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Abstract
Soil and atmospheric droughts increasingly threaten plant survival and productivity 
around the world. Yet, conceptual gaps constrain our ability to predict ecosystem-
scale drought impacts under climate change. Here, we introduce the ecosystem wilting 
point (ΨEWP), a property that integrates the drought response of an ecosystem's plant 
community across the soil–plant–atmosphere continuum. Specifically, ΨEWP defines a 
threshold below which the capacity of the root system to extract soil water and the 
ability of the leaves to maintain stomatal function are strongly diminished. We com-
bined ecosystem flux and leaf water potential measurements to derive the ΨEWP of a 
Quercus-Carya forest from an “ecosystem pressure–volume (PV) curve,” which is anal-
ogous to the tissue-level technique. When community predawn leaf water potential 
(Ψpd) was above ΨEWP (=−2.0 MPa), the forest was highly responsive to environmental 
dynamics. When Ψpd fell below ΨEWP, the forest became insensitive to environmental 
variation and was a net source of carbon dioxide for nearly 2 months. Thus, ΨEWP is 
a threshold defining marked shifts in ecosystem functional state. Though there was 
rainfall-induced recovery of ecosystem gas exchange following soaking rains, a legacy 
of structural and physiological damage inhibited canopy photosynthetic capacity. 
Although over 16 growing seasons, only 10% of Ψpd observations fell below ΨEWP, the 
forest is commonly only 2–4 weeks of intense drought away from reaching ΨEWP, and 
thus highly reliant on frequent rainfall to replenish the soil water supply. We propose, 
based on a bottom-up analysis of root density profiles and soil moisture characteristic 
curves, that soil water acquisition capacity is the major determinant of ΨEWP, and spe-
cies in an ecosystem require compatible leaf-level traits such as turgor loss point so 
that leaf wilting is coordinated with the inability to extract further water from the soil.
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1  |  INTRODUC TION

Drought has major impacts on natural resources, food, water, 
and socioeconomic systems (Pulwarty & Sivakumar,  2014) and is 
a primary factor limiting global vegetation productivity (Gampe 
et al.,  2021; Liu, Zhou, et al.,  2021; Madani et al.,  2020; Stocker 
et al., 2019; Zhang et al., 2022). Drought is projected to increase in 
frequency and intensity during the 21st century; thus, agricultural 
and natural ecosystems are likely to face intensifying water stress 
(Zhao & Dai, 2022). Understanding ecosystem functional responses 
to drought is crucial for accurately predicting changes in climate and 
the carbon cycle (Novick et al., 2016; Paschalis et al., 2020) and for 
developing strategies for risk management. Plant responses to both 
soil water deficit and atmospheric vapor pressure deficit (VPD), in-
dividually and in combination, determine ecosystem-level drought 
responses (Grossiord et al., 2020; Liu, Gudmundsson, et al., 2020; 
Lansu et al., 2020; Novick et al., 2016; Stocker et al., 2018; Zhang 
et al.,  2019). Yet, scaling up drought responses from organs/tis-
sues and whole plants to ecosystems is challenging because of 
scale emergent behavior at higher levels of biological organization 
(Anderegg et al., 2018; Liu, Holtzman, et al., 2021), complicating the 
linking of traditional plant functional traits with whole-ecosystem 
function.

At the plant scale, drought response thresholds for many func-
tions have been well characterized, with the leaf turgor loss point 
(Ψtlp) being one such key threshold. When stomata open to enable 
carbon dioxide (CO2) uptake, evaporative water loss from the me-
sophyll causes leaf water potential (Ψleaf) to decline and tensions to 
develop throughout the plant hydraulic system (Melvin T. Tyree & 
Zimmermann, 2002). If the transpiration stream cannot match evap-
orative demand, leaves dehydrate, and declining turgor pressure in-
duces stomatal closure, restricting gaseous diffusion into and out 
of the leaf (Bartlett et al., 2014). Eventually, when Ψleaf reaches the 
Ψtlp (i.e., the wilting point), turgor pressure is zero and the total Ψleaf 
is equal to the osmotic potential—past this point, any decline in Ψleaf 
corresponds directly to leaf cell volume shrinkage (Sack et al., 2018). 
To maintain Ψleaf safely above Ψtlp, plants often coordinate traits 
across the soil–plant–atmosphere continuum (SPAC) to mediate 
water use, and balance water supply and demand (Flo et al., 2021; Lu 
et al., 2020; McCulloh et al., 2019; Scoffoni et al., 2016). Ψtlp is thus a 
key drought tolerance trait that often correlates with climatic aridity 
across species and biomes (Bartlett et al., 2012, 2014, although see 
Farrell et al. 2017).

Early research on plant wilting, motivated by the desire to un-
derstand field water budgets for crop management purposes, led to 
the concept of the soil “permanent wilting point” (PWP; Briggs & 
Shantz, 1912; Kirkham, 2005; Richards & Weaver, 1943; Veihmeyer 
& Hendrickson, 1928). Note that the “permanent” in PWP was de-
fined in the context of drought experiments, and it corresponds to 
the point at which plants that wilted during the day under a hot sun 
would no longer recover overnight upon equilibration with the soil. 
Yet, “permanent” is just in the sense of experimental drought con-
ditions; while they remained alive, the plants could recover from 

wilting when re-watered. Early studies focused on crops in well-
watered systems led to the notion that plants wilted at similar soil 
matric potentials, and the approximate definition of the PWP as the 
water content held at a soil matric potential of −1.5  MPa became 
widely adopted in soil science (Kirkham, 2005; Tolk, 2003).

