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1. Soil physics – Darcy’s law and moisture balance

2. Xylem transport

3. Leaf-gas exchange – role of water

4. Phloem – flowing back down
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Surface hydrology 101

What drives the flow?
Total energy: hydraulic head

• Potential energy
• Internal pressure: matrix potential

<0 
Capillary effect (hold water against gravity)

Precipitation
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SECTION 2

Unsaturated Zone Charac-
teristics

 Soil is a porous media (like snow) consisting of a matrix 
of individual solid grains and interconnected pores that can be 
filled with water and/or air. The unsaturated (or vadose) zone 
is the region of soil found between the land surface and the 
saturated zone (water table) that lies at some depth beneath 
the surface (Figure 7.1). The main distinguishing feature 
between the saturated and unsaturated zones simply have to 
do with whether the pore space in the soil is partially or fully 
filled with water. The unsaturated zone is actually more 
complex in that the pores are filled with both water and air. 
The thickness of the vadose zone is variable throughout a 
basin, where generally speaking the water table depth is 
deepest at higher elevation regions and shallowest along 
streams in the basin. If a particular basin is vegetated, the 
rootzone of the soil is primarily contained within the vadose 
zone. For a more detailed description of vadose zone processes 
the reader is referred to Parlange and Hopmans (1999).


 In terms of fluxes, the primary source of water to the 
vadose zone is infiltration, which by definition is the flux at 
the surface (associated with precipitation events), while water 
can also move upward from the water table below via 
capillary rise. In general, percolation is the flux of water 
moving down through the vadose zone and recharge is the flux 

leaving the vadose zone and entering the groundwater system. 
Another distinguishing feature of the vadose zone is that the 
water movements are mostly vertical, which is in contrast to 
the groundwater system where fluxes are mostly horizontal. 
As such, flow dynamics in the unsaturated zone are often 
treated as simply one-dimensional (1D) in the vertical. 
Unsaturated flow dynamics consist not only of water moving 
downward through the vadose zone, but also upward via 
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FIGURE 7.1 Schematic illustration of porous media including 
unsaturated and saturated zones (from quizlet.com/4706106).

grained soils generally have larger pores. However, clay tends 
to have smaller but many more pores due to the configuration 
of the particles (Figure 7.3). The implication of this is that 
while clays theoretically have more water storage capacity, the 
ability for water to actually flow is much higher in sandy soils. 
This will be seen more explicitly in following sections.


 In terms of connections between porosity and soil 
moisture, Figure 7.4 shows the range of soil moisture 
conditions one may expect to find in a soil. During and after a 
storm, the soil may be near-saturated, in which case it is easy 
for water to drain from the soil due to gravity. After the 
immediate gravitational drainage, the state where most of the 

pores are still filled is called the field capacity. The typical 
situation is shown where a mix of air and water is stored in 
the pores, where water may be held up against gravity due to 
capillary forces (discussed more below). Finally, if additional 
drying is experienced (i.e. by evaporation or root uptake), the 
soil moisture condition will eventually reach the wilting point. 
In this case, only immobile water that is essentially adhered to 
grains is left behind. In this condition, a plant’s system will 
not be able to uptake moisture and may wilt. The amount of 
water corresponding to each of these states is dependent upon 
the soil type as shown in Figure 7.5. The reason for this has 
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FIGURE 7.3 Illustration of porosity for sand vs. clay soil.

FIGURE 7.4 Illustration of soil moisture content in a porous 
media.
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Relationship between soil moisture 𝜃 and potential 𝜓
Meniscus analogy

Precipitation

pressure in the unsaturated zone is negative. Such negative 
pressures are often referred to as suction or tension. The 
reason for the suction forces have to do with capillarity and 
surface tension in the soil. 


 One can envision soil as containing several different pore 
sizes that could be conceptualized as capillary tubes of 
varying diameter. If different capillary tubes are placed in a 
beaker of water that is open to the air (Figure 7.6),  the water 
level inside the capillary tubes will rise above the water level 
outside the tubes. Moreover, the smaller the tubes, the higher 
the water level will rise. The difference in height between the 
water inside and outside of the tubes is due to suction 
(negative pressure associated with surface tension) where the 
pressure at the water surface outside the tubes is by construct 

atmospheric (zero gauge pressure). When a soil is 
unsaturated, water will be held more tightly against gravity in 
the smaller pores in the same way that water is pulled higher 
in the tubes with smaller diameters (Figure 7.6). The result is 
that water in smaller pores will have higher (more negative) 
suction pressures. Since smaller pores have higher suction, 
these pores will tend to hold water longest. Furthermore, since 
the pressure p in Equation (7.3.3) refers to the average over 
an REV of soil, high (i.e. more negative) suction pressures are 
generally associated with dry soils and vice versa. In the limit 
of a soil becoming completely dry, the suction pressure will 
approach minus infinity. In the limit of a soil becoming 
saturated, the suction pressure will approach zero. This is 
generally the case at the water table interface between the 
unsaturated and saturated zones.


 Since the density of liquid water is essentially constant, 
the pressure head term is often redefined as the matric head 
(or suction head):

(7.3.4)

so that the piezometric head for unsaturated flow  can be 
written as:

(7.3.5)


 The flow (flux of water) in porous media is often 
described by the volumetric flow (Q; [Q]=L3/T) per unit 
cross-sectional area (A; [A]=L2) and is given by Darcy’s
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FIGURE 7.6 Illustration of capillary rise as a function of capil-
lary tube diameter. Capillary rise is proportional to suction in 
water. Soil suction in soil pores act analogously with smaller 
pores holding water at higher suction pressures. The capillary 
rise is marked by a curved meniscus due to surface tension.

ψ = p
ρwg

(< 0)

h =ψ + z

𝜃
∆𝑃~1/𝑟
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Precipitation

𝜃

|𝜓|

Large radius drained first



7 | Transcending Disciplines, Transforming Lives, Educating Leaders

1. Soil physics

7 | SPAC Physics

Relationship between soil moisture 𝜃 and potential 𝜓
Meniscus analogy: pull and record 𝜃 and 𝜓

Precipitation

𝜃

|𝜓|



8 | Transcending Disciplines, Transforming Lives, Educating Leaders

1. Soil physics

8 | SPAC Physics

Relationship between soil moisture 𝜃 and potential 𝜓
Meniscus analogy: pull and record 𝜃 and 𝜓

Precipitation

𝜃

|𝜓|

Medium radius drained then



9 | Transcending Disciplines, Transforming Lives, Educating Leaders

1. Soil physics

9 | SPAC Physics

Relationship between soil moisture 𝜃 and potential 𝜓
Meniscus analogy: pull and record 𝜃 and 𝜓

Precipitation

𝜃

|𝜓|



10 | Transcending Disciplines, Transforming Lives, Educating Leaders

1. Soil physics

10 | SPAC Physics

Relationship between soil moisture 𝜃 and potential 𝜓
Meniscus analogy: pull and record 𝜃 and 𝜓

Precipitation

𝜃

|𝜓|

Smallest radius drained in the end
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Relationship between soil moisture 𝜃 and potential 𝜓
Reality continuous pore size distribution

So 𝜃(𝜓) or 𝜓(𝜃)
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Darcy’s law

Q: discharge (L3/T)
A: area (L2)

q: Darcy’s flux (L/T)
K: hydraulic conductivity Precipitation

q = Q
A

= − K ∇h
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𝐾 = 𝐾 𝜃
More conductive at high water content

Precipitation

 (7.3.12)

where the hydraulic conductivity is given by Equation (7.3.11) 
and the derivative term can be determined via the retention 
curve model (Equation (7.3.10)):

 (7.3.13)

where while the magnitude can vary with soil moisture, the 
sign of Equation (7.3.13) is always positive (Figure 7.7).


