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Abstract

Water transport in vascular plants represents a critical component of terres-
trial water cycles and supplies the water needed for the exchange of CO2 in
the atmosphere for photosynthesis. Yet, many fundamental principles of wa-
ter transport are difficult to assess given the scale and location of plant xylem.
Here we review the mechanistic principles that underpin long-distance wa-
ter transport in vascular plants, with a focus on woody species. We also dis-
cuss the recent development of noninvasive tools to study the functional
status of xylem networks in planta. Limitations of current methods to de-
tect drought-induced xylem blockages (e.g., embolisms) and quantify corre-
sponding declines in sap flow, and the coordination of hydraulic dysfunction
with other physiological processes are assessed. Future avenues of research
focused on cross-validation of plant hydraulics methods are discussed, as well
as a proposed fundamental shift in the theory andmethodology used to char-
acterize and measure plant water use.
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Xylem: the
assemblage of cells
responsible for
long-distance water
transport in vascular
plants, structural
support, carbon
storage, and pathogen
resistance
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INTRODUCTION

The transition to terrestrial habitats approximately 470 mya (7, 38, 111) exposed early land plants
to a desiccating environment, forcing plants to develop novel strategies for limiting water loss
while regulating the influx of CO2 into the plant body. The concurrent development of increas-
ingly more efficient and complex vascular systems allowed for greater photosynthetic gains but
also led to increased stature and the competition for resources in more diverse environments. The
form and function of extant vascular plants have been fundamentally shaped by the biomechanical
demands of maintaining an upright growth form while balancing the risk of transporting great
quantities of water under tension with the reward of high carbon gain.

Vascular plants leverage the cohesive properties of watermolecules to transport water with little
energetic cost after the initial investment in xylem development, which must both withstand the
negative liquid pressure (i.e., tension) that develops and remain functional for significant periods
of time. The negative pressure in the xylem sap arises from the evaporation of liquid water inside
the leaf, the diffusion of water vapor out of the plant through the stomata (i.e., transpiration) (121),
and the resistance to the flow of water through the xylem. If the evaporation of water from the leaf
outpaces the supply of water from the roots and soil, or the stored water within the plant body,
a pressure gradient is established, with water flow in the direction of the tissues experiencing
a lower relative pressure. Simple bulk flow of this type can be successfully characterized using
Darcy’s law (115) or modifications of Ohm’s law (109), the latter of which allows water transport
through different plant tissues (e.g., roots, stems, petioles, and leaves) to be described in terms
of their relative resistances to flow. This characterization and study of the different components
of the soil–plant–atmosphere continuum (SPAC) have enabled extensive insight into the vascular
systems of plants.

One fundamental component of the cohesion–tension theory (143) that guides our under-
standing of plant water transport is that when water is in a negative pressure environment, it is
metastable (37). As such, liquid water is susceptible to cavitation, the rapid phase change to wa-
ter vapor, which forms gas bubbles that block xylem conduits and can occur when the negative
pressure exceeds the tensile strength of the sap (30, 112). The negative pressure environment also
allows bubbles above a critical radius to expand and block flow through the xylem (37, 128, 132),
or for the aspiration gas across the membrane separating two adjacent conduits. These conditions
typically arise during periods of high evaporative demand from the atmosphere, low soil moisture
availability, or both (i.e., characteristics often associated with drought). Thus, while plants have
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evolved an elegant mechanism for transporting water over long distances, the physical properties
of the xylem network and the negative pressure environment it depends on for moving water are
susceptible to dysfunction when plants need water most. Maintaining a functional xylem network
is so critical to survival that plants prioritize water loss prevention over carbon gain through active
and passive stomatal closure well before the point of cavitation (17, 58, 67). Systemic spread of gas
bubbles in the xylem network ultimately disrupts water transport to the foliage, and if water de-
livery to the meristematic tissues such as the vascular cambium and apical meristems is disrupted,
the long-term survival of a perennial plant is severely compromised.

Recent evidence strongly implicates hydraulic dysfunction in drought-induced tree mortality
(24), from the legacy effects of either low-level drought events over many years or less frequent
high-intensity droughts coupled with elevated temperatures. The combination of increasing am-
bient temperatures and decreased precipitation frequency has led to multiple large-scale tree mor-
tality events in recent years, often resulting in subsequent catastrophic, stand-replacing fires. Fur-
thermore, it is now clear that many plant species within their current habitat distributions are
experiencing environmental conditions that are pushing them ever closer to their physiological
tipping points (27). As a consequence, the xylem and its functional status during and after drought
are now under intense research focus, both from a desire to understand how individual plants
and tissues respond to, and recover from, hydraulic dysfunction and as a means of predicting how
communities and ecosystems contribute to landscape-level water fluxes after these events. The
fate of the xylem postdrought and its capacity to deliver water to the canopy are of great interest
to the plant biology community, those working in agricultural systems (145), and those wishing
to incorporate xylem function as it relates to landscape and ecosystem terrestrial water flux into
evapotranspiration models.

Progress over the last 25 years in the field of plant hydraulics now allows for a much more
sophisticated understanding of inter- and intraspecific variation in water transport and of the un-
derlying interaction and feedbacks between the environment and the physiological control of wa-
ter moving through the SPAC. Here, we characterize a general understanding of water transport
within the xylem network and highlight the major technological advances that have allowed for
a more careful examination of the underlying principles of the cohesion–tension theory and the
relationships between plant structure and function in terms of adaptation to drought. One of the
main difficulties for the study of plant vascular function is the disproportionate scaling of xylem
conduit diameter and length, which are typically measured in micrometers and centimeters to
meters, respectively. Furthermore, the long, narrow conduits used to transport water in vascular
plants are also embedded within an opaque tissue, making detailed observations of the xylem dif-
ficult. Recent advances in noninvasive imaging have established a new set of tools for probing the
fundamentals of plant–water relations.