Meanwhile, plant physiologists developed understanding of cel-
lular (Höfler, 1920), tissue, and organ water relations (Richter, 1978; 
Scholander et al., 1964; Tyree & Hammel, 1972). Over decades, con-
siderable variability, and a wide range of turgor loss points (Bartlett 
et al., 2012), as well as “wilting points” for plants grown under differ-
ent soil textures have been observed (Kursar et al., 2005; Wiecheteck 
et al.,  2020). The wilting point of the bulk leaf is defined by the 
water potential at the turgor loss point (Pallardy et al., 1991). Leaf 
Ψtlp varies considerably across plant species (Bartlett et al., 2012), 
and is strongly correlated with other drought response thresholds 
of the hydraulic, stomatal, and photosynthetic systems (Bartlett 
et al., 2016). Furthermore, the turgor loss point often displays plas-
ticity due to osmotic adjustment—in other words for a given plant 
growing in a given soil, leaf Ψtlp can change over time, reinforc-
ing that a universal wilting point should not be expected (Bartlett 
et al., 2014). Given that stomata close at the turgor loss point, tran-
spiration is reduced to a small fraction of the well-watered rate, and 
only minimal transpiration-driven tension can be generated by the 
plant; thus, plant water potentials remain close to equilibrated with 
the soil, and thus, in principle, Ψtlp represents the soil water potential 
below which water extraction by the plant is not possible (Bartlett 
et al., 2012).

Despite recognition of Ψtlp as a physiological determinant of plant 
drought performance, the concept has not been scaled up to the eco-
system level for understanding dynamic environmental responses 
and biogeography. Traditionally, ecosystem-level analyses have 
tended to focus on photosynthetic carbon gain and water loss rates 
in direct relationship with environmental variables, without a con-
sideration of internal plant water status, which integrates environ-
mental responses (Baldocchi, 2020; Novick et al., 2022; Reichstein 
et al., 2014). In general, ecosystem traits related to maximal carbon 
and water fluxes such as leaf area index (LAI) or light-saturated GPP 
can explain variation in function among ecosystems across climatic 
gradients, and there have been proposals to develop additional inte-
grated ecosystem traits based on plant traits expressed at the com-
munity level (He et al., 2019; Reichstein et al., 2014).

Progress from the standpoint of ecosystem water relations traits 
has, however, been slower to develop, with recent model-data fu-
sion examples at the scale of ecosystems (Liu, Kumar, et al., 2020) 
and remote sensing grid cells, that is, 0.25° grid cells (Liu, Holtzman, 
et al., 2021; Liu, Konings, et al., 2021). In all these cases, a prescribed 
model is used as a framework for retrieving a suite of bulk traits that 
result in the model best matching observed constraints such as eco-
system fluxes (Liu, Kumar, et al., 2020) or remotely sensed data like 
vegetation optical depth (Liu, Holtzman, et al., 2021; Liu, Konings, 
et al., 2021). Scaling up from organs/traits to ecosystems and larger 
scales can be complicated by scale emergent behavior at higher lev-
els of organization (Baldocchi et al., 2021; Liu, Konings, et al., 2021; 
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Reichstein et al.,  2014) and is particularly relevant for advancing 
macroecological understanding of water relations and Earth system 
modeling.

A recent review proposed that an ecosystem analog of the 
pressure–volume (PV) curve would be useful for relating remotely 
sensed vegetation water content to water potential, and param-
eters that can be extracted from such a curve (e.g., an ecosystem 
wilting point) might have macroecological applications (Konings 
et al., 2021). Here, we develop a novel “top-down” method that syn-
thesizes ecosystem flux and predawn Ψleaf observations to deter-
mine an ecosystem analog to Ψtlp that we call the “ecosystem wilting 
point” (ΨEWP). The ΨEWP is an ecosystem trait that integrates canopy 
behavior with both climate and soil properties and represents the 
point below which the extraction of soil water by the root system 
is extremely challenging, and leaves are at, or very near Ψtlp. We hy-
pothesize ΨEWP is strongly constrained by the capacity for soil water 
acquisition by vegetation, which is jointly determined by the root 
density distribution and the soil moisture characteristic (i.e., water 
retention curve).

We tested how ΨEWP relates to gas exchange dynamics, hypoth-
esizing that ΨEWP is a functional threshold defining a transition in 
the responsiveness of vegetation to environmental dynamics. We 
also tested the influence of community predawn leaf water potential 
(Ψpd) declining below ΨEWP on ecosystem light use efficiency (LUE) 
and ecosystem intrinsic water-use efficiency (iWUE). We hypothe-
sized divergent LUE and iWUE responses, with LUE showing imme-
diate declines with the onset of mild-to-moderate stress owing to 
stomatal regulation of GPP. In angiosperms, the leaf-level stomatal 
conductance (gs) of well-watered plants exceeds what is needed for 
maximizing leaf iWUE; under drought stress, plants downregulate gs 
and increase leaf-level iWUE (Yang et al., 2021). We thus hypothe-
sized that ecosystem iWUE also increases under mild-to-moderate 
drought stress until the ecosystem reaches ΨEWP, at which point veg-
etation reduces gs at the expense of optimizing carbon gain, and thus 
ecosystem iWUE declines.

2  |  METHODS

2.1  |  Site description and observations

The Missouri Ozark AmeriFlux (MOFLUX) site (ID: US-MOz; lat. 
38.7441°, long. −92.2000°) is situated in the Ozark Border Region 
at the University of Missouri's Baskett Forest (Gu et al., 2015; Gu, 
Pallardy, Yang, et al., 2016; Yang et al., 2010). The site is a second-
growth, Quercus-Carya (oak-hickory) forest, with important tree 
species including Quercus alba L. (white oak), Quercus velutina Lam. 
(black oak), Carya ovata (Mill.) K. Koch. (shagbark hickory), Acer sac-
charum Marsh. (sugar maple), and Juniperus virginiana L. (eastern red-
cedar), with Fraxinus americana L. (white ash) scattered throughout 
the site. The dominant soils are Weller silt loam (fine, smectic, mesic 
Aquertic Chromic Hapludalf) and Clinkenbeard very flaggy clay loam 
(clayey-skeletal, mixed, superactive, mesic Typic Argiudoll) underlain 

by Ordovician and Mississippian limestones. Total root densities de-
cline from a maximum of around 5.5 kg m−3 in the upper 22 cm of soil 
to approximately 0.2 kg m−3 at the 60–72 cm depth, while the den-
sities of roots with diameter <3 mm were approximately 2.5  kg m−3 
and 0.1  kg m−3 in the 0–22 cm and 60–72 cm layers, respectively 
(Figure S1). The mean annual air temperature and precipitation are 
12.5°C and 1052 mm, respectively (1991–2020 climate normals; 
Columbia Regional Airport; station USW00003945; https://www.
ncei.noaa.gov/produ​cts/us-clima​te-normals).