 The key point illustrated by Equation (7.3.12) is that the 
flux at any depth in the soil is driven by two factors: i) 
capillary forces driven by soil moisture gradients (first term) 
and ii) gravity drainage (second term). The gravity term is 
always acting downward (negative). The matric head term, 
however, can act either upward or downward, depending on 
the sign of the soil moisture gradient. If the soil moisture 
gradient is positive (i.e. increasing soil moisture as you go up 
in the soil column), then the matric head (gradient) term is 
negative and reinforces the gravity term. If the soil moisture 
gradient is negative (i.e. decreasing soil moisture as z increases  
upward in the soil profile), then the matric head (gradient) 
term is negative and acts against gravity. In both cases, the 
matric head gradient term acts to drive flow from wetter soil 
locations to drier soil locations. Depending on the conditions, 
if the gradient is negative and large in magnitude, the first 
term may be larger than the second so that flow will actually 
be upward in the soil. The relative magnitude of the terms 
and the sign of the matric head term will vary (significantly) 
in time. During infiltration events, the soil moisture in the 
surface layer will become moister than the soil below, driving 
flow downward in conjunction with gravity. During a dry-
down period, where evaporation removes moisture from the 
soil, the gradient in soil moisture may reverse and become 
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FIGURE 7.7 Plot of matric head (blue curve/left axis) and hy-
draulic conductivity (green curve/right axis) as a function of 
volumetric soil moisture content.
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through the xylem (cohesion-tension theory). Driven by transpiration

Precipitation
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Also obey Darcy’s law
Menisci better analogy J

Sap density = -Kxylem(𝜓) ,-
,.

Neglect storage for now and integrate

Sap = Kxylem(𝜓xylem) (𝜓root-𝜓leaf-𝜌𝑔𝑧)
=Transpiration

Ψroot Ψsoil

Ψxylem

Ψleaf
Ψstomata

Kxylem

Kleaf
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Key trick

At night:
No transpiration 

So (if negligible storage)
No sap

Equilibrium of potential in the SPAC!

𝜓leaf = 𝜓root+𝜌𝑔𝑧= 𝜓soil+𝜌𝑔𝑧

Nighttime leaf potential = soil value!
(Root zone)Ψroot Ψsoil

Ψxylem

Ψleaf
Ψstomata

Kxylem

Kleaf
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Embolism
Kxylem=f(𝝍) like in soil

Why?
Water in xylem is metastable (under tension)

Bubble of air form as xylem is under more and more negative tension
(Can be ice too - drought and freezing tolerance are a bit alike)Tansley review

New Phytologist (2008) 178: 719–739 www.newphytologist.org © The Authors (2008). Journal compilation © New Phytologist (2008)

Review724

the biotic agents demographics hypothesis can explain, at
most, only a portion of observed mortality. However, plants
treated with insecticides often survive outbreaks of insects
(Hastings et al., 2001; Grosman & Upton, 2006; Romme
et al., 2006), indicating that biotic agents play a significant
role in mortality. A prediction consistent with observations is
that changes in demographics of biotic mortality agents must
overlay changes in host plant physiological conditions to cause
widespread mortality events (Berryman, 1976; Christiansen
et al., 1987).

2. Plant water relations

A review of plant regulation of water use is needed to consider
the mechanisms of hydraulic failure and carbon starvation.
In particular, it is critical to understand the structural and
physiological mechanisms by which plants prevent evapo-
transpiration (E) from exceeding critical rates (Ecrit) that result
in xylem water potentials associated with hydraulic and
symplastic failure (Ψcrit). Furthermore, the impacts of Ecrit
avoidance on photosynthesis and subsequent dependency
on stored carbohydrate reserves are critical to understanding
carbon starvation (Cowan & Farquhar, 1977; Katul et al.,
2003). In this section we review plant water relations in the
context of avoidance of Ecrit and Ψcrit, introduce a modeling
framework for investigation of such regulation, and then
investigate hypotheses regarding hydraulic failure and carbon
starvation using the model and existing evidence from our
piñon–juniper case study and the broader literature.

To maintain tissue hydration and photosynthesis, plants
must replace water lost through E. As described by the
cohesion tension theory, E generates tension that pulls water
from the soil through the plant to the crown, where it diffuses

to the atmosphere. Thus, E can be explicitly described via the
steady-state formulation of the soil–plant–atmosphere hydraulic
continuum (modified from Whitehead & Jarvis, 1981;
Whitehead, 1998):

E = Kl (Ψs − Ψl − hpwg) Eqn 1

In this corollary to Darcy’s law, Kl is leaf-specific hydraulic
conductance of the soil-plant continuum, Ψs and Ψl are
soil and leaf water potentials, respectively, and hpw g is the
gravitational pull on a water column of height h and density
pw. The tension difference across the plant (Ψs – Ψl) increases
in proportion to E as long as Kl remains constant, for example
no cavitation occurs. This mechanism is efficient because
metabolic energy is not used to lift water to the crown.
However, E has an upper limit (Ecrit) because increasing
tension causes decreased Kl as a result of air entry through pit
pores into conduits, thereby initiating cavitation (nucleation
of vaporization) and producing an embolized, or air-filled
conduit (Fig. 4). In other words, hydraulic failure occurs
when E exceeds the critical Ψ, Kl approaches zero, and the
plant can no longer move water. The Ψcrit value causing 100%
cavitation varies widely among species (Pockman et al., 1995;
Pockman & Sperry, 2000; Maherali et al., 2004) and is
thought to be a function of interconduit pit structure
(Pittermann et al., 2005). An example of vulnerability to
cavitation in stems and roots of piñon and juniper is presented
in Fig. 4 (Linton et al., 1998). Roots tend to be more
vulnerable than stems, which may serve the advantage of
protecting the more energetically costly stem tissues from
cavitation (Sperry & Ikeda, 1997; Sperry et al., 2002).

Hydraulic failure also occurs within soils and is functionally
similar to xylem cavitation. The hydraulic conductance of
soils is a function of texture, water content, hydraulic conduc-
tivity, and water table depth. Greater tension is required to
pull water through fine-textured soils because of their small
pore sizes, and thus fine-textured soils have lower conduct-
ance than sandy soils when water is abundant. However,
fine-textured soils retain hydraulic conductance longer and at
more negative water potentials than coarse-textured soils
because the low conductance of fine soils results in slower
water loss to transpiration and drainage (Sperry et al., 1998).
Therefore, during drought we expect greater hydraulic failure
in coarse-textured soil. Depth to water table also has an
impact on plant hydraulics by limiting or allowing plants to
obtain water during periods of drought (Dawson, 1996;
Franks et al., 2007). To compensate for coarse-textured
soils or inaccessible water tables, plants may increase their
soil-to-root, or rhizosphere conductance via adjusting fine
root density (Ewers et al., 2000; Hacke et al., 2000), fine root
hydraulic conductance (McElrone et al., 2007) rooting depth,
and other root characteristics (Stirzaker & Passioura, 1996).