THE ASCENT OF SAP

Water transport within the vascular tissue of plants occurs through a network of interconnected
pipe-like cells that are dead upon maturity and embedded within a matrix of living and nonliv-
ing support tissue (152). Yet, at both ends of the hydraulic pathway, movement of water takes
place outside the highly efficient xylem. Water absorbed by the roots can travel through several
nonexclusive pathways (apoplastic, symplastic, transcellular) between the root epidermis and the
endodermis (143), collectively characterized by their high resistance relative to the axial path-
way inside the xylem conduits (45, 46, 77). Similarly, water leaving the leaf vasculature must also
travel through a tortuous path between and through the mesophyll cells to evaporate into the
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Conductivity:
measured flow rate as a
function of pressure
drop across the
segment

Parenchyma: living
cells embedded in the
xylem that play
numerous roles,
including storage,
production of tyloses,
and wound response

Tracheid: xylem cell
type used for water
transport and
structural support;
most common in
gymnosperms, but
frequently occurs in
angiosperm xylem

Vessel: series of axially
aligned vessel elements
with open end walls
that allow efficient
long-distance water
transport, most
commonly in
angiosperms

Fiber: structural cell
and storage
compartment for
water with thickened
cell walls; can be living
at maturity but is
usually dead

Conductance:
measured flow rate as
a function of the
pressure driving flow,
commonly normalized
by leaf area or
sapwood area

intercellular airspace prior to exiting the stomata. These terminal points of the hydraulic pathway
represent the majority of the total resistance under normal conditions and also appear to be more
vulnerable to the effects of desiccation than the xylem, leading to steep declines in outside-xylem
conductivity that protect the xylem from dysfunction (35, 130, 146). Therefore, when water is not
limiting and the xylem is free of blockages, the pathway through the xylem is generally not limit-
ing in terms of hydraulic resistance relative to the outside-xylem pathways in the roots and leaves.
These outside-xylem pathways are dynamic, given that they are largely composed of living cells
and sensitive to the ever-changing environment. The formation of large voids within the roots
between the epidermis and endodermis under mild drought conditions (35) and the reversible
collapse of semirigid xylem conduits in leaves (165, 166) (Figure 1) strongly suggest that various
adaptations have evolved at these terminal points of the hydraulic pathway to buffer the xylem
from excessively negative xylem sap pressure.

From an anatomical perspective, gymnosperms and angiosperms are often described separately,
given the fundamental differences between the number of xylem conduits and their packing den-
sity, and the diversity of the number, shape, and distribution of the parenchyma cells that serve
in various roles. Gymnosperm xylem is generally less complex than angiosperm xylem. Most
woody gymnosperm wood, and in particular, conifer wood, consists primarily of tracheids, ray
parenchyma, and in some groups, resin canals. Tracheids are the low-resistance xylem conduits in
gymnosperms that are relatively short (0.5–4mm in length) and narrow (8–80 µm in diameter) and
function in both structural support and xylem sap transport (108, 111). In contrast, angiosperms
move most water axially in vessels that are longer (occasionally >2 m) and greater in diameter (up
to approximately 500 µm) than tracheids and specialized for sap transport (152). Instead of the
unicellular tracheids found in gymnosperms, vessels are a multicellular assemblage of vertically
aligned vessel elements, allowing for long, low-resistance conduits. While individual transverse
sections through a stem might suggest a general vertical ascent through the stem, vessels of many
species take a more tortuous, complex, and winding axial path (2, 9, 168, 169). Surrounding the
vessels are narrow, short, thick-walled fibers specialized for structural support and water storage.
Tracheids are not exclusive to the gymnosperms and are common in many plant families (e.g.,
Fagaceae), but because of their reduced diameter, individual tracheids play a less significant role
in axial water transport compared to vessels because of their more frequent endings and higher
resistance. A few unusual examples exist of vesselless angiosperms (53, 139), but the general evo-
lutionary trend has been toward an increasing diameter and lengthening of the xylem conduits
(4). Presumably, this is to maximize the potential conductance of water to the foliage due to the
fundamental power relationship with flow as described by the Hagen–Poiseuille equation, where
resistance to flow is largely driven by the conduit radius (80). There also appears to be a nearly
universal trend of conduit diameter tapering from the roots to the shoot apex, which likely plays
a role in minimizing resistance to flow in the basal regions and establishing a sufficient pressure
drop across the whole plant to support axial flow (106).

Where two neighboring conduits make contact, the conduit wall is perforated with a series of
bordered pits that contain a semipermeable membrane (25). The pit membrane allows xylem sap
to pass between conduits yet prevents large gas bubbles from spreading. Once water enters the
xylem conduits (vessels, tracheids, and fibers, in order of increasing resistance), it travels through
this low-resistance pathway through the trunk, branches, and petioles (if present) into the increas-
ingly ramified vascular tissue of the leaf (121). Recent work strongly suggests that the living tissue
embedded in the xylem, i.e., living parenchyma and fiber cells, which require considerable long-
term carbon andwater investments, plays a significant role in xylemmaintenance and its functional
status (99, 100, 102, 131).
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Figure 1 (Figure appears on preceding page)

Representative examples from recent advances in imaging techniques used to study the functional status of the xylem network and sap
flux in planta. Microcomputed tomography (microCT) imaging has been useful in studying embolism formation and spread in the
complex vascular system of intact plants via three-dimensional visualizations of (a–c) stems (e.g., Sequoia sempervirens; adapted with
permission from Reference 23), (d) leaves (e.g.,Magnolia grandiflora; adapted with permission from Reference 130), and roots. White
arrows in panels b and c point to the ray parenchyma oriented perpendicular to the long axis of the stem. Panel b exposes the radial
plane, and panel c shows a similar region but in the transverse plane. Air-filled tracheids can be seen as black regions and water-filled
tissue is light gray in panels b and c. MicroCT provides good contrast between water- and air-filled tissues without the need for sample
preparation or stains/dyes to reveal the presence of embolism in the xylem network embedded in otherwise opaque tissues.
(e) MicroCT has also been used to study embolism removal in model species like Vitis vinifera, where droplets emerging from the vessel
walls (shaded in blue) from the surrounding living tissue contribute to the restoration of hydraulic conductivity. Adapted with
permission from Reference 11. The high magnification of these images shows minute surface features such as the small perforations in
the angled perforation plates indicated by the white arrowheads. ( f,g) Cryo–scanning electron microscopy was used to study the
phenomenon of leaf xylem conduit buckling in response to excessive negative pressures in the xylem sap resulting from drought. The
deformation is apparently reversible in Quercus, allowing leaf sap flow to recover quickly and avoid xylem cavitation: ( f ) fully hydrated
versus (g) xylem conduit buckling (adapted with permission from Reference 165). Numbers in lower-left corner indicate the leaf water
potential, and inset numbers within the xylem conduits are a measure of circularity. The novel combination of microCT with positron
emission tomography (PET) shows promise for tracking the movement of radiolabeled copper nanoparticles that accumulate in the
roots and are transported to the cotyledons: (h–k) lettuce seedling roots exposed to nanoparticles and imaged with PET scanning
(adapted with permission from Reference 36). The pixel intensity color map indicates the nanoparticle concentration. Nuclear magnetic
resonance imaging has yielded novel information about (l) the functional status of the xylem, as well as (m) the velocity of sap flow and
its directionality (adapted with permission from Reference 161). Here, cross sections through the stem show water content and velocity
relative to stationary reference samples (green circles). The optical vulnerability method developed by Brodribb et al. (adapted with
permission from Reference 16) has now been used on both (n) stems (16) and (o) leaves (136), highlighting the effectiveness of this
low-cost, open-source technique for monitoring cavitation events in planta. In panel n and the inset of panel o, the false colored pixels
show the location of embolism events, with color cross-referenced with the water potential at which the event occurred.