Detailed descriptions of the micrometeorological instrumenta-
tion and calculations are available in the literature (Gu et al., 2012; 
Gu, Pallardy, Yang, et al., 2016; Liu, Liang, et al., 2020). Briefly, net 
ecosystem exchanges of CO2 (NEE), water vapor, and sensible heat 
(H) were measured using eddy covariance. The eddy covariance sys-
tems were deployed on a 32 m scaffold tower, on which profile mea-
surements (CO2, water vapor, and air temperature) were also made 
to estimate the effective change in storage. Soil respiration (Rs) was 
measured using an automated chamber system (model LI-8100A, Li-
Cor Inc., Lincoln, NE, USA) configured with 16 chambers. Ecosystem 
flux and supporting meteorological observations were recorded at 
half-hourly resolution. The soil respiration system measured each 
chamber once per hour, which were used to compute hourly means 
that were interpolated to half-hourly values to match the temporal 
resolution of ecosystem fluxes (Liu, Liang, et al., 2020).

Net ecosystem fluxes were calculated as the sum of the eddy 
flux and effective change in storage and have a negative sign when 
directed from the atmosphere to the ecosystem (Gu et al., 2012). An 
objective friction velocity filtering approach was used to screen out 
NEE of CO2 data during nighttime periods with poorly developed 
turbulence (Gu et al., 2005); gaps were filled using the mean diurnal 
variation approach (Falge et al., 2001).

Gross primary productivity (GPP, positive values represent 
CO2 uptake) was calculated according to GPP = RS − NEE (Yang 
et al.,  2010). For validation purposes, we compared the RS-based 
GPP to estimates derived from the so-called “nighttime” and “day-
time” methods (see supplementary methods, “Inferring GPP—
methods comparison” and Figure S2).

Surface conductance (GS) was computed by inverting the 
Penman–Monteith equation (Novick et al., 2016; Zhang et al., 2006): 

 where LE is the latent heat flux (W m−2), ρ the air density (kg m−3), cp the 
specific heat capacity of air (J kg−1 K−1), D the VPD of the air (kPa), B the 
Bowen ratio, s the slope of the saturation vapor pressure curve (kPa K−1), 
γ is the psychrometric constant (kPa K−1), and Ga the aerodynamic con-
ductance. Ga was calculated according to G−1

a
= u ∙ u−2

∗
+ 6.2 ∙ u−0.67

∗
 , 

where u and u* the mean horizontal wind speed (m s−1) and friction ve-
locity (m s−1), respectively (Monteith & Unsworth, 1990).

Predawn leaf water potential was measured at weekly to bi-
weekly intervals (Gu et al., 2015). Samples (N = 20–21) from indi-
viduals comprising the major species were collected before dawn in 

(1)1

GS

=
�cpD

� ∙ LE
+

(Bs∕�) − 1

Ga
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rough proportion to their relative basal area contributions. Samples 
excised from lower branches (<2 m) were placed in humidified bags, 
and stored in a cooler on ice until analysis using the pressure cham-
ber technique (Pallardy et al., 1991). The community predawn leaf 
water potential (Ψpd) was computed as the arithmetic mean of sam-
ples collected on a given day because of the proportional species 
sampling strategy.

Ecosystem LUE (mol C mol−1 photons) was computed as the 
ratio of GPP to ecosystem absorbed photosynthetically active ra-
diation (APAR, μmol m−2 s−1), which was approximated as the differ-
ence between incoming and outgoing PAR measured at the top of 
the canopy. Ecosystem iWUE (μmol-C mol−1 H2O) was taken as the 
ratio of GPP to GS. For examining annual cycles of LUE and iWUE, 
we computed mean values for each day for conditions of high light 
(solar irradiance >500 W m−2) between 1000 and 1500 h local stan-
dard time.

In this work, we primarily focus on observations made during the 
exceptional drought year of 2012, with some comparisons to wet-
year conditions for context. Wet-year conditions were determined 
for the 2 years with the least negative predawn leaf water potential 
integrals, that is, water stress integrals (Myers, 1988).

2.2  |  Analyses

2.2.1  |  Ecosystem PV analysis

We conducted a whole-ecosystem PV analysis, where we consider 
the entire soil vegetation system. Much like how PV analysis arose 
from scaling up cell-level concepts to tissues or organs (Tyree & 
Hammel, 1972), with extension to ecological applications (Bartlett 
et al., 2012, 2014; Cheung et al., 1975), the jump from organ to eco-
system scale is inevitable (Konings et al., 2021). Just as the leaf PV 
curve “bulks” all the cells and tissues, the ecosystem analysis further 
“bulks” the cells and tissues of all the trees of all species together, 
as well as the volume of available soil water. From the ecosystem 
PV analysis (described below), we derive Ψpd at the ecosystem wilting 
point (ΨEWP). ΨEWP integrates aboveground and belowground plant 
traits and environmental responses that together define the ability 
of vegetation to balance water acquisition from soils, and the capac-
ity of leaves to maintain turgor and gas exchange. When Ψpd falls 
below ΨEWP, the canopy gas exchange is significantly inhibited and 
unable to respond to environmental dynamics.

Our ecosystem PV approach blends two classic techniques from 
plant water relations—the “squeeze” (Scholander et al.,  1964) and 
“bench drying” (Richter, 1978) methods. Both methods require serial 
measurements of tissue water potential as a sample is dehydrated 
from a state of full hydration (Pallardy et al., 1991). The “bench dry-
ing” method involves bench drying a sample and measuring changes 
in the tissue water potential and mass over a substantial period of 
time (i.e., >24 h). In the “squeeze” method, the sample is in a pres-
sure chamber, and as the pressure is slowly increased, the volume of 
sap expressed from the sample is determined. Our ecosystem-scale 

approach is analogous to the “bench-dry” method in that natural 
dehydration decreases water potentials, and like the “squeeze” ap-
proach in that we quantify the cumulative volume (mass) of water 
lost through ET.