Plant avoidance of hydraulic failure can be conceptualized
using models of the soil–plant–atmosphere continuum.

Fig. 4 The percentage loss of conductivity of excised root (connected 
circles) and stem (unconnected circles) segments of piñon (open 
circles) and juniper (closed circles) as a function of xylem pressure. 
These ‘vulnerability curves’ were obtained by the air-injection method 
(Linton et al., 1998).

Weibull type function
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Embolism

A few important questions

• Is refilling instantaneous?

• Memory of embolized vessels – permanent damage
Cell implosion?

Red: intact
Uncolored: 
embolized

Mayr et al. Plant Phys 2014
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Storage

In reality plant store water

Imbalance between sap and transpiration

dStorage/dt = Sap - Transpiration

Ψroot Ψsoil

Ψxylem

Ψleaf
Ψstomata

Kxylem

Kleaf

Storage

Introduction

Sap flow sensors are uniquely able to continuously
monitor whole tree physiology. Recently, Burgess and
Dawson (2008) urged caution in using sap flow
probes to estimate water storage use in trees. Here
we respond to three criticisms raised there: (1)
Sampling: that tree water storage, estimated from
branch-bole sap flow lags, was compromised by
unaccounted variation in branch position and orienta-
tion; (2) Instrumentation: that sap flow sensor
response times may be sensor artefacts rather than
manifestations of tree water storage; and (3) Theory:
that tree water storage estimates are based on a faulty
concept of lag phenomena in sap flow that persists in
the literature.

We agree with the need for caution in sap flow-
based estimates of plant water storage, but wish to
correct flaws in arguments and representations of
studies presented in Burgess and Dawson (2008).
Thus, we (1) describe how sap flow sensors are used
to estimate tree water storage and capacitance; (2)
show that the objectives of Burgess and Dawson
(2008) differed diametrically from those of the studies
they criticized, rendering comparisons between these
studies inappropriate; (3) contend that it is premature
to attribute sap flow lags to sensor artefacts before
they have been demonstrated; (4) clarify that tree
water storage estimates from sap flow are not
predicated on the presence of “absolute” sap flow
lags; and (5) demonstrate that capacitance estimates
based on thermal dissipation probes (TDP) are
consistent with capacitance estimates from indepen-
dent techniques.

Tree water storage and its estimation using sap flow
sensors

Stored water in trees can be expressed in units of
volume (e.g. litres) or mass (e.g. kg). Capacitance is
defined as the change in water content per unit change
in water potential (e.g. kg MPa−1), of a tissue, organ,
or organism. While water storage and capacitance are
closely related and sometimes used interchangeably,
they are different quantities and carry different units.
The paper by Burgess and Dawson (2008) and this
paper focus specifically on tree water storage.

To the extent that trees use and refill internal stores
of water on a 24-h basis, integrated crown sap flow

should peak and decline earlier in the day than bole
sap flow; these time series patterns form the basis for
using sap flow sensors to estimate tree water storage.
Simple hydraulic resistance–capacitance models of
trees illustrate the expected time series (Fig. 1; Nobel
1970; Sheriff 1973; Hunt, Running and Federer 1991;
Jones 1992; Phillips et al. 2004). Here all diurnal use
of stored water to support transpiration is assumed to
be replaced during a 24-h period, so that the integrals
under the curves in Fig. 1 equal one another (although
this may not always be a reasonable assumption;
Waring and Running 1978; Phillips et al. 2003).
When, at any point in time, crown flux exceeds bole
flux, stored water is withdrawn from tissues between
the two portions of the tree; conversely, when, later in
the day, bole flux exceeds crown flux, net recharge of
stored water occurs. The integrated difference in these
two curves during either the withdrawal or recharge
phases represents the amount of stored water that was
used and replenished over a 24-h period of time. This
value can be compared to the integrated 24-h water
flux to represent the percent of daily water used that is
drawn from and recharged to storage (e.g. Goldstein
et al. 1998; Phillips et al. 2003).

The large size and complex architecture of real
trees makes it difficult to account for all, or even most
of, the instantaneous flows of water into, through, and
out of the tree. Thus, studies that attempt to use sap
flow to estimate tree water storage by examining

Fig. 1 Idealized time courses of transpiration (solid curve),
crown sap flow (dashed curve slightly to the right of
transpiration), and basal sap flow (dashed curve farther to
the right). The time axis represents time of commencement of
transpiration and sap fluxes, not time of day. Assumptions and
interpretations of these curves are discussed in the text and
Phillips et al. (2004)
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note of caution advocated in Burgess and Dawson
(2008), in the sense that it applies to the general use
of sap flow sensors. However, we maintain that their
criticism of studies of tree capacitance based on sap
flow was flawed because it compared studies with
very different objectives and corresponding sampling
strategies. Moreover, Burgess and Dawson (2008) did
not make an effective case for criticising the use of
sap flow methods when they used as a basis for their
arguments (1) a minimal data set of their own, with
sensors that were not ‘zeroed’ (as they acknowl-
edged); (2) suggested flaws in sensor types that were
not supported with direct evidence; and (3), a
mischaracterization of the role that “absolute” time
lags of sap flow play in estimation of tree capacitance.

It is unfortunate that a legitimate question raised by
Burgess and Dawson (2008) was diminished by a
misdirected focus on sampling, instrumentation, and
conceptual flaws in other studies, and an insufficient
data set to support their conclusions. The authors’
central, unanswered question is how trees can utilize
stored water and yet show little to no internal lags in
sap flow. We have noted above how size alone is not
necessarily a good predictor of tree water storage and
internal sap flow lags. More fundamentally, “text-

book” portrayals of trees as parallel resistance–
capacitance circuits (e.g. Nobel 1970; Jones 1992)
will benefit from revisions that include the realism of
tension flow in porous media (e.g. Aumann and Ford
2002; Chuang et al. 2005; Perämäki et al. 2005).
These models may better apply to trees cited in
Burgess and Dawson (2008) that show little to no
internal sap flow lags. Thus, in this clarification we do
not suggest that understanding of tree hydraulic
capacitance is complete. For example, we still do
not understand how cavitated xylem elements can be
refilled under tension, which constitutes a form of
capacitive recharge.

To improve understanding of hydraulic capacitance
and how it is detected, we believe that Burgess and
Dawson (2008) would support us in calling for further
studies of tree water storage that compare sap flow
measurements with independent measures of capaci-
tance, as in the data shown here and in other recent
studies (e.g. Meinzer et al. 2006; Cermak et al. 2007;
Sevanto et al. 2008). As part of these efforts, sap
flow sensor inter-comparisons should be performed,
backed by detailed physical models of sensor-
sapwood thermodynamics. Coordinated observational
and modelling studies should be targeted toward tree

Capacitance (kg m-3 MPa-1)
60 80 100 120 140 160 180

La
g 

sa
pf

lo
w

 (
br

an
ch

-b
as

al
) (

m
in

)

0

20

40

60

80

100

120

140

B. salicifolius
C. brasiliense
S. macrocarpa
S. paniculatum
V. thyrsoidea
K. coriacea

R 2 = 0.70

Lag ∆A (branch-basal) (min) 
0 20 40 60 80 100 120 140

R 2 = 0.97a b

Fig. 3 The time series lag (i.e. lag corresponding to maximum
correlation between time series) between branch and basal sap
flow (Lagsapflow (branch-basal)) in relation to a total stem
capacitance (sapwood and outer parenchyma) and b the time
series lag between branch and trunk cross-sectional area
Lag$A branch!basalð Þ

! "
, for six dominant woody species of

Neotropical savannas. Branch and bole sap flow were measured
with thermal dissipation probes and branch and bole cross
sectional areas (ΔA) were calculated from diameter measure-
ments using electronic dendrometers (data from Scholz et al.