DEVELOPMENT OF FUNCTIONAL XYLEM

Most xylem development proceeds in a regular, highly predictable pattern based on cellular di-
visions within the bifacial cambium that exists in most vascular plants (142). Within the cambial
zone, production of successive xylem initials from additive divisions leads to orderly rows of radi-
ally aligned xylem cells (43, 129). Primary xylem serves as the principal water-conducting pathway
for herbaceous species and woody plants during the initial growth phase, which is then succeeded
by secondary growth in the vascular cambium of woody plants. It is worth noting that the woody
plant form is believed to have been the ancestral condition for extant herbaceous plants (40); that
is, woodiness has been repeatedly lost, but the syndrome of secondary woodiness is possible, often
occurring in island habitats (39, 79).

While cellular development within the cambial zone occurs in regular increments, the end
product (i.e., the xylem network) of these divisions is highly species-specific and sensitive to en-
vironmental conditions. Environmental cues and hormonal gradients lead to high anatomical di-
versity, particularly within the angiosperms (22). Furthermore, the developmental time frame and
final dimensions of each of the different cellular types within the xylem can vary considerably
among species and over the course of a growing season. The ratio of xylem to phloem produc-
tion in terms of cross-sectional area can be nearly 1:1 or up to 10:1 (129, 164), likely reflecting
both the relative quantities of xylem and phloem sap transported, and their structural roles. Be-
cause the phloem is not reinforced like the xylem, with the exception of fibers embedded within or
at the periphery, phloem cells eventually collapse once they are nonfunctional, whereas the xylem
persists due to its lignified cell walls and role in structural support.

Upon completion of the elongation and enlargement phase of xylem conduit development, the
cellular contents are disassembled, allowing unobstructed flow of xylem sap except for the crossing
of pit membranes into neighboring conduits. Whereas tracheids develop from individual xylem
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X-ray
microcomputed
tomography
(microCT):
X-ray-based
noninvasive method
with high resolution
and magnification
capabilities

initials, vessels arise from the programmed cell death of many axially arranged vessel elements
and are functionally linked together by the dissolution of the end walls between them (139, 142).
In temperate trees, cellular activity in apical regions leads to a cascading gradient of auxin that trig-
gers cellular division in the vascular cambium within the trunk. Because of this delay, much of the
water needed during leaf expansion in the spring is supplied by internal water storage or the xylem
of previous annual rings until the current year’s xylem is fully developed (74, 75). Quantifying sap
flow through these conduits can be accomplished using a variety of complementary methods.

METHODS FOR MEASURING SAP FLOW

Much of our understanding of xylem transport in intact trees was obtained from using a variety
of well-established, thermodynamically based methods for measuring sap flow on large trees. The
instruments use a heat pulse as a tracer to quantify the rate at which water passes through the xylem
and have existed since the 1930s (60, 61). As the xylem sap ascends in a plant, the heat tracer
is carried convectively in the sap, moving past temperature sensors located at known distances
from the heating element. Thus, if the distance the heat pulse travels during a period of time is
known, a sap flow rate for a given volume of wood can be calculated. Variations in heat-based sap
flow methods have been developed to more effectively measure the full range (i.e., low, high, and
reverse) of sap flow velocities that can occur in plant organs (44, 86).

Most sap flow methods are semi-invasive, with the heating element and thermocouple probes
inserted into holes drilled into the plant tissue at different depths.Whereas this method provides
information on radial flow profiles across annual growth rings, there are important artifacts that
need to be accounted for. These methods require calibration because the presence of the probes
in the xylem alters the flow characteristics of the xylem network, and the spatial distribution of
water in vessels, tracheids, fibers, and parenchyma varies considerably between species (Figure 2).
Calibration has been done both empirically (via measurements of gravimetric water loss by pot-
ted plants or those grown in weighing lysimeters) and theoretically with modeling to account for
wounding effects and other properties of the wood. The extent of such effects can vary with time,
across species, and with abiotic and biotic stress, but Vandegehuchte & Steppe (153) have devel-
oped a nonempirical heat pulse–based method to accurately determine the water content during
low flow conditions, thus enabling corrections without destructive core measurements.

Although sap flow sensors have allowed researchers to make significant advancements in study-
ing water transport, many important yet largely untested assumptions are made, particularly the
total tissue volume that is represented in a given measurement and the role of the surrounding
tissue types (e.g., fibers, parenchyma) (73). A recent modeling effort based on noninvasive X-ray
microcomputed tomography (microCT) scans showed that variability in the water content of the
nonconductive fibers that surround xylem conduits can significantly alter the derived sap flow
velocities from these sensors (88). MicroCT has also been used to evaluate the wounding effects
associated with sap flow probes installed at different points of the growing season in diffuse- and
ring-porous trees (85) and revealed that wounds were larger in the radial plane, more extensive in
one species, and damage varied with time since insertion. Other heat-based sap flow sensors are
noninvasive and deliver and detect heat dissipation externally, but these sensors provide limited
information on radial flow profiles and likely capture flow only in the outermost xylem. Collec-
tively, these methods have provided a major advancement in our understanding of both diurnal
and seasonal patterns in sap flow in a wide variety of species.

Until recently, sap flow sensors were used primarily in trunks and larger-diameter stems and
roots because of the physical constraints of the heater and thermocouple assembly.Methodological
advancements and miniaturization have allowed for the development of sensors that can be used
to resolve flows into and through much smaller organs, such as leaves, flowers, and small-diameter
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Acer rubrum Laurus nobilis

200 µm 200 µm 200 µm

Figure 2

In vivo examples of the variability that can exist in water content status of different xylem cell types in intact
plant stems. (a) Transverse microcomputed tomography (microCT) images for three species: (left to right)
Fibers in grapevine (Vitis vinifera) are living at maturity and remain water filled, in red maple (Acer rubrum)
are emptied under mild drought stress and prior to embolism formation, and in bay laurel (Laurus nobilis)
exhibit patterns where the vessels and fibers can empty simultaneously. Similar patterns have been
documented in Betula platyphylla var. Japonica saplings with (b) nuclear magnetic resonance imaging and
(c) cryo–scanning electron microscopy. Annual growth boundaries are shown by dashed lines. (d) Variability
within a single stem is illustrated in L. nobilis, which exhibited different combinations of water-filled vessels
(FV), water-filled fibers (FF), empty vessels (EV), and empty fibers (EF) at different radial positions. Image
captured with synchrotron-based X-ray microCT at the Advanced Light Source on an intact potted plant.
Interpretation and calibration of sap flow sensors would benefit from this type of data to improve sensor
placement, sensor output, and estimates of active cross-sectional area. Images in panels a and d adapted with
permission from Reference 88; images in panels b and c adapted with permission from Reference 48.