We analyzed measurements of Ψpd and ET during the 2012 
drought. We used Ψpd for both practical (mid-day Ψleaf measure-
ments were not made) and theoretical reasons. Theoretically, for 
the purposes of defining a whole-ecosystem wilting point that 
links soil characteristics with plant structural and functional traits, 
Ψpd is superior to mid-day Ψleaf. First, Ψpd better represents whole-
ecosystem water status because at predawn, water throughout the 
SPAC is close to equilibrium. In other words, leaf water is at or close 
to equilibrium with water in the soil volume that is being explored by 
roots, and as such, sometimes Ψpd is used as a proxy for soil water 
potential (Pallardy et al., 1991). In contrast, because of high daytime 
transpiration rates, water in the SPAC is in disequilibrium and there 
are strong mid-day Ψleaf gradients through the canopy depth (and all 
are below soil water potential). Furthermore, short-term variations 
in atmospheric conditions (e.g., solar irradiance, VPD) can induce 
rapid fluctuations in Ψleaf. Moreover, Ψpd represents the maximum 
water availability for the given day, to which plants are sensitive for 
growth. Therefore, Ψpd is a better integrated metric of ecosystem 
water status for relating to cumulative ET.

Using 2012 data, we calculated cumulative ET from DOY 136—
the first day Ψpd was measured—through DOY 243, the last day that 
Ψpd was observed before re-wetting by soaking rains. Daily ET was 
normalized by LAI to account for drought-induced leaf abscission. 
Although the 2012 drought event was very intense, there was scat-
tered precipitation during the dry-down (Figure 1a,b). If daily rainfall 
was ≤5 mm, we subtracted the daily rainfall from ET for that day, 
setting any negative values to 0. If daily rainfall was >5 mm, we set 
ET to zero on that day, and we subtracted 5 mm from ET on the next 
day. At this site, 5 mm of rain is the amount required to fully wet the 
canopy and litter such that there is wetting of the mineral soil that 
can improve maintenance of the transpiration stream (Gu, Pallardy, 
Hosman, et al., 2016). We did not include two Ψpd observations in 
the analyses that were associated with short-lived rebounds of Ψpd 
values immediately following small rainfall events. We re-calculated 
ΨEWP without the above-described rainfall-based screening of ET 
and it did not alter our findings.

PV curve analysis involves analyzing a plot of reciprocal water 
potential (i.e., −1/Ψ) versus relative water content or cumulative 
sap expression, which yields a biphasic, monotonically decreasing 
function. The turgor loss point is the water potential at the change 
point between the first strong nonlinear, and second less-sensitive 
linear decreasing phases (Pallardy et al.,  1991). The nonlinearity 
of the first phase arises due to simultaneous declines in both 
turgor and osmotic potentials, while the second, less-sensitive 
linear phase corresponds strictly to increasing osmotic concen-
trations (i.e., declining osmotic potential) as cell volumes decline 
(Sack et al., 2018). In our ecosystem-scale analysis, we expected 
and subsequently found a response comprised of two linear seg-
ments separated by a change point that corresponds to ΨEWP. We 
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fitted a biphasic linear regression to the observations to deter-
mine ΨEWP (see supplementary methods, “Biphasic linear regres-
sion analysis”).

Leaf PV curves may have an initial plateau when the tissues are 
fully turgid owing to the presence of liquid water in intercellular 
air spaces (Pallardy et al.,  1991; Parker & Pallardy,  1987). We ex-
pected that the ecosystem PV curve would have an initial plateau 
corresponding to the period when plant available water is readily ex-
tracted from soils and vegetation is not subject to significant water 
stress. Plateaus do not affect the determination of Ψtlp in tissue-level 
analyses (Abrams & Menges, 1992), and thus we did not remove it 
before statistical analysis, though we only fit the biphasic linear re-
gression model to data that contained the dry down signal where 
−1/Ψpd declined strongly with increasing cumulative ET.

To place our ΨEWP estimate in context, we compared it to the dis-
tribution of weekly to bi-weekly Ψpd observations (N = 280) derived 
from >5500 species-level predawn Ψleaf measurements made over a 
16-year period (2005–2020).

2.2.2  |  Soil and root trait analyses

We conducted analyses to test how belowground traits that influ-
ence the ability of vegetation to acquire water from the soil may 
constrain ΨEWP. We used soil moisture characteristic curves to de-
termine soil water potential thresholds that define a regime shift to 
a situation where it is exceedingly difficult for roots to extract soil 
water, hypothesizing that the root system becomes tuned to these 
thresholds. These thresholds correspond to change points in the soil 
moisture characteristic curves where the volumetric water content 
became virtually invariant with further declines in soil water poten-
tial. We then used the root density profiles to calculate a weight-
ing function. Integrating the product of the root density weighting 
function and water potential threshold function across the root zone 
yielded a single value for the soil-based wilting point of the ecosys-
tem, ΨEWP,soil. The theory, methods, and data used for these analyses 
are described in more detail in the supplementary methods (“Soil 
and root trait analysis methods”).

F I G U R E  1  Time series of (a) daily 
precipitation, (b) daytime mean 
atmospheric vapor pressure deficit 
(VPD), daily maximum air temperature 
(Tair,max) and community predawn leaf 
water potential (Ψpd), (c) daily gross 
primary productivity (GPP), daily 
evapotranspiration (ET), and (d) mid-day 
light use efficiency (LUE) and intrinsic 
water use efficiency (iWUE). All time 
series except Ψpd were smoothed; 
the vertical dashed red and blue lines 
correspond to when Ψpd fell below the 
ecosystem wilting point, and the soaking 
rains that provided drought relief, 
respectively. In (a), the solid and dashed 
black lines are from a two-phase linear fit 
to the Ψpd time series. The shaded periods 
correspond to peak flux (blue), flash stress 
(yellow), wilted (red) and recovery (green) 
periods referenced in Table S1, and 
Figures S6–S8, which show corresponding 
mean daily cycles, and responses to light 
and VPD, respectively.
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3  |  RESULTS

Year 2012 was hot and dry (Figure  1a,b; supplementary results 
“Annual cycles”; Figures  S3–S5). Notably, elevated VPD and low 
soil water supply modulated the annual cycles of ecosystem gas 
exchange and resource use efficiencies, giving each a “dual peak” 
signature, with the second peaks associated with a recovery period 
following soaking rains (Figure 1). The first signs of mild to moderate 
water stress were observed shortly after the spring peaks of GPP 
and ET when Ψpd declined to approximately −0.5 MPa, where it held 
for just under 2 weeks, after which there was a strong biphasic dry-
down characterized by fast and then slow linear declines in Ψpd over 
time (Figure 1b). The fast Ψpd decline lasted about 2 weeks, during 
which time Ψpd dropped to approximately −2 MPa, while the ensuing 
slow Ψpd decline lasted 2 months.

