involve field work? []ves X No

Field work, collection and transport

Field conditions N/A
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Ethics oversight N/A
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Animals and other research organisms
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Laboratory animals N/A
Wild animals N/A
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Ethics oversight N/A
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Sample preparation N/A
Instrument N/A
Software N/A
Cell population abundance N/A
Gating strategy N/A

D Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.

Magnetic resonance imaging

Experimental design
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Statistical modeling & inference
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Statistic type for inference N/A

(See Eklund et al. 2016)
Correction N/A

Models & analysis
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