2008). Capacitance was obtained from the slopes of the initial
linear portions of water released per unit volume of tissue
versus tissue water potential (obtained psychrometrically) (data
from Scholz et al. 2007). The lines are linear regressions fitted
to the data: a y=−43.4+0.8x, P<0.05; b y=−9.7+1.2x, P<
0.001. Symbols: square Blepharocalyx salicifolius, triangle up
Caryocar brasiliense, triangle down Schefflera macrocarpa,
diamond Sclerolobium paniculatum, hexagon Vochysia thyrsoi-
dea, circle Kielmeyera coriaceae

322 Plant Soil (2009) 315:315–324

Phillips et al Plant Soil 2009
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Leaf gas exchange

Water and carbon cycles are coupled through stomata

Stomata close and open in response to water stress

Klein et al. 2014

be very valuable for forecasting climate change impacts (Rehfeldt
et al., 2002). Yet common garden experiments often do not
measure hydraulic traits (but see Sparks & Black, 1999; Pratt et al.,
2008; Lamy et al., 2013), and they are predominantly focused on
commercially valuable species, which limits their utility for many
natural ecosystems (Alberto et al., 2013).

Variation of traits arises from a combination of genetic variation
and phenotypic plasticity, which is the variation in phenotype
within a single genotype. Regarding genetic variation, meta-
analyses suggest that local adaptation in tree populations appears to
be very common, but not universal (Leimu & Fischer, 2008;
Hereford, 2009; Alberto et al., 2013), and more common in trees
than in most plants (Kawecki & Ebert, 2004). Indeed, genetic
differentiation and clinal genetic variation across elevation were
observed in 90% and 78% of studies, respectively (Alberto et al.,
2013). Despite this prevalence of local adaptation, other syntheses
provide evidence that trees tend to have much higher within-
population than across-population genetic diversity, although this
varies by mating system and degree of fragmentation of a tree
species’ distribution (Hamrick, 2004). Mechanisms that can
dampen or erase local adaptation include high gene flow, genetic
drift, lack of reliable environmental signals, especially with regard
to temporal variation, lack of genetic variation, and genetic
architecture of the underlying trait (Kawecki & Ebert, 2004).

Phenotypic plasticity, which may be adaptive, neutral, or
maladaptive, is the second major mechanism through which traits
vary across environments and over time. Theoretical work indicates
that adaptive plasticity should arise in spatially heterogeneous

environments where the selective pressures are constant in time but
not space (Nicotra et al., 2010). Many forest trees show extensive
clinal variation of phenotypic traits (Neale & Kremer, 2011),
although the relative influence of plasticity versus adaptation on
this variation differs both by trait and by species (Franks et al.,
2013) and plasticity can be strongly genotype-dependent (Fichot
et al., 2010). An extensive body of research has examined the limits
of phenotypic plasticity,which generally fall into two categories: (1)
‘internal limits’ such as genetic costs, allocation, ontogeny,
plasticity history, developmental constraints, and phenotypic
integration, and (2) ‘ecological limits’ such as reliability of
environmental cues, abiotic stress, herbivory, competition, multi-
species interactions, and multiple simultaneous stressors (Vallad-
ares et al., 2007; Nicotra et al., 2010). In general, more stressful
environments appear to lead to higher phenotypic integration –
tighter coordination among functional traits – which constrains
phenotypic plasticity (Valladares et al., 2007).

Observed spatial and temporal variation in drought
traits

I performed a meta-analysis using linear fixed-effects models on
published studies that quantified intra-specific spatial or temporal
variation in P50. A literature search revealed 33 studies that
quantified P50 variation for 46 species (Supporting Information
Table S1). From each study, I calculated the coefficient of variation
(CV) of P50 across space (which includes both within-population
and across-population variation) or time periods, analyzing space
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Fig. 1 Conceptual framework covering the spatial (a) and temporal (b) variation of plant hydraulic traits, shown via a hydraulic vulnerability curve linking per
cent loss of conductivity (PLC; %) with plant water potential (Ψ; MPa). Subpanels illustrate: 1, differential vulnerability across growth rings within a given
branch; 2, differential vulnerability across branches within the same crown; 3, differential vulnerability across individual trees within the same population; 4,
differential vulnerability across populations; 5, the vulnerability of a seedling; 6, differential vulnerability across ontogeny and/or seasons; 7, differential
vulnerability following a climatic extreme such as drought.
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and have xylem that is more resistant to negative water
potentials (see Fig. 4). There are, however, exceptions to these
generalizations and many comparative studies and syntheses
(Pockman & Sperry, 2000; Maherali et al., 2004) have not
specifically characterized species as isohydric or anisohydric.
Anisohydric vs isohydric regulation of water status may be a
critical factor in the regulation of survival and mortality
during drought (Fig. 3).

It is important to clarify that relating the hydraulic
framework to plant mortality is based on the premise that
whole-plant hydraulic failure will cause death. This premise
may be false in cases of resprouting, xylem refilling, or if
cells are desiccation-tolerant. Resprouting has been observed
following cavitation-induced shoot dieback in shrubs (Davis
et al., 2002; Sperry & Hacke, 2002), mesic hardwoods (Tyree
et al., 1993), and riparian trees (Horton et al., 2001). A
benefit of reducing leaf area via shoot dieback is the resulting
improvement in water status of the remaining foliage and
subsequent survival of the individual (Tyree & Sperry, 1989;
Davis et al., 2002; Bréda et al., 2006). Resprouters may die
during drought, however, if persistent hydraulic failure
leads to carbon starvation that prevents growth of new stems.
Refilling of cavitated elements may occur in some species
when drought is relieved by precipitation, although the mech-
anisms and frequency of refilling remain debated (Sperry
et al., 1987; Borghetti et al., 1991; Holbrook & Zwieniecki,
1999; Tyree et al., 1999; Salleo et al., 2004; West et al.,
2007a). Refilling has been observed in piñon but not juniper
(West et al., 2007a). Desiccation-tolerant cells, such as the live
cells of mosses, ferns, seeds and pollen of higher plants, and of
resurrection plants (e.g. Xerophyta), can withstand complete
drying, and upon wetting they regain complete physiological
function (Gaff, 1971; Dace et al., 1998; Sherwin et al., 1998).
This ancestral trait is rare amongst vascular plants (Oliver

et al., 2000); however, a lesser degree of cellular drought
tolerance is common (Kozlowski & Pallardy, 2002). As plants
have become larger and more complex, water transport has
become more limiting to survival than cell physiology and
so vegetative cells may have lost their capacity to tolerate
air-drying (Oliver et al., 2000). Based on evidence for cor-
relations between cellular desiccation limits and hydraulic
transport limits (Brodribb et al., 2003), cellular drought
tolerance may be as colimiting as hydraulics in determining
plant physiological limits.

The large number of potential interactions between iso-
hydry, anisohydry and parameters within Eqns 1 and 2
highlights that there is a large number of physiological and
structural factors that may be adjusted to either tolerate or
avoid water stress during drought. However, these factors may
also have species or site-specific limits on how far they can be
adjusted; these limits may subsequently predispose plants to
hydraulic failure. Next we can apply the hydraulic framework
to understand the hydraulically based hypotheses of hydraulic
failure and carbon starvation.