stems and roots (117, 118, 135, 157). For example, an external heat pulse sensor was developed by
Clearwater et al. (29) that was used successfully to measure low and reverse flow rates in tomato
peduncles in this and other studies (148). Similarly, Hanssens et al. (54) developed a noninvasive,
miniaturized version of a heat field deformation sensor that has been useful in tracking flow dy-
namics into and out of fruit and providing information on the vascular connectivity of fruits as
they mature. Recent advances in three-dimensional (3D) printing and low-cost microcontrollers
can be used to build heat pulse sensors for measuring sap flow, thereby extending their use to
herbaceous species and soft tissues (96, 135). Helfter et al. (55) developed a noninvasive sap flow
technique in which heating is achieved by delivering a laser pulse to a small area on the outside
of small stems and an infrared camera is used as a noncontact thermometric probe to quantify sap
flows; this method also showed promise in resolving the lower flow rates of the phloem.
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Nuclear magnetic
resonance (NMR):
noninvasive imaging
method that can detect
water content and sap
flow velocity

Neutron radiography
(NR): nondestructive
imaging technique and
alternative to
microCT because of
differences in
attenuation of
neutrons and X-rays

Positron emission
tomography (PET):
imaging method often
coupled with microCT
to detect the
movement of tracers
through the xylem

One of the most promising new avenues for describing both the functional status of the xylem
network and sap flow is the use of noninvasive imaging instruments,many of which were originally
designed for medical purposes and have been adapted for use in plant sciences. While much has
been learned using these methods independently, significant advancements in our understanding
of plant water transport and the underlying assumptions of standard plant hydraulicsmethods have
yet to be fully explored. Cross-validation of empirical measurements with noninvasive imaging of
intact plants will be a critical step moving forward.

Nuclear magnetic resonance (NMR) imaging has been used in plant sciences for almost
20 years, and recent developments show great promise for new insights into sap flow under labo-
ratory and field conditions (Figure 1). These NMR instruments have been modified for use with
plants and utilize the same technology as medical NMR systems but with increased image reso-
lution. NMR allows visualization of the functional status of the xylem network in planta, without
having to cut into the xylem to detect the presence of air or water in the vessel lumen (59). Cus-
tom applications are capable of detecting the flow velocity and its directionality. Scheenen et al.
(124–126) have developed instruments and NMR experimentation to partition flows to different
vessel groups within a stem cross section and demonstrate the practical use of NMR to study
water transport in plants. Other researchers have developed small-scale, portable NMR systems
to measure sap flow directionality in model species such as Phaseolus vulgaris and Populus under
field conditions (69, 101, 161), and novel flow methods are being developed and improved (20).
Similarly, neutron radiography (NR) has also been utilized to visualize the functional status of the
xylem in intact plants and can allow visualization of larger segments (several centimeters in length)
with good temporal resolution (150). NR is also being applied to study water uptake and trans-
port processes in the rhizosphere (98, 150, 163), allowing the user to observe how root networks
acquire resources from the soil profile (Figure 1).

The primary limitation to several noninvasive imaging tools such as NMR, positron emission
tomography (PET), andNR imaging is the resolution of the final images; the pixel dimensions are
often approximately the same diameter or larger than the diameter of xylem conduits (Table 1).
Because of this fundamental constraint, interpretation of the dynamics of the functional status of
individual conduits can be reliably determined only in species with large-diameter vessels (59),
whereas pixel information in scans of most species will be representative of several neighboring
vessels or vessel groups. Yet the benefit of these methods is the ability to measure sap flow or the
movement of tracers through the xylem. For example, radiolabeled nanoparticles (NPs) are com-
monly used in medical imaging applications and have been extended recently to track and quantify
uptake and long-distance transport processes in plants (144, 167).Davis et al. (36) used autoradiog-
raphy and PET-microCT to noninvasively track the movement of radiolabeled copper oxide NPs
in lettuce seedlings,where they were rapidly absorbed across intact roots and transported to young
leaves. Optically tagged NPs also have been used to investigate long-distance transport in intact
plants (57, 103), but these methods can be difficult to implement due to background luminescence
from the plant tissues being studied. Pairing technologies, for example, NMR with cryo–scanning
electron microscopy, can help resolve spatial distributions of functional conduits (Figure 2).

THE RISE AND DECLINE IN SAP FLOW

Water flow through the xylem will decline from its maximum for a variety of reasons, although
much of the literature focuses on hydraulic dysfunction or decreases in flow due to plant responses
to low water availability, high vapor pressure deficit, or seasonal abiotic environmental condi-
tions. Xylem-feeding insects, xylem-dwelling pathogens, mechanical damage, and phenological
processes can all render the xylem nonfunctional and contribute to the overall decline in flow.
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Table 1 Advantages and disadvantages of available and emerging technologies for monitoring the functional status of
xylem networks and their spatial and temporal resolution

Technology
Spatial

resolution
Temporal
resolution Advantages Disadvantages

MicroCT ∼325 nm–10 µm Minutes to
hours

Nondestructive, cryo-compatible,
3D, can be laboratory-based
and combined with NPs or
other tracers

Cost, computation power,
potential for X-ray damage,
limited sample dimensions

NMR 50–400 µm Minutes to
hours

Nondestructive, velocity flow
imaging, measurement of flow
direction

Nonmagnetic materials only,
often horizontal bore,
limited sample dimensions

NR ∼100 µm Minutes to
hours

Nondestructive, depletion zones
at soil–root interface, uptake
with deuterated water, 3D
(tomography)

Low resolution, thin chambers
required for root studies,
neutron beam radiation
exposure

SEM <5 nm Minutes Exceptional magnification and
depth of field, cryo-compatible,
minimal sample preparation
with ESEM

Limited to exposed face and
small sample dimensions

OV 5–10 µm Seconds to
minutes

Noninvasive (unless mounted to
stems), inexpensive, simple
construction

Limited depth of field,
embolism prior to
installation is unknown

PET/
autoradiography

∼400 µm Minutes to
hours

Noninvasive, can be combined
with NPs as a tracer

Low resolution, positron
radiation exposure

Abbreviations: 3D, three-dimensional; ESEM, environmental scanning electron microscopy; microCT, microcomputed tomography; NMR, nuclear
magnetic resonance; NP, nanoparticle; NR, neutron radiography; OV, optical vulnerability; PET, positron emission tomography; SEM, scanning electron
microscopy.