3.1  |  The ecosystem PV curve and wilting point

The ecosystem PV curve had a “plateau” where cumulative ET in-
creased without a change in −1/Ψpd (Figure 2). During this initial sta-
ble period, ET rates were high as the vegetation readily extracted 
soil water. When cumulative ET reached ~27 kg-H2O m−2 leaf, the PV 
curve displayed biphasic, monotonically decreasing behavior, with 
an initial steep phase, followed by a second characterized by a gen-
tler slope. The change point between the two phases defines ΨEWP, 
which was −2.0 (95% CI; −2.23, −1.78) MPa for this forest.

We conducted a “bottom-up” analysis based on the water re-
tention characteristics of the soils and the root density distribution 
to estimate the ecosystem wilting point based on the root density 

distribution and the point at which further soil water extraction is 
exceedingly difficult through analysis of soil moisture characteristic 
curves (Figure 3). This trait-based analysis yielded a soil-based eco-
system wilting point (ΨEWP,soil) of −2.0 (−3.12, −1.16) MPa, identical to 
our “top-down” ecosystem PV analysis estimate of ΨEWP, albeit with 
wider uncertainty bounds.

From 2005 through 2020, 10% and 59% of Ψpd observations 
(N = 280) were below ΨEWP and −0.5 MPa, respectively (Figure 4). 
Thus, about half of the observations fell between Ψpd of −0.5 MPa 
and ΨEWP. When Ψpd reaches −0.5 MPa, this forest is in a precari-
ous position and without soaking rains it can enter into precipitous 
Ψpd decline within about 2 weeks, and could reach ΨEWP in another 
2 weeks (Figure 1b). Taken together, during the growing season, this 
forest often functions in a state whereby very hot/dry periods of 
2–4 weeks can quickly result in intense physiological drought stress.

3.2  |  The ecosystem wilting point as a 
functional threshold

We analyzed data during the strong downregulation of ecosystem 
fluxes and found that the ΨEWP is a threshold defining marked shifts 
in ecosystem functional state (Figure 5). The change point in the Ψpd 
time series corresponding to when Ψpd fell below ΨEWP was highly 
coherent with change points in the time series of daily GPP, daily 
ET, and mid-day means of GPP, GS, LUE, and iWUE. For all variables 
except iWUE, the change points corresponded to shifts from fast to 
slow rates of decline over time. In contrast, iWUE increased through 
moderate drought stress, with the change point corresponding to 
peak observed values and a transition to declining iWUE around the 
time of ecosystem wilting. Moreover, an examination of daily flux 
dynamics underscored how the forest's ability to respond to envi-
ronmental variations (e.g., VPD and light) became strongly dimin-
ished when Ψpd fell below ΨEWP (Figure  6 and Figures  S6 and S8; 
supplementary text, Results: Daily flux dynamics).

3.3  |  Recovery from drought

Soaking rains at the end of August caused rapid leaf rehydration 
(Figure 1a,b) and resumption of ET (some of which was from surface 
evaporation), while GPP and NEE lagged behind (Figures 1c and 7). 
Leaf rehydration to Ψpd values above ΨEWP occurred within 6 days, 
though this estimate was constrained by the timing of sampling rela-
tive to the rainfall. Peak GPP recovery lagged the rainfall event by 
about 2 weeks.

NEE recovered to values consistent with wet years for the same 
time of year (Figure 7a), which is particularly notable given that in-
tense drought conditions flipped the forest to a net CO2 source for 
almost every day in July and August. In contrast, GPP, RS, and ET did 
not recover to values consistent with wet years (Figure 7b–d). During 
drought recovery, GPP was about half that of the corresponding wet 
reference year (Figure 7b) due to a combination of structural (e.g., 

F I G U R E  2  Ecosystem pressure–volume (PV) curve analysis, 
showing the results of the two-phase regression (yellow and red 
lines). Cumulative ET was calculated starting the day of the first 
predawn leaf water potential (Ψpd) observation in 2012. The Ψpd 
at the wilting point, ΨEWP, was −2.0 (−2.23, −1.78) MPa, where the 
values in brackets denote the 95% confidence interval. The symbol 
fill and line colors map Ψpd observations to the time series plot in 
Figure 1a.
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leaf abscission, Figure S3f) and physiological damage. Indeed, pho-
tosynthetic capacity as inferred from light-saturated GPP recovered 
to values that were about half of those during the same time period 
during wet years (Figure 6a vs. Figure S7a). It should, however, be 
noted that recovery to a functional state similar to the early season 
was not expected because of declining maximum daytime PAR and 
daylengths, and the associated phenological transition.

Both iWUE and LUE also showed rapid recovery in response to 
wetting; however, the timing of recovery peaks lagged the fluxes 
(Figure 1d vs. Figure 1c). For context, we compared the annual cycles 
of the drought year to wet reference conditions (Figure 8). At peak 
recovery, LUE was ~50% lower than corresponding values during wet 
conditions, while iWUE was ~85% higher than the wet reference. 
Though there was strong functional recovery after rainfall, vegeta-
tion was still experiencing water stress as evidenced by the peak Ψpd 
recovery values of about −0.7 MPa (Figure 1b; Table S1). Moreover, 
by the end of the drought, there was necrosis of leaf tissue in the 
uppermost exposed canopy layer (Kravitz et al., 2016) that presented 

F I G U R E  3  Estimation of ecosystem wilting point from soil moisture release characteristics and the root density distribution (ΨEWP,soil). 
Water extraction characteristics from soil moisture release curves were combined with a root density distribution function that represents 
the vegetation's access to the profile. The capacity for water extraction was defined by a water potential threshold (Ψthr), which separates 
the moisture characteristics into two broad regions of water accessibility.