4. Hydraulic failure

The concept underlying the hydraulic-failure hypothesis is
that drought causes the species- and site-specific Ecrit to be
surpassed such that the plant irreversibly desiccates. Hydraulic
failure occurs in small plants, as seedling mortality has been
linked to excessive cavitation in the field (Williams et al.,
1997) and drying experiments with potted plants often result
in rapid mortality (Sparks & Black, 1999). The limited
rooting volume explored by seedlings exposes them to more
negative soil water potentials than plants with larger root
systems, decreasing soil-to-root Kl and hence the safety margin
between realized E and Ecrit (Fig. 6). For mature trees there are
numerous anecdotal observations of mortality occurring in
the absence of insect or pathogen attack; however, it is unknown
if hydraulic failure or another mechanism was the cause of
death.

The piñon–juniper comparison provides an interesting
contrast with respect to mortality by hydraulic failure. Modeling
Ecrit vs Ψsoil using piñon and juniper vulnerability curves
(Fig. 4) and soil and plant architecture and water potential
data (West et al., 2008) yields the prediction that the aniso-
hydric strategy of juniper makes it more susceptible to
hydraulic failure than piñon, because the water-use enve-
lope of juniper is closer to the xylem cavitation threshold
(Fig. 9). Continued transpiration by juniper during drought
reduced soil water potential to –6.9 MPa, bringing juniper
plants close to hydraulic failure (Fig. 9, solid circle compared
with Ecrit) and induced an estimated 40–60% embolism in
roots and shoots, respectively (West et al., 2007a, 2008;
Fig. 4). The species-specific difference in regulation of the
hydraulic safety margins occurs in part via differential rela-
tionships between leaf water potential and Gs (Fig. 8; Barnes,

Fig. 8 Stomatal conductance vs leaf water potential for piñon (open 
circles) and juniper (closed circles) at Mesita del Buey, Los Alamos, 
New Mexico. Data from Barnes (1986).
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Transpiration T =gstomata VPDleaf

GPP = 1.6 gstomata (Ca-Ci)

gstomata = f(VPD,𝜓leaf)

In the absence of stress in the xylem

gstomata ~ GPP/ VPDleaf
0.5 (Medlyn model)

or
gstomata ~ GPP . RH (Ball-Berry model)

Cowan and Farquahr 1977, Ball and Berry 1986, Farquhar and Sharkey 1982, 
Katul et al 2009, Medlyn et al 2011
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Impact of 𝜓leaf on leaf gas exchange?
Still relatively ad-hoc

Either modifies gmax or Vcmax

- Sperry introduced a concept of supply-demand: canopy water demand is 
regulated in proportion to threat to supply posed by xylem cavitation

- Wolf & Anderegg: Carbon maximization theory
based on constraints (e.g. supply and demand) 

Sperry New Phyt 2016, Wolf et al. PNAS 2016, Anderegg Ecol Letters 2018

xylem pressure (Pcanopy) for constant soil water potential (Fig. 1c,
curves rising from predawn Pcanopy symbol). The supply function
can be calculated by integrating ‘vulnerability curves’ that
describe the loss of hydraulic conductance with negative pressure
(Fig. 1b, ‘VCs’; Sperry & Love, 2015). The derivative of the sup-
ply function, dE/dPcanopy (Fig. 1c, dashed dE/dP tangent), is pro-
portional to the hydraulic conductance at the canopy end of the
flow path. The dE/dPcanopy falls to zero beyond a maximum E
(Fig. 1c, Ecrit symbol) as cavitation increases and blocks flow.
Drier soil truncates the supply function and diminishes Ecrit ulti-
mately to zero (Fig. 1c, ‘drier soil’ arrow). The supply function
extends to lower pressures when the xylem is more resistant to
cavitation and when there is greater root surface area to minimize
resistance to flow across the rhizosphere (Sperry et al., 1998,
2002a).

On the transpiration demand side, the theory proposes a
‘stomatal demand function’ (the ‘loss function’ of Sperry & Love,
2015) that locates the plant on its shifting supply function
(Fig. 1d). The demand function represents the emergent coordi-
nation between leaf water supply and atmospheric water demand
as limited by stomatal regulation. Stomatal regulation of E
should not allow Ecrit to be exceeded because this would prema-
turely desiccate the canopy and leave usable water in the soil.
Even approaching Ecrit is risky, because the accelerating decline
in dE/dPcanopy increases the cavitation consequences of minor E
fluctuations. Nevertheless, the plant should exploit its ability to

extract soil water and sustain E as far into a soil drought as Ecrit
permits. The demand function explained in Sperry & Love
(2015) (their fig. 2) has stomatal closure reducing Pcanopy in pro-
portion to the loss of canopy hydraulic conductance (quantified
by the decline in dE/dPcanopy) that would occur without closure.
The more environmental conditions threaten the pipeline, the
greater the protective response. The result is a physiological limit
to the stomatal demand that keeps E safely below the Ecrit limit
regardless of the dryness of soil or air (Fig. 1d, ‘demand limit’
curve). The system only fails hydraulically if the predawn Pcanopy
drops enough to drive Ecrit to zero.

The supply–demand theory occupies a unique place among
attempts to model stomatal behavior. It is not a mechanistic
model of stimulus–response control at the molecular or physio-
logical scale (Tardieu & Davies, 1993; Li et al., 2006; Buckley &
Mott, 2013; Franks, 2013). It is not an empirical model with
coefficients divorced from physiological process (Jarvis, 1976;
Ball et al., 1987; Stewart, 1988; Lloyd, 1991; Leuning, 1995).
Although it is based on an adaptive, emergent property of stom-
ata (the balance of water demand with limited supply), it is not
an optimization model like that of Cowan (Cowan, 1977;
Medlyn et al., 2011), which is based on an unknown variable
(k, the marginal carbon cost of water loss). Models that assume a
near-isohydric Pcanopy (Williams et al., 1996; Sperry et al., 2002a;
Pieruschka et al., 2010) capture the priority of avoiding damage-
inducing negative pressure, but fail to account for anisohydric
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Fig. 1 The supply–demand model. (a) A conductance network links layers of bulk soil (Psoil = soil water potential) via rhizosphere and root paths to the stem
and leaves. (b) Each network component has a vulnerability curve (VC) describing its drop in hydraulic conductance (k) with more negative pressure (P).
(c) Integrating network vulnerability curves across the pressure drop from Psoil to Pcanopy yields a vascular supply function: steady-state transpiration rate
(E) vs Pcanopy. These functions rise from a predawn Pcanopy at E = 0 to Ecrit (at corresponding Pcrit). The dE/dP derivative (dashed tangent) reflects the
canopy hydraulic conductance, which goes to zero at the Ecrit hydraulic limit. As soil dries out, the predawn intercept (closed circles) becomes more
negative and Ecrit (open circles) drops. (d) A demand function derived from the supply function determines the stomatal regulation of E in response to drier
air (which pushes the plant up its supply function) and dry soil (which shrinks the supply function). The demand function yields a physiological ‘demand
limit’ that saturates E below Ecrit.
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Interplay between xylem and leaf gas exchange

be very valuable for forecasting climate change impacts (Rehfeldt
et al., 2002). Yet common garden experiments often do not
measure hydraulic traits (but see Sparks & Black, 1999; Pratt et al.,
2008; Lamy et al., 2013), and they are predominantly focused on
commercially valuable species, which limits their utility for many
natural ecosystems (Alberto et al., 2013).