Losses of conductivity resulting from embolisms can be represented with vulnerability curves that
plot the percent loss of conductivity (PLC) as a function of declining water potential. PLC is cal-
culated as the native stem conductivity divided by the maximum stem conductivity obtained after
removing existing embolisms (138).Much attention has been focused on the relationship between
the minimum water potential experienced in a species in the field (Pmin) within the context of its
vulnerability curve (27) and the difference between Pmin and the water potential that induces a
50% loss of conductivity (P50), also known as the safety margin. Safety margins are useful in terms
of comparing the relative resistance of species within their natural environment, but ultimately,
declines in flow will occur when the water potential drops below a threshold at which stomatal
conductance declines to zero (Figure 3d). Thus, a major point of uncertainty is related to how fre-
quently and for how long plants experience water potentials close to but not exceeding P50, which
typically falls on the steepest part of the vulnerability curve. Recovery of hydraulic conductivity
resulting from declines in water potential up to or beyond P50 can take weeks to months, typically
requiring the growth of new xylem (24, 71), but water potentials inducing some degree of stomatal
closure for long periods of time will significantly detract from the total amount of carbon a plant
can extract from the atmosphere.

During the functional life span of a given population of xylem conduits, their overall conduc-
tance will vary depending on their location within the xylem network, their age, their distal and
basal connectivity (i.e., their connection to sources and sinks of water), anatomical properties that
determine the overall resistance of the conduit (e.g., length, diameter), and the pressure gradient
driving the flow.The general characterization of bulk sap flow in woody plants during the growing
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Figure 3

Conceptual changes in cumulative water transport and functional xylem area over the course of three consecutive growing seasons in a
temperate, perennial woody plant. (a) In the first year (Y1), xylem sap flux lags slightly behind xylogenesis due to the developmental
delay between cell differentiation and functionality. Flux increases until seasonal leaf senescence occurs, at which point the plant
remains dormant and sap flow ceases due to lack of foliage (e.g., in deciduous trees) or frozen xylem sap. (b) In subsequent years (Y2 and
Y3), total flux increases above the Y1 maximum because of the addition of xylem and the contribution of Y1 xylem to leaves produced
in Y2. Annual ring width will be a function of environmental conditions and allocation of carbon, water, and nutrients to secondary
growth that will be needed to support the canopy. (c) In a given year, realized maximum sap flux can deviate from the potential
maximum because of drought-induced cavitation or damage to the vascular system. In most species, losses in hydraulic conductivity due
to cavitation are irreversible during the growing season, but some species can apparently restore functionality to some proportion of
their xylem network, although an opportunity cost is incurred on the total sap flow to the leaves during the recovery phase. (d) A major
point of uncertainty is the amount of time that plants spend within the three domains shown, where increasing water stress leads to
stomatal closure and therefore declines in whole-plant water flux.

season shows a strong diurnal pattern responding to stomatal aperture, which is in turn sensitive
to light availability, exposure of various parts of a canopy, vapor pressure deficit, and water avail-
ability. Sap flow can show a lag time of several minutes after stomatal opening as tension builds in
the xylem sap from water evaporation and draws on water storage and root water uptake via com-
plex xylem pathways (50, 92). X-ray microCT imaging, a noninvasive diagnostic imaging tool, has
provided new and unexpected insights into tissue-specific depletion of water from storage com-
partments (73, 155) that help to identify these transient adjustments between sap flow and water
loss from the foliage.
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Estimates of leaf area–specific hydraulic conductance of the SPAC range from less than 1mmol
H2O m−2 leaf area s−1 MPa−1 to almost 20 mmol H2O m−2 s−1 MPa−1 (95). Whole-plant hy-
draulic conductance varies among major plant groups, with angiosperms having both higher max-
imum leaf-specific conductance and a larger range than gymnosperms (5, 51). Within species,
maximum leaf-specific hydraulic conductance varies both diurnally (119) and seasonally (104).
Surprisingly, the highest values of leaf-specific hydraulic conductance occur among desert shrubs
(95), although trees from the humid tropics, particularly pioneer species, tend to have higher con-
ductance than trees from temperate biomes (5, 91, 162). Furthermore, Brenes-Arguedas et al. (8)
showed that among tropical seedlings, dry forest species had higher leaf-specific conductance than
wet-forest species. Collectively, these data suggest high rates of water transport to take advantage
of precipitation when water is otherwise limited, or when rapid growth is a strong component
of a specific life-history strategy. Although the majority of plant fresh mass is water, this high
hydraulic conductance means that atmospheric vapor pressure deficit can drive sufficient rates of
transpiration to turn over and replace leaf and plant water rapidly (63). Previous reviews estimated
whole-plant water use ranged from 10 kg per day in a temperate plantation to 1,180 kg per day in
an Amazonian overstory tree (162). For leaves, turnover times of water can be as fast as 9 minutes
for a detached and transpiring tobacco leaf (134) but are slower, ranging from 1 to 3 hours, for
intact Calycanthus leaves growing under natural conditions (119). In tropical trees, studies using
deuterated water have revealed that at the whole-tree scale, water residence times can range from
4 to 25 days (65, 92), while in temperate conifers, the residence times range from 34 to 79 days
(90). Collectively, plants exhibit an extraordinary range of hydraulic capabilities to adapt to a wide
range of habitats and growth forms.

Once the secondary xylem reaches a certain age or depth behind the cambium, it becomes
nonfunctional. In many species, heartwood is produced in secondary xylem, and/or the xylem
is occluded with tyloses, gums, or other substances that prevent the axial conductance of water.
In other cases, the radial resistance to flow across annual growth rings likely limits the contribu-
tion of older wood to axial flow. In addition to the decline in the contribution to axial transport,
deposition of chemical compounds (e.g., phenolics) limits radial and lateral movement of water be-
cause of their hydrophobic properties, thereby constraining the functional role of the heartwood
in water storage for capacitance or long-term storage of nonstructural carbohydrates.At this point,
xylem within the heartwood largely serves a structural role (99, 133). Complicating modeling ef-
forts are the complex interactions between xylem-dwelling bacterial and fungal pathogens, as well
as hemiparasitic angiosperms (e.g., mistletoes, Santalales) that lead to varying degrees of complete
or partial decline in water transport (114). In many cases, successful colonization or parasitism is
dependent at least in part on continued flow. As a consequence, partitioning the influence of such
organisms from the host-specific declines in sap flow due to phenology is difficult.