F I G U R E  4  Empirical cumulative distribution function of 
community predawn leaf water potential (Ψpd) observed from 2005 
through 2020 (N = 280). ΨEWP, ecosystem wilting point.
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as a color change (Figure S9). Thus, the high-light, upper canopy en-
vironment was relatively inactive physiologically, yet still absorbing 
substantial solar radiation and acting as a shade (i.e., decreasing LUE), 
leaving fewer physiologically active leaves in the lower canopy to 
make use of scant water resources (i.e., increasing iWUE).

4  |  DISCUSSION

We used an analogy to the tissue-level PV analysis to determine 
the whole-ecosystem wilting point, ΨEWP, using coordinated 

measurements of Ψpd and ET. After a plateau, the ecosystem PV 
curve was characterized by an initial highly sensitive linear decreasing 
phase followed by a less-sensitive linear one (Figure  2), much like 
a leaf PV curve that typically has a strongly declining nonlinear 
phase followed by a less-sensitive linear one (Richter, 1978; Tyree 

F I G U R E  5  The ecosystem wilting point (ΨEWP) defines marked 
shifts in ecosystem functional state. There were highly coherent 
change points in the time series of (a) Ψpd (un-filled symbols 
represent transient responses to small rainfall events that were 
not included in the regression), (b) daily GPP and ET, (c) mid-day 
mean GPP and GS, and (d) mid-day LUE and iWUE. Vertical black 
reference lines indicate the change point in the Ψpd time series. 
Vertical dashed blue and dotted red reference lines denote the 
change points of the data with the matching colors. A different 
date range was used for the iWUE analysis because it behaved 
differently than all other variables. ET, evapotranspiration; GPP, 
gross primary productivity; GS, surface conductance; LUE, light use 
efficiency; iWUE, ecosystem intrinsic water use efficiency; Ψpd, 
community predawn leaf water potential.

F I G U R E  6  (a) Gross primary productivity (GPP) and (b) surface 
conductance (GS) became insensitive to light and showed greater 
hysteresis as drought intensified, and the ecosystem wilted. The 
progression through the diurnal light responses is indicated by 
the arrowhead symbols and emphasizes the increasing hysteresis 
under intensifying drought whereby fluxes were suppressed in the 
afternoons. The four defined periods correspond to the shaded 
periods in Figure 1 and Table S1.
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& Hammel,  1972). This linearization of the initial phase of the 
ecosystem PV curve was caused by the equilibration of Ψpd with 
water in the stem xylem and soil.

We found that the ecosystem wilting point is determined mainly 
by the ability of roots to acquire water from the drying soil, which, 
in turn, depends on the rooting profile and soil moisture character-
istic curves. Indeed, our bottom-up calculation, based on analysis 
of the soil moisture characteristic curves and root density distribu-
tion, yielded a trait-based “bottom-up” ΨEWP,soil of −2.0 (−3.12, −1.16) 
MPa (Figure 3). This was identical to our “top-down” ΨEWP estimate 
of −2.0 (−2.23, −1.78) from ecosystem PV analysis (Figure 2), imply-
ing that the vegetation has largely coordinated leaf wilting with soil 
water extraction capacity.

At the ΨEWP, soil water in the rooting zone is difficult to extract 
because it is more tightly bound to the soil matrix, and leaves are at 
or near their turgor loss point. This Quercus-Carya forest has rela-
tively thin soils that can be readily exhausted of plant-available water 
if not replenished by rainfall (Gu, Pallardy, Hosman, et al., 2016), and 
the ΨEWP of −2.0 MPa is at or near Ψtlp for tree species in this for-
est, which range from −2.0 to −2.7 MPa (Bahari et al., 1985; Parker 
et al.,  1982), and for which the community-weighted mean Ψtlp is 
−2.5 MPa.

As an ecosystem trait, ΨEWP, defines broad shifts in whole-
forest behavior. When Ψpd is below ΨEWP, but above the leaf Ψtlp 
of constituent species, there is still capacity for stomatal opening 
and gas exchange in the mornings when temperature and VPD 

are lower and after whatever overnight recovery was possible 
(Figure  6 and Figure  S6). During this time, leaves are subject to 
diurnal wilting given the sharp downregulation of flux magnitudes 
by mid-day, that is, aside from the morning, Ψleaf spends much of 
the rest day below Ψtlp. When Ψpd falls below leaf Ψtlp, there is 
turgor loss over the entire day, and the rates of CO2 and water 
vapor diffusion through stomata, as well as the transport rates of 
both gases across the cuticle are highly restricted, but more so for 
CO2 (Boyer, 2015).

Incorporating realistic representation of ecosystem wilting is 
likely to improve the performance of ecosystem models with respect 
to drought responses. The results of our bottom-up findings under-
score the importance of belowground capacity for water extraction, 
which depends on moisture release characteristics and knowledge 
of root density profiles and traits (Warren et al., 2015). Furthermore, 
the evaluation of models in ecosystem functional space (i.e., com-
paring modeled and observed environmental responses) has proven 
to be more insightful than the routine 1:1 plots (Gu, Pallardy, Yang, 
et al.,  2016). Validating whether models reproduce data-derived 
ΨEWP and associated threshold in ecosystem functional state rep-
resents a new avenue for evaluating drought response simulations.

This Quercus-Carya forest is highly dependent on new rainfall in-
puts to replenish the soil water supply during the growing season. 
Growing season precipitation variability explains most of the con-
siderable interannual variation in plant water stress (Gu, Pallardy, 
Hosman, et al., 2016), which, in turn, plays a major role in modulating 

F I G U R E  7  Smoothed annual cycles of CO2 fluxes and evapotranspiration during drought (2012) and wet (mean of 2008 and 2009) years: 
(a) NEE, net ecosystem CO2 exchange; (b) GPP, gross primary productivity; (c) RS, soil respiration; (d) ET, evapotranspiration. The dashed 
black lines denote the timing of soaking rains.
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seasonal and annual gas exchange (Gu, Pallardy, Yang, et al., 2016), 
as well as drought-induced tree mortality (Gu et al.,  2015; Wood 
et al., 2018). Moreover, there is evidence that early shifts in phenol-
ogy and productivity place the forest at greater risk of physiological 
water stress later in the growing season because the depletion of soil 
water supply begins sooner (He et al., 2020). Over 16 years, this for-
est functioned below ΨEWP only ~10% of the time. However, ~60% 
of Ψpd observations were below −0.5 MPa (Figure 4), a threshold at 
which the forest is within 2–4 weeks of entering into rapid intensi-
fication of drought stress and/or reaching ΨEWP in the absence of 
rainfall (Figures 1b and 5a). Were these times so short because of 
low plant available soil water going into the growing season? We 
checked the standardized precipitation evapotranspiration index 
(SPEI; Beguería et al., 2014), values for our location (retrieved from 
https://spei.csic.es/datab​ase.html). In April 2012, SPEI values (for 1-, 
3-, 6-, 12-, and 24-month periods) ranged from +0.48 to +1.6, sup-
porting the generalization of our observations (at least for this site), 
and that there was not strong antecedent dryness that manifested 
anomalous behavior in the major 2012 drought year.