Variation of traits arises from a combination of genetic variation
and phenotypic plasticity, which is the variation in phenotype
within a single genotype. Regarding genetic variation, meta-
analyses suggest that local adaptation in tree populations appears to
be very common, but not universal (Leimu & Fischer, 2008;
Hereford, 2009; Alberto et al., 2013), and more common in trees
than in most plants (Kawecki & Ebert, 2004). Indeed, genetic
differentiation and clinal genetic variation across elevation were
observed in 90% and 78% of studies, respectively (Alberto et al.,
2013). Despite this prevalence of local adaptation, other syntheses
provide evidence that trees tend to have much higher within-
population than across-population genetic diversity, although this
varies by mating system and degree of fragmentation of a tree
species’ distribution (Hamrick, 2004). Mechanisms that can
dampen or erase local adaptation include high gene flow, genetic
drift, lack of reliable environmental signals, especially with regard
to temporal variation, lack of genetic variation, and genetic
architecture of the underlying trait (Kawecki & Ebert, 2004).

Phenotypic plasticity, which may be adaptive, neutral, or
maladaptive, is the second major mechanism through which traits
vary across environments and over time. Theoretical work indicates
that adaptive plasticity should arise in spatially heterogeneous

environments where the selective pressures are constant in time but
not space (Nicotra et al., 2010). Many forest trees show extensive
clinal variation of phenotypic traits (Neale & Kremer, 2011),
although the relative influence of plasticity versus adaptation on
this variation differs both by trait and by species (Franks et al.,
2013) and plasticity can be strongly genotype-dependent (Fichot
et al., 2010). An extensive body of research has examined the limits
of phenotypic plasticity,which generally fall into two categories: (1)
‘internal limits’ such as genetic costs, allocation, ontogeny,
plasticity history, developmental constraints, and phenotypic
integration, and (2) ‘ecological limits’ such as reliability of
environmental cues, abiotic stress, herbivory, competition, multi-
species interactions, and multiple simultaneous stressors (Vallad-
ares et al., 2007; Nicotra et al., 2010). In general, more stressful
environments appear to lead to higher phenotypic integration –
tighter coordination among functional traits – which constrains
phenotypic plasticity (Valladares et al., 2007).

Observed spatial and temporal variation in drought
traits

I performed a meta-analysis using linear fixed-effects models on
published studies that quantified intra-specific spatial or temporal
variation in P50. A literature search revealed 33 studies that
quantified P50 variation for 46 species (Supporting Information
Table S1). From each study, I calculated the coefficient of variation
(CV) of P50 across space (which includes both within-population
and across-population variation) or time periods, analyzing space
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Fig. 1 Conceptual framework covering the spatial (a) and temporal (b) variation of plant hydraulic traits, shown via a hydraulic vulnerability curve linking per
cent loss of conductivity (PLC; %) with plant water potential (Ψ; MPa). Subpanels illustrate: 1, differential vulnerability across growth rings within a given
branch; 2, differential vulnerability across branches within the same crown; 3, differential vulnerability across individual trees within the same population; 4,
differential vulnerability across populations; 5, the vulnerability of a seedling; 6, differential vulnerability across ontogeny and/or seasons; 7, differential
vulnerability following a climatic extreme such as drought.
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and have xylem that is more resistant to negative water
potentials (see Fig. 4). There are, however, exceptions to these
generalizations and many comparative studies and syntheses
(Pockman & Sperry, 2000; Maherali et al., 2004) have not
specifically characterized species as isohydric or anisohydric.
Anisohydric vs isohydric regulation of water status may be a
critical factor in the regulation of survival and mortality
during drought (Fig. 3).

It is important to clarify that relating the hydraulic
framework to plant mortality is based on the premise that
whole-plant hydraulic failure will cause death. This premise
may be false in cases of resprouting, xylem refilling, or if
cells are desiccation-tolerant. Resprouting has been observed
following cavitation-induced shoot dieback in shrubs (Davis
et al., 2002; Sperry & Hacke, 2002), mesic hardwoods (Tyree
et al., 1993), and riparian trees (Horton et al., 2001). A
benefit of reducing leaf area via shoot dieback is the resulting
improvement in water status of the remaining foliage and
subsequent survival of the individual (Tyree & Sperry, 1989;
Davis et al., 2002; Bréda et al., 2006). Resprouters may die
during drought, however, if persistent hydraulic failure
leads to carbon starvation that prevents growth of new stems.
Refilling of cavitated elements may occur in some species
when drought is relieved by precipitation, although the mech-
anisms and frequency of refilling remain debated (Sperry
et al., 1987; Borghetti et al., 1991; Holbrook & Zwieniecki,
1999; Tyree et al., 1999; Salleo et al., 2004; West et al.,
2007a). Refilling has been observed in piñon but not juniper
(West et al., 2007a). Desiccation-tolerant cells, such as the live
cells of mosses, ferns, seeds and pollen of higher plants, and of
resurrection plants (e.g. Xerophyta), can withstand complete
drying, and upon wetting they regain complete physiological
function (Gaff, 1971; Dace et al., 1998; Sherwin et al., 1998).
This ancestral trait is rare amongst vascular plants (Oliver

et al., 2000); however, a lesser degree of cellular drought
tolerance is common (Kozlowski & Pallardy, 2002). As plants
have become larger and more complex, water transport has
become more limiting to survival than cell physiology and
so vegetative cells may have lost their capacity to tolerate
air-drying (Oliver et al., 2000). Based on evidence for cor-
relations between cellular desiccation limits and hydraulic
transport limits (Brodribb et al., 2003), cellular drought
tolerance may be as colimiting as hydraulics in determining
plant physiological limits.

The large number of potential interactions between iso-
hydry, anisohydry and parameters within Eqns 1 and 2
highlights that there is a large number of physiological and
structural factors that may be adjusted to either tolerate or
avoid water stress during drought. However, these factors may
also have species or site-specific limits on how far they can be
adjusted; these limits may subsequently predispose plants to
hydraulic failure. Next we can apply the hydraulic framework
to understand the hydraulically based hypotheses of hydraulic
failure and carbon starvation.

4. Hydraulic failure

The concept underlying the hydraulic-failure hypothesis is
that drought causes the species- and site-specific Ecrit to be
surpassed such that the plant irreversibly desiccates. Hydraulic
failure occurs in small plants, as seedling mortality has been
linked to excessive cavitation in the field (Williams et al.,
1997) and drying experiments with potted plants often result
in rapid mortality (Sparks & Black, 1999). The limited
rooting volume explored by seedlings exposes them to more
negative soil water potentials than plants with larger root
systems, decreasing soil-to-root Kl and hence the safety margin
between realized E and Ecrit (Fig. 6). For mature trees there are
numerous anecdotal observations of mortality occurring in
the absence of insect or pathogen attack; however, it is unknown
if hydraulic failure or another mechanism was the cause of
death.