VISUALIZATION AND MEASUREMENT

Hydraulics Methods to Quantify Resistance to Embolism Spread in Stems

A major challenge to characterizing plant resistance to embolism formation and spread and accu-
rately monitoring xylem functional status over time is the location and scale of the xylem within
the plant. Cutting into the xylem to study it necessarily disrupts the negative pressure environ-
ment established through transpiration, sometimes leading to artifacts that overestimate the total
amount of gas in the xylem. Although there are methods to artificially induce embolisms into
living plants and monitor the physiological responses (140), many studies characterize stem resis-
tance to embolism spread using excised stem segments to measure declines in hydraulic conduc-
tivity as the stem is exposed to increasingly negative xylem pressures to simulate drought (138).
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Several laboratory-based methods of inducing negative pressures that simulate declining stem wa-
ter potential have been developed, including benchtop dehydration, centrifugation, and air injec-
tion. Benchtop dehydration involves drying branches to a range of water potentials and measuring
PLC (138, 141). Recent work has identified a number of potential artifacts with these methods
along with solutions to improve accuracy (149, 159). The centrifuge and air injection techniques
allow for quick generation of vulnerability curves using multiple measurements on the same stem
(e.g., six stem samples per day). The centrifuge method uses centrifugal force to induce progres-
sively more negative tensions on excised stem sections between measurements of conductivity (1,
112), and the Cavitron modification allows for simultaneous conductance measurements as the
stem is spinning (32), thereby significantly increasing sample throughput. Centrifugation meth-
ods are not recommended for species with long vessels that can embolize easily in short excised
stem segments using the standard 14.5-cm-diameter rotor (87). The air injection technique func-
tions by applying positive pressure to stems and assuming that the positive pressure simulates the
negative pressure of equal value but opposite sign experienced during drought (31). There has
been much debate regarding the accuracy of different methods (26, 33, 64, 147), and new imag-
ing techniques such as microCT and optical vulnerability (OV; described below) have allowed for
validation and improvement (26, 72, 87).

Conductance Versus Conductivity

While measures of conductivity are often used to describe the maximum amount of water that can
flow through a stem, measures of conductance more accurately quantify the functional dynamics
of a plant’s actual water use. Conductance takes into account differences in the functional status of
vessels at a given point in time, is frequently scaled to leaf area, and is representative of the entire
hydraulic architecture of the measured sample, where significant portions of the xylem (i.e., older
annual rings) may not have the same capacity or direct connection to the foliage (Figure 4; see
the sidebar titled Conductance Versus Conductivity).

Conductivity can be conceptualized as a material property because it is scaled to stem segment
length and is commonly used to construct stem xylem vulnerability curves (27). Hydraulic con-
ductivity is generally limited to measurements on nonbranching segments and necessarily avoids
the complexities of xylem in branch networks, leaf insertions, petioles, and leaves that can make up
most of the total resistance in a plant (152). Indeed,measurements of maximum stem conductivity
are performed by artificially removing all xylem blockages by either vacuum infiltration or flush-
ing the sample with pressurized solutions (93), thereby restoring hydraulic pathways in the xylem
that may not have been functional in planta, leading to overestimates of maximum conductivity.

Meanwhile, conductance incorporates the anatomical and morphological complexities of the
shoot and the actual flux of water moving through the plant to the foliage or flowers. Hydraulic
conductance can be measured on stems with any branching structure using a variety of methods
(74, 122) and can include intact shoots with or without leaves, leading to a much closer approxima-
tion of whole-plant hydraulic water use (41). Measuring conductance therefore allows for much
more direct comparison of the hydraulic efficiency of different organs such as leaves and flow-
ers (116). Hydraulic conductance is useful in modeling plant metabolism (123) and is commonly
scaled by leaf area or dry mass, both estimates of size and resource allocation. Thus, leaf area–
specific or sapwood area–specific hydraulic conductance yields a return on investment, which is
important when considering the costs and benefits of different structures in terms of water, carbon,
and nutrients. Most importantly, measurements of shoot hydraulic conductance explicitly include
the points of highest hydraulic resistance in the shoot, namely, the branch tips and leaves, where
conduits narrow (3, 105).
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Figure 4

Fluid flow through a pipe can be modeled according to the Hagen–Poiseuille equation, in which the hydraulic conductance (Lp) is
proportional to the pipe’s inner radius (r) divided by the viscosity (µ) of the fluid. Thus, the conductivity of a pipe scales with the fourth
power of its radius. The axial taper in xylem conduits means that conduits in distal branches are narrower than those in basipetal stems,
and the number of conduits in stems versus distal branches can vary across individuals and life stages. While gas embolism in the xylem
would decrease the conductivity of a basipetal stem segment (see the sidebar titled Conductance Versus Conductivity), its influence on
the conductance of the entire shoot and on water flux to the leaves would depend on the relative conductances of the distal branches
compared to the basipetal segment. (a,b) A branch with conduit taper from r = 2 (arbitrary units) in the basipetal segment to r = 1 in
the distal branches. Conduits colored blue are hydrated, while gray conduits are filled with gas embolism. (a) With no embolism, Lp of
the basipetal segment (on which vulnerability measurements are typically measured) is approximately 15 times higher than Lp of the
distal branch segments, whose conductances are additive in parallel. (b) Even with 40% embolism in the basipetal stem, this segment
still has Lp approximately 8 times higher than the total Lp of the distal branches. Because terminal branches likely represent the greatest
resistance in the shoot, significant levels of embolism can occur in the basipetal stem without influencing the total water flux to the
leaves. (c) The effect of embolism-induced declines in stem conductivity on the total conductance depends on the partitioning of
hydraulic resistance throughout the hydraulic pathway. When the resistance of the leaves is higher than the resistance of the shoot,
there can be substantial loss of conductivity without impacting conductance and the flux of water to the leaves. As the hydraulic
resistance of the shoot increases relative to the resistance of the leaves, loss of conductivity of a basipetal segment has a greater impact
on shoot hydraulic conductance and supply of water to the leaves. Figure adapted with permission from Reference 89.

Given these strong differences between the commonly measured hydraulic conductivity of
stem segments and more realistic estimates of water flux through whole-stem conductance, it is
perhaps not surprising that hypothesized trade-offs between safety and efficiency of xylem based
on measurements of stem conductivity have found little support (10, 49). Rather, such a trade-off
may exist in measurements of whole-shoot hydraulic conductance, which incorporate the high
resistance of the terminal branches. Because the conductance of a single conduit scales to the
fourth power of the radius, changes in conduit diameter have a disproportionate effect on hydraulic
conductance. Typically, measurements of PLC are specifically designed to assess the impact of
embolism formation and spread on the maximum conductivity of an excised stem; however, such
measurements should take into account the number of annual rings being measured and the leaf
area being supplied. The assumption that the measured PLC from a uniform pressure gradient
would lead to an equivalent loss in conductance is likely inaccurate (92, 154) (see the sidebar titled
Conductance Versus Conductivity). For example, in a simplified branching shoot (Figure 4), the
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CONDUCTANCE VERSUS CONDUCTIVITY