As an emergent ecosystem functional property (He et al., 2019; 
Reichstein et al., 2014), ΨEWP integrates plant functional responses 

across the SPAC, linking leaf wilting with capacity for soil water 
extraction. Our top-down and bottom-up analyses imply that be-
yond climate, plants coordinate leaf Ψtlp with their capacity to ac-
quire water from soils. Capacity for water extraction is determined 
by structural and functional root traits, as well as the soil moisture 
characteristic (Warren et al.,  2015). Leaf Ψtlp and its plasticity are 
correlated with climate, and these traits are strong predictors of 
plant drought tolerance (Bartlett et al.,  2012, 2014). Indeed, sea-
sonal osmotic adjustment has been observed in Quercus individuals 
that dominate this forest (Parker et al., 1982). Our top-down concep-
tualization of ΨEWP also integrates temporal aspects of tissue water 
relations, capturing seasonal osmotic adjustment if it occurs.

It is advantageous for plants to coordinate leaf wilting with their 
ability to extract water from the soil to protect costlier stem tissues 
(Rodriguez-Dominguez & Brodribb,  2020). Indeed, we found that 
when Ψpd falls below ΨEWP, there is a fundamental shift in functional 
state whereby responses of ecosystem gas exchange to environ-
mental variations are strongly diminished (Figure 6 and Figures S6 
and S8). Conceptually, when there are diminishing returns on soil 
water extraction, then the leaves should wilt to protect stem tissues 
from embolism (Martin-St Paul et al., 2017). This may help to explain 
divergence from the broad patterns of Ψtlp correlation with water 
availability determined by climatic water balance in dryland plants 
(Farrell et al., 2017).

We found that the ΨEWP is a reversible threshold, finding rapid 
recovery of ecosystem function after soaking rains, even though Ψpd 
had been below ΨEWP for more than 2 months and reached a seasonal 
minimum of −3.8 MPa. The rapid leaf rehydration clearly indicates the 
absence of catastrophic hydraulic disconnection between roots and 
leaves (Gu et al., 2015). Though NEE recovered to values in-line with 
wet year conditions, this was not so for GPP, ET, and RS, all of which 
were substantially lower in the drought versus wet year at the same 
time (Figure 7). The more muted GPP recovery can be attributed to 
drought legacy effects that resulted in decreased photosynthetic 
capacity, as evidenced by light response curves that showed lower 
light-saturated GPP during the recovery period relative to the same 
time during wet years (Figure 6 vs. Figure S7), which was likely caused 
by a combination of structural and physiological damage. This under-
scores the divergent paths to the same NEE because of how GPP 
and respiratory fluxes are correlated (Baldocchi & Sturtevant, 2015) 
and respond differentially to environmental stresses (Ingrisch & 
Bahn, 2018). Thus, a key insight is that the drought legacy constrained 
GPP, but so too was respiration. Finally, it is noteworthy that even 
though we observed significant impacts during drought, the forest 
was still a large C sink on an annual basis (NEE = −195 g-C m−2) largely 
owing to enhanced early spring uptake, which is approximately half 
of the net annual CO2 uptake of the wet years (NEE = −390 g-C m−2).

Differential recovery dynamics among physiological processes 
is common after severe water and heat stress (Ruehr et al.,  2019). 
Rapid recovery, though not necessarily to pre-drought levels, has 
been observed in terms of leaf rehydration (Bahari et al., 1985; Choat 
et al., 2018; Galle et al., 2007; Gu et al., 2015; Lempereur et al., 2015; 
Parker et al.,  1982; Skelton et al.,  2017), total plant hydraulic 

F I G U R E  8  Smoothed annual cycles of (a) light-use efficiency 
(LUE) and (b) ecosystem intrinsic water-use efficiency (iWUE) 
during drought (2012) and wet (mean of 2008 and 2009) years. LUE 
and iWUE represent mid-day mean values for conditions of high 
light (solar irradiance >500 W m−2). The dashed black lines denote 
the timing of soaking rains.
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conductance (Anderegg et al., 2014; Skelton et al., 2017), stomatal 
conductance (Galle et al., 2007; Miyashita et al., 2005), transpiration 
(Gleason et al., 2017; Miyashita et al., 2005), leaf net photosynthesis 
(Galle et al., 2007; Miyashita et al., 2005), and forest NEE (Lempereur 
et al., 2015). In our case, we did not expect functional recovery to a 
pre-drought state because it was later in the growing season, near-
ing senescence with decreasing daily PAR totals and temperatures, 
which together constrain the achievable productivity (Table S1).

LUE and iWUE dynamics shed further light on the impact of the 
drought legacy on ecosystem function during recovery. Whereas 
LUE in the drought year was lower than for wet conditions, the oppo-
site was true for iWUE (Figure 8). Notwithstanding the striking plant 
rehydration during the recovery phase, maximal Ψpd during recov-
ery was −0.7 MPa, likely constrained by loss of rehydration capacity 
(John et al., 2018), indicating that the forest was still experiencing 
water stress. The ecosystem was thus still in water conservation 
mode with stomata partially closed to increase water-use efficiency 
(Yang et al., 2021). Such water conservation through partial stomatal 
closure necessarily reduces LUE, which declines if there is any down-
regulation of photosynthesis. Second, there was observed damage 
to the canopy, whereby much of the upper sunlit layer was scorched 
during the drought. In addition to drought-induced leaf abscission 
(Figure  S3f), which can protect the xylem of more costly woody 
tissues (Nadal-Sala et al., 2021; Sabot et al., 2022), a considerable 
amount of necrotic leaf tissue remained intact in the upper sunlit 
canopy (Kravitz et al.,  2016). Thus, large quantities of light would 
have been absorbed by physiologically inactive leaves, thereby lim-
iting LUE recovery. In contrast, iWUE was amplified because there 
were fewer physiologically active leaves to make use of scant water 
resources (Parker & Pallardy, 1985). Clearly post-drought recovery 
is complicated and, if to be represented accurately in Earth system 
models, must be vertically resolved to accurately represent revers-
ible physiological processes, irreversible canopy structural changes, 
and their dynamic interactions.