The piñon–juniper comparison provides an interesting
contrast with respect to mortality by hydraulic failure. Modeling
Ecrit vs Ψsoil using piñon and juniper vulnerability curves
(Fig. 4) and soil and plant architecture and water potential
data (West et al., 2008) yields the prediction that the aniso-
hydric strategy of juniper makes it more susceptible to
hydraulic failure than piñon, because the water-use enve-
lope of juniper is closer to the xylem cavitation threshold
(Fig. 9). Continued transpiration by juniper during drought
reduced soil water potential to –6.9 MPa, bringing juniper
plants close to hydraulic failure (Fig. 9, solid circle compared
with Ecrit) and induced an estimated 40–60% embolism in
roots and shoots, respectively (West et al., 2007a, 2008;
Fig. 4). The species-specific difference in regulation of the
hydraulic safety margins occurs in part via differential rela-
tionships between leaf water potential and Gs (Fig. 8; Barnes,

Fig. 8 Stomatal conductance vs leaf water potential for piñon (open 
circles) and juniper (closed circles) at Mesita del Buey, Los Alamos, 
New Mexico. Data from Barnes (1986).
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the biotic agents demographics hypothesis can explain, at
most, only a portion of observed mortality. However, plants
treated with insecticides often survive outbreaks of insects
(Hastings et al., 2001; Grosman & Upton, 2006; Romme
et al., 2006), indicating that biotic agents play a significant
role in mortality. A prediction consistent with observations is
that changes in demographics of biotic mortality agents must
overlay changes in host plant physiological conditions to cause
widespread mortality events (Berryman, 1976; Christiansen
et al., 1987).

2. Plant water relations

A review of plant regulation of water use is needed to consider
the mechanisms of hydraulic failure and carbon starvation.
In particular, it is critical to understand the structural and
physiological mechanisms by which plants prevent evapo-
transpiration (E) from exceeding critical rates (Ecrit) that result
in xylem water potentials associated with hydraulic and
symplastic failure (Ψcrit). Furthermore, the impacts of Ecrit
avoidance on photosynthesis and subsequent dependency
on stored carbohydrate reserves are critical to understanding
carbon starvation (Cowan & Farquhar, 1977; Katul et al.,
2003). In this section we review plant water relations in the
context of avoidance of Ecrit and Ψcrit, introduce a modeling
framework for investigation of such regulation, and then
investigate hypotheses regarding hydraulic failure and carbon
starvation using the model and existing evidence from our
piñon–juniper case study and the broader literature.

To maintain tissue hydration and photosynthesis, plants
must replace water lost through E. As described by the
cohesion tension theory, E generates tension that pulls water
from the soil through the plant to the crown, where it diffuses

to the atmosphere. Thus, E can be explicitly described via the
steady-state formulation of the soil–plant–atmosphere hydraulic
continuum (modified from Whitehead & Jarvis, 1981;
Whitehead, 1998):

E = Kl (Ψs − Ψl − hpwg) Eqn 1

In this corollary to Darcy’s law, Kl is leaf-specific hydraulic
conductance of the soil-plant continuum, Ψs and Ψl are
soil and leaf water potentials, respectively, and hpw g is the
gravitational pull on a water column of height h and density
pw. The tension difference across the plant (Ψs – Ψl) increases
in proportion to E as long as Kl remains constant, for example
no cavitation occurs. This mechanism is efficient because
metabolic energy is not used to lift water to the crown.
However, E has an upper limit (Ecrit) because increasing
tension causes decreased Kl as a result of air entry through pit
pores into conduits, thereby initiating cavitation (nucleation
of vaporization) and producing an embolized, or air-filled
conduit (Fig. 4). In other words, hydraulic failure occurs
when E exceeds the critical Ψ, Kl approaches zero, and the
plant can no longer move water. The Ψcrit value causing 100%
cavitation varies widely among species (Pockman et al., 1995;
Pockman & Sperry, 2000; Maherali et al., 2004) and is
thought to be a function of interconduit pit structure
(Pittermann et al., 2005). An example of vulnerability to
cavitation in stems and roots of piñon and juniper is presented
in Fig. 4 (Linton et al., 1998). Roots tend to be more
vulnerable than stems, which may serve the advantage of
protecting the more energetically costly stem tissues from
cavitation (Sperry & Ikeda, 1997; Sperry et al., 2002).

Hydraulic failure also occurs within soils and is functionally
similar to xylem cavitation. The hydraulic conductance of
soils is a function of texture, water content, hydraulic conduc-
tivity, and water table depth. Greater tension is required to
pull water through fine-textured soils because of their small
pore sizes, and thus fine-textured soils have lower conduct-
ance than sandy soils when water is abundant. However,
fine-textured soils retain hydraulic conductance longer and at
more negative water potentials than coarse-textured soils
because the low conductance of fine soils results in slower
water loss to transpiration and drainage (Sperry et al., 1998).
Therefore, during drought we expect greater hydraulic failure
in coarse-textured soil. Depth to water table also has an
impact on plant hydraulics by limiting or allowing plants to
obtain water during periods of drought (Dawson, 1996;
Franks et al., 2007). To compensate for coarse-textured
soils or inaccessible water tables, plants may increase their
soil-to-root, or rhizosphere conductance via adjusting fine
root density (Ewers et al., 2000; Hacke et al., 2000), fine root
hydraulic conductance (McElrone et al., 2007) rooting depth,
and other root characteristics (Stirzaker & Passioura, 1996).

Plant avoidance of hydraulic failure can be conceptualized
using models of the soil–plant–atmosphere continuum.

Fig. 4 The percentage loss of conductivity of excised root (connected 
circles) and stem (unconnected circles) segments of piñon (open 
circles) and juniper (closed circles) as a function of xylem pressure. 
These ‘vulnerability curves’ were obtained by the air-injection method 
(Linton et al., 1998).

Stomatal response to leaf water stress Xylem cavitation
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sacrifices cavitation resistance and drought tolerance for
maximizing water uptake under favorable conditions.
More cavitation-resistant xylem tends to have a lower
maximum conductivity under favorable conditions when
there is no cavitation. In conifers, this trade-off appears
to result from mechanical constraints (Pittermann et al.
2006). Tracheids that are resistant to cavitation and can
hold water under lower negative pressure must have
stronger walls to maintain a comfortable margin of
safety from implosion while still functioning to hold up
the tree (Hacke et al. 2001). Stronger walls require
narrower lumens (Pittermann et al. 2006), which have
the disadvantage of offering more resistance to water
flow. Thus, the higher fluxes of P. edulis, when
conditions are favorable, may come at the cost of lower
tolerance of negative pressures. P. edulis uses isohydric
stomatal control (Figs. 4 and 6) to avoid low negative
pressure and, consequently, cavitation during the
summer drought. In this way it can not only use water
effectively during the spring, but by protecting itself
from excessive cavitation, together with the ability to
refill embolized root xylem (West et al. 2007b), it can
also use water almost as effectively after the summer
drought has broken. The cost of this strategy is a
complete shutdown of gas exchange over potentially
many weeks during the growing season.
In contrast, J. osteosperma sacrifices high xylem

conductivity and springtime fluxes for greater resistance
to cavitation. It couples this with anisohydric stomatal
regulation that extends its gas exchange much farther
into the drought than P. edulis, mining as much soil
water as possible in spite of suffering considerable

cavitation. Our model results supported the experimen-
tal finding that J. osteosperma does not refill embolized
xylem (West et al 2007b). Thus, as a result of this
cavitation, J. osteosperma also sacrifices the ability to
effectively use late summer rainfall.

As a consequence of these different strategies, the
competitive success of the two species should depend on
the relative frequency and duration of periods where
WPD is either above of below!2 MPa. Piñon appears to
have higher photosynthetic rates than juniper (Lajtha
and Getz 1993, Nowak et al. 1999). P. edulis has higher
leaf area to sapwood area ratios than J. osteosperma

FIG. 5. Diurnal courses of instantaneous sap flux (Js) of P. edulis and J. osteosperma over three days of varying soil moisture
(htot, gray line) and vapor pressure deficit (D, black line). The inset shows daily totals of sap flux for the three days.

FIG. 6. Daily sap flux (JSD) vs. predawn xylem water
potential (WPD) for P. edulis and J. osteosperma. Sap flux
declines to zero at!2.3 MPa for P. edulis and approaches zero
at!4.5 MPa for J. osteosperma.

A. G. WEST ET AL.920 Ecological Applications
Vol. 18, No. 4

Isohydric
Strong 
stomata 
regulation

Anisohydric - Xylem control
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Leaf water potential time scales

26 | SPAC Physics

Temporal variations in leaf water potential
Diurnal to seasonal

• Physiology regulates diurnal 𝜓leaf

• Both root moisture & physiology regulate seasonal 𝜓leaf

Coordination at global scale?

Liu, Konings & Gentine submitted, Mursinna et al., Matheny, Forests 2018
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Implementation of plant hydraulics in global model
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Community Land Model 5.0
Many other examples e.g. JULESJournal of Advances in Modeling Earth Systems 10.1029/2018MS001500

Figure 1. Plant hydraulic circuit analog schematic.

2.5.3. Modeling Vegetation Water Potential
The PHS model within CLM5 uses Darcy's law to approximate the flow of water through the SPAC, which
can be represented with an electrical circuit analogy (Figure 1). PHS solves for vegetation water potential
along the path from soil-to-atmosphere. Vegetation water supply and demand are both coupled to vegetation
water potential, as described in the previous two sections. The solution for vegetation water potential is the
set of values that matches supply with demand, maintaining water balance across each of the vegetation
water potential nodes.

PHS solves for vegetation water potential at four locations: ! root, ! stem, ! shade-leaf, and ! sun-leaf. The number
of nodes is chosen as the strict minimum to allow for differences in segment parameterizations (Simonin et
al., 2015; Sperry & Love, 2015) while also conforming to existing CLM model structure (vertically discretized
soil layers, two-big-leaf). At each node in the circuit diagram (Figure 1), we model water potential, and,
between nodes, we resolve the flux of water based on Darcy's law. Water uptake from the different soil layers
is assumed to operate in parallel: a typical assumption justified by higher resistance in lateral versus central
roots (e.g., M. Williams et al., 2001). Two resistors operate in series between each ! soil and ! root, to represent
the path across the soil matrix and then through the root tissue (M. Williams et al., 1996). Specifics on
the parameterization of hydraulic conductance for each segment are provided in Appendix A1. Solving for
vegetation water potential requires matching vegetation water supply (RWU, sap flux through the stem)
with vegetation water demand (sunlit and shaded leaf transpiration).
2.5.4. Water Supply
Water supply is modeled via Darcy's law, where the flux of water (q) is the product of the path hydraulic
conductance (k) and the gradient in water potential (!2 − !1) after accounting for gravitational potential
("gΔz). Equation (12) represents the flow from a generic node 1 to node 2.

q = −k
(
!2 − !1 + "gΔz

)
. (12)

For simplicity, PHS does not represent plant tissue water storage (or capacitance, using the electrical circuit
analogy), which is in line with recent supply-loss theory (Sperry & Love, 2015). Capacitance significantly

KENNEDY ET AL. 490

Journal of Advances in Modeling Earth Systems 10.1029/2018MS001500

Figure 4. (a, b) The 2003 dry season (September-October-November) diurnal mean of modeled vegetation water
potential under ambient and TFE conditions. Curves are drawn for sunlit leaf, shaded leaf, stem, and root water
potentials, with the latter three overlapping. (c) Monthly mean midday (12–14 hr) vegetation water potential under
ambient (solid line) and TFE (dotted line) conditions. Here curves are drawn only for sunlit leaf and root water
potential. The arrow indicates the start of TFE. AMB = ambient precipitation throughfall; TFE = throughfall excluded.

4.3. Stress Dynamics
Modeling vegetation water potential enables a diurnal mode of variability in vegetation water stress. While
the SMS stress factor has minimal diurnal variability, PHS features increased stress at midday (Figures 5a
and 5b), corresponding to the drop in leaf water potential induced by increasing demand for transpiration
(Figures 4b and 4c). Average midday stress values are comparable between the two model configurations
during the 2003 dry season (Figure 5), but PHS achieves more photosynthesis over the course of the average
dry season day (Figure S4), due to lower stress in the mornings and afternoons.

The SMS stress factor lacks diurnal variability, because it is based on average root zone soil matric potential
(equation (3)), which evolves over longer timescales. PHS utilizes leaf water potential to calculate stress
(equation (10)), which responds to both water supply and transpiration demand. As such, the PHS stress
factor responds to both soil moisture and VPD, while SMS responds only to soil moisture (Figure 6). Under
ambient conditions, SMS features significant stress associated with declining soil water status, but PHS
stress is primarily demand driven, with less impact from soil moisture (Figures 6a and 6c). With TFE, stress

Figure 5. The 2003 dry season (September-October-November) diurnal mean water stress function for (a) SMS and (b)
PHS. Note that the water stress factor equals 1 when there is no stress and 0 when fully stressed. SMS = soil moisture
stress; PHS = plant hydraulic stress; AMB = ambient precipitation throughfall; TFE = throughfall excluded.

KENNEDY ET AL. 496

Kennedy et al. JAMES 2019
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3. Phloem

28 | SPAC Physics

Münch hypothesis (1927-1930)
• Phloem transports carbohydrates to sink tissues 

for growth, respiration and storage
• Carbohydrates (GPP) raise solute concentration, 

create osmosis 𝜓osmosis = −𝑅𝑇ln(𝐶). 
à raises turgor pressure and draw water from xylem 
through osmosis. 
• At growth and storage sinks, carbohydrates are 

unloaded or passively leak out of phloem, 
lowering the solute concentration. 

• Connects source and sink tissues delivering 
photosynthate where needed

• Theory has issues over long distances 

Rennie and Turgeon 2009, Thompson and Holbrook 2003, 
Mencuccini and Hollta 2010, Huang … Katul 2018 
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3. Phloem
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Example of diurnal fluctuation in xylem & phloem radii in the Amazon (K34)
P. Bittencourt, R. Oliveira  

Amazing diversity in xylem and phloem response as well as growth!
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Leaf-gas exchange, xylem, phloem, growth time scales

30 | SPAC Physics

- Daily time scale:
Xylem, phloem flow & leaf-gas exchange

- Monthly time scales:
These

+ rooting depth
+ growth 

- How can we differentiate processes? 

Liu, Konings, Gentine submitted
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Interannual time scales?

31 | SPAC Physics

Tree ring - annual growth
We know it is related to water!

Feedback on water cycle (transpiration)

Guérin, Gentine et al in revision
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Vertical/horizontal microclimate and state gradients
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Gradient in SPAC + microclimate + species composition
What is the ecosystem/landscape emergent behavior?

Gentine et al., HESS 2019

Turbulence 
limitation

Intense turbulence

Low turbulence
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Thank you for your attention

Questions?