All measurements of hydraulics start from a common measurement of flow per unit time, frequently measured in
terms of mass (kilogram) or molar equivalents (millimole) per second. For measurements of hydraulic conductance,
the flow rate is divided by the pressure gradient (MPa) driving the flow. To calculate leaf- or sapwood-specific
hydraulic conductance, the hydraulic conductance is divided by the leaf or sapwood area, respectively, to account
for either the efficiency of water delivery to the transpiring leaf area or the return on investment in stem biomass
(in both cases units are mmol m−2 s−1 MPa−1). In contrast, hydraulic conductivity is calculated by multiplying
the hydraulic conductance by the length of the stem segment, assuming that the pressure head driving flow is
homogeneously dissipated through the length of the stem segment, which is equivalent to dividing the flow per
time by the pressure drop per length (i.e., dividing mmol s−1 by MPa m−1). Thus, conductivity is a bulk average
property of a heterogeneous material (reported in units of mmol m s−1 MPa−1) that can be measured only in linear
systems with resistances aligned in series. However, in terms of the efficiency of the entire branching network,
hydraulic conductance more closely quantifies the efficiency of water flow through the shoot network (reported in
units of mmol m−2 s−1 MPa−1) (Figure 4). Because the conductance of an individual conduit scales to the fourth
power of its radius, even assuming a constant number of conduits throughout a shoot reveals that an approximately
50% loss in stem conductivity can occur before measurable declines in shoot hydraulic conductance are observed
(Figure 4). The simple model presented in Figure 4 assumes that half of the resistance is contributed by the roots,
and the effects of loss in stem conductivity on shoot conductance depend on the ratio of resistance partitioned across
leaves and shoots (92).

The distinction between conductivity and conductance has important implications for our understanding of
plant hydraulic architecture because the two metrics reveal different characteristics. It has long been predicted that
there should be a trade-off between safety (i.e., low vulnerability to embolism) and hydraulic efficiency, though
there is little evidence for the existence of this trade-off (49). One reason could be that the hydraulic conductance
of the shoot can vary independently of the conductivity of a stem segment (Figure 4). As a result, questions of
shoot hydraulic efficiency should consider the hydraulic conductance of the shoot network that supplies the leaves.
Hydraulic conductance has some additional benefits:

� Hydraulic conductance can be measured on branching networks and allows comparison of different struc-
tures (e.g., whole shoots or leaves) using the same units. Although positive correlations have been shown
between leaf hydraulic conductance and stem hydraulic conductivity, such correlations are not necessarily
expected.

� Stems are not the major source of resistance in the hydraulic pathway. Due to conduit taper, the highest
hydraulic resistance in shoots occurs in the branch termini.Howmuch loss of conductivity decreases hydraulic
conductance and water use depends on the partitioning of resistances in the hydraulic pathway, and even as
much as a 50% loss of stem conductivity can have a relativelyminor effect on total plant hydraulic conductance
(Figure 4).

� Hydraulic conductance is directly linked to plant water use and can be dynamically estimated based on mea-
surements of sap flow and water potential.

� Measuring entire branching shoots with multiple rings implicitly incorporates the anatomical complexity of
the flow path and the morphological complexity of shoots that influence plant water use.

� Measuring vulnerability of hydraulic conductance wouldmore directly link embolism formation to changes in
flux, thus providing amore direct assessment of the hydraulic safety–efficiency trade-off and better facilitating
incorporation of hydraulic properties in ecosystem water models.
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hydraulic resistance due to conduit taper largely mitigates the loss of hydraulic conductivity in the
main stem. In other words, loss of conductivity is not equal to loss in conductance, and the two
should be reconciled in more than just theoretical frameworks (34, 83, 84).

One emerging consensus from models and data is that tree boles and even branches are hy-
draulically overbuilt for their gas exchange capacity. Because embolism refilling rarely, if ever,
occurs, building redundancy into the system can maintain water transport despite accumulation
of embolisms, without the need to build new xylem to maintain maximum gas-exchange capac-
ity during a single growing season (Figure 3). Exactly how hydraulically redundant the stem is,
however, is unclear, as the majority of water supplied to current-year leaves flows through current-
year xylem (94). Resolving the apparent contradiction between sap flow studies that measure flow
through older wood and hydraulic and dye-staining studies that suggest a minimal role for older
wood will be important in understanding the resilience of trees to drought.

While microCT and other noninvasive methods show great promise for allowing scientists
to monitor the functional status of the xylem network, factors such as accessibility, cost, logis-
tics, and computational limitations still restrict their widespread use. To overcome some of these
limitations, Brodribb et al. (16, 18) developed a simple, low-cost imaging system to detect cav-
itation events in leaves that has now been applied to various plant tissues, including roots and
stems (120). Known as the OV method, this technique takes advantage of changes in the refrac-
tive index of xylem conduits during cavitation, when liquid water is replaced with water vapor. By
taking time-lapse images of a leaf with a flatbed scanner or digital camera, the successive images
can be processed to pinpoint the spatial and temporal origins of embolism spread through the
xylem network. This method is particularly exciting because OV systems can be made inexpen-
sively (<$300/unit); they are small and lightweight; and all of the construction and programming
details are open source (http://www.opensourceov.org). Recent work has shown good agree-
ment with microCT imaging (136), an important step in cross-validation. Weatherproofing the
housing and supplying OV systems with battery power should allow them to be used extensively
in the field to corroborate results from laboratory and greenhouse experiments with mature trees
in a natural environment.

Ultimately, one of the primary goals is to determine a species-specific drought index, whereby
the recent environmental conditions (e.g., temperature and precipitation) can be used to predict
the length of time that individual plants or whole forests can tolerate drought before succumbing
to hydraulic failure and ultimately death, as well as the opportunity costs of stomatal closure during
drought (6, 97). Although some work in herbaceous plants suggests that leaf vein embolism is
reversible (151), a growing body of work suggests that cavitation resulting from drought severely
limits the ability of a species to recover from drought, as persistent embolism blocks the transport
of water needed for transpiration (15, 110, 137, 156).

Xylem Network Analysis

The spatial complexity of xylem networks makes them inherently difficult to study (152). Flow
through xylem networks is dependent on numerous network parameters, including the number
and frequency of network connections, the anatomical characteristics of the xylem conduits and
their spatial distribution within the network locally (e.g., within an internode), and the up- and
downstream connections to water sources and sinks. These hydraulic pathways also function as
potential routes for the spread of embolism and pathogens.These connections therefore underpin
the performance of a xylem network under drought stress because of the physical pathway for em-
bolism movement from conduit to conduit through pits. Air can enter through physical damage
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(e.g., herbivory), fire, or freeze–thaw embolism, and gas trapped within other tissues (e.g., fibers)
can also enter the xylem, which introduces additional complexity. Yet, once present, movement
of gas through the xylem network should be largely predictable, and therefore the comprehen-
sive analysis of 3D xylem networks in the future will allow for additional insight into strategies
that have arisen to adapt to different environmental conditions. For example, even within a tissue,
xylem organization can vary significantly in both the size of the conduits and the degree of connec-
tivity (e.g., shallow versus deep roots) (66). Imaging tools such as microCT are now allowing for a
much more comprehensive understanding of the xylem network and the functional implications
of where and how frequently conduits connect (12).

The porosity of interconduit pit membranes is a major factor determining whether air em-
bolisms will spread between two xylem conduits. Therefore, the connectivity of xylem networks
has a strong influence on how sap and air embolisms move through xylem. Conifer xylem rep-
resents extremely high connectivity whereby almost every tracheid is connected to several other
tracheids along most of the length of their radial walls via bordered pits (25), although connec-
tions on tangential walls and across annual growth rings appear to be more limited (23).Whereas
conifer xylem can be placed at one end of a connectivity spectrum, angiosperm xylem can express
a wide range of connectivity, from highly connected networks found as an adaptation to mesic
habitats, where the risk of cavitation and embolism spread is low, to highly isolated vessels and
segmented stems prevalent in arid habitats, thereby functionally splitting the trunk into discrete,
modular units (127).

High network connectivity provides many alternative pathways for water transport in the event
of hydraulic dysfunction resulting from drought or freeze–thaw embolism. Connectivity alone,
however, is not a good predictor of embolism resistance.Northern hemisphere conifers, for exam-
ple, have highly integrated xylem networks, but the small size of their conduits and other drought
adaptationsmake them highly resistant to cavitation. In contrast, angiosperms with integrated net-
works are often restricted to mesic habitats, presumably because of the risk of significant losses in
hydraulic conductivity in a network with comparatively fewer large-diameter vessels as embolism
spreads. Because vessels are specialized for axial transport, the supporting matrix of fibers and
parenchyma becomes increasingly important for water storage in arid habitats. Initial analyses of
the 3D organization of the xylem network suggest that vessels are not connected along their entire
axial length (2, 12, 78, 158, 160), and instead, vessel connections can be short and infrequent.

Theoretical models treat the xylem network in a variety of ways based on the complexity of
the network and the included tissues. For example, because of its relative simplicity and high
connectivity, conifer xylem can be successfully modeled as a porous medium, similar to soils or
synthetic foams with pores of regular, isomorphic dimensional properties (28).This model appears
to be valid based on high lateral connectivity but low radial connectivity; for example, in vivo
imaging of drought spread in Sequoia sempervirens appears to be limited to large events that lead
to massive losses of tracheids within an annual ring, but the discontinuity with adjacent annual
rings prevents radial spread (23).

Given the structural heterogeneity of angiosperm xylem, vessel networks with more and longer
connections provide alternative pathways for water transport if an embolism forms (81). Extreme
cases of this redundancy can even result in reverse flow in stems to bypass embolized vessels (78).
However, high connectivity also allows for easier embolism spread to connected vessels, suggest-
ing that there may be a trade-off between the added redundancy and safety (81). Indeed, con-
nectivity in angiosperms has been shown to vary across species (42) and along environmental
gradients (127), suggesting that this may be an important and plastic trait for plant responses to
the environment.
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Early attempts to quantify xylem network connectivity relied on two-dimensional (2D) cross
sections. Indeed, we have learned much from these relatively easily measured 2D metrics, for
example, the vessel grouping index (21, 22). However, there was early recognition that 3D repre-
sentations of xylem vessel networks are needed to understand how xylem sap and air embolisms
spread in xylem networks. Serial sectioning (62, 70, 152, 168, 169), insertion of fine wires into
vessels (68), and resin casting (2, 47, 107) all provide important insights but are time consuming
and difficult to analyze. Other techniques such as the classic double saw cut experiments (52, 82)
and newer sap flow measurements (19), where lateral movement via redistribution between roots
on opposite sides of large trees necessarily requires a certain degree of connectivity and hydraulic
integration within the stem, demonstrate how network connectivity allows for lateral movement
of sap around embolized vessels but does not directly characterize the xylem network structures
making that possible.

Recently, microCT has emerged as a useful tool for understanding the complex 3D nature of
xylem vessel networks and anatomy (8, 12, 14, 158). Similar to noninvasive imaging performed
with NMR (59, 125), microCT images allow the user to determine the functional status of the
xylem conduits.Whereas the resolution of NMR is low and the size of individual pixels is typically
larger than the diameter of most xylem conduits, microCT works on a more traditional micro-
scope optics platform and can be used with different objectives to magnify the sample, yielding
pixel resolutions of 325 nm or less, although the field of view necessarily becomes much smaller
at higher magnifications (Table 1). MicroCT has seen a significant increase in use for studying
the functional status of xylem networks since some of the original work with these systems was
performed (13, 23, 35, 72, 73).

3D xylem networks extracted from microCT scans of grapevines and processed using custom
software have rapidly improved our understanding of 3D vessel arrangement, connectivity, and
implications for flow paths of xylem sap and the spread of air embolisms (12, 78). Although these
techniques require specialized equipment and extensive computing power, the greater availability
of laboratory-based microCT systems and affordable high-speed computers is quickly making
these techniques muchmore accessible.Often, a wide range of tools is necessary to address specific
questions, and the rapid development of new instruments and techniques has allowed for a major
surge in our understanding of plant hydraulics.

SCALING FROM LEAVES TO ECOSYSTEMS

To understand the role of vascular function at the landscape and ecosystem scales, the methods
described here rely on intense measurements often of only a few individual plants. Challenges
exist in scaling such measurements (56). New approaches described above to better model xylem
networks, deal with the methodological constraints of sap flow techniques, and apply portable
noninvasive systems can help to address uncertainty associated with upscaling from sensors to
trees and to stands (56, 113). Extensively studied agricultural monocultures that contain weighing
lysimeters, flux towers, and a range of other sensors (76) could also provide needed infrastructure
to validate data across scales. New remote sensing tools and products provide the best opportuni-
ties for measuring and modeling ecosystem-scale water fluxes, but accurate partitioning of fluxes
and energy balance components still relies heavily on field validation with sensors and physiolog-
ical measurements. Understanding the role that plants play in regulating these fluxes and physical
interactions with the atmospheric boundary layer still requires insight from the cell to the whole
plant. Commercial application of inexpensive sensor networks (e.g., surface renewal estimates of
evapotranspiration at large scale) provides a unique opportunity to better explore the role of plant
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vasculature in moderating stand/ecosystem fluxes and enabling improved remote quantification
of both evapotranspiration and plant water stress.

SUMMARY POINTS

1. The evolution and adaptation of the plant vascular systemhave allowed plants to colonize
nearly every terrestrial habitat on Earth, and over 30 years of research on the topic have
significantly advanced