Our top-down approach to ΨEWP estimation could also be ap-
plied to derive whole-plant wilting points from coordinated sap flux 
and Ψpd measurements in either field or greenhouse experiments. 
This would contribute to improved understanding of dynamic hy-
draulic coordination among plant organs, and how soils and the rhi-
zosphere influence aboveground plant hydraulic traits (McCulloh 
et al.,  2019). Such whole-plant studies are more conducive to ex-
perimental drought treatments, and thus not reliant on natural dry-
downs, which if they do not occur with sufficient intensity (across 
the entire root zone), limits the ability to conduct the top-down PV 
analysis. With further validation, bottom-up scaling approaches that 
consider key plant traits and soil characteristics would provide an 
important means of estimating ΨEWP of ecosystems that do not ex-
perience drought at a sufficient intensity. For example, during the 
2012 drought, at a more mesic deciduous forest in Indiana, there 
was marked downregulation of net CO2 exchange, but the C sink 
remained intact throughout the drought, and their mid-day Ψleaf ob-
servations were less negative (Roman et al., 2015; Yi et al.,  2017) 
than our predawn Ψleaf measurements at MOFLUX.

It is clear that greater emphasis on how plants interact with the 
belowground environment (Warren et al.,  2015), and considering 
the entire critical zone from aquifers to treetop is needed (Dawson 
et al., 2020) to develop accurate predictions of ecosystem responses 
to climate change. Tree roots may delve deep enough below the sur-
face to reach aquifers (Jackson et al., 2000; Miller et al., 2010), which 
can backstop water availability during exceptionally dry conditions 
to sustain the ecosystem (Baldocchi et al., 2021; Ciruzzi & Loheide 
II, 2021; Domec et al., 2010; Montaldo & Oren, 2022).

If vegetation has access to groundwater, would the ΨEWP con-
cept apply? Wilting is a broad, generalized response governed by 
plant water balances (Bartlett et al., 2014; Tyree & Hammel, 1972). 
When enough water is lost from a plant, and the water supply (from 
whatever source) to leaves cannot match demand, cells lose turgor 
pressure and wilt (Bartlett et al., 2016; Kramer, 1950). In theory, the 
ecosystem wilting point should be similarly generalizable, and the 
question is, what plant traits and site characteristics define it?

We tested and found support for the hypothesis that the ability of 
the vegetation to access water defines the ecosystem wilting point for 
this Quercus-Carya forest. At this site, soils are relatively thin and pre-
cipitation variability explains a large fraction of interannual variation 
of species- and community-level water stress (Gu, Pallardy, Hosman, 
et al.,  2016), which, in turn, has a strong effect on tree mortality 
(Gu et al.,  2015) and ecosystem gas exchange (Gu, Pallardy, Yang, 
et al.,  2016). We thus hypothesized that the soil moisture release 
characteristics across the root zone, which generally is not access-
ing groundwater, defines the capacity of the forest to extract water. 
We found that our bottom-up and top-down estimates of whole-
ecosystem wilting were in excellent agreement (Figures 2 and 3).

When roots extend down into groundwater, vegetation has a 
water subsidy to draw upon as a backstop against dehydration during 
periods with low precipitation (Baldocchi et al.,  2021; Chitra-Tarak 
et al., 2021; Ciruzzi & Loheide II, 2021; Domec et al., 2010; Montaldo 
& Oren,  2022). Yet, if the water table drops enough (naturally by 
drought or through management), eventually the ability to access 
water is diminished and wilting can occur (Miller et al., 2010). Similarly 
for the case of vegetation that makes use of stored water, eventually 
there would come a point at which there is insufficient water available 
to maintain leaf turgor. In both cases, the traits and characteristics 
defining the ecosystem wilting point would most likely differ from our 
system. More research across many sites with detailed knowledge of 
the belowground characteristics and hydrology, and plant structural 
and functional traits is needed to address these questions more fully.

Achieving step-changes in scientific understanding and process 
modeling of ecosystem drought response and recovery, especially in 
the face of global environmental change, demands greater efforts to 
characterize both the belowground environment and the actual water 
status of plants (Novick et al., 2022; Paschalis et al., 2020). Knowledge 
of root system architecture should inform subsurface sensor deploy-
ment and/or be used to help interpret data. Pressure chamber mea-
surements of Ψpd are a simple and straightforward way to gain rich 
information on the physiological state of the plants (Gu et al., 2015; 
Gu, Pallardy, Hosman, et al., 2016; Pallardy et al., 1991), and weekly to 
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bi-weekly measurements are able to characterize rapid ecosystem dry-
downs. Even if there is disequilibrium between Ψpd and the soil water 
potential (Donovan et al.,  2001), knowledge of the former directly 
quantifies the state of water in the plant, and informs on the level of 
water stress and how plants are interacting with soil water supply.

We found that ΨEWP provides integrated information on ecosys-
tem functioning across the SPAC and has a clear physiological link with 
the dynamics of ecosystem CO2 and water vapor fluxes. Bottom-up 
analysis points to the capacity for water extraction, as determined by 
the root density distribution and soil moisture characteristic curves 
as being important determinants of ΨEWP, although more detailed 
analyses incorporating root functional traits are warranted. Our ob-
servations imply that leaf Ψtlp is coordinated with soil texture and the 
associated constraints on the soil moisture characteristic. Thus, we 
hypothesize that ΨEWP represents a constraint on the plants that can 
recruit into, survive, and regenerate in the ecosystem, and has great 
potential for illuminating both the dynamics of ecosystem fluxes and 
the biogeographic patterns of ecosystem drought adaptation.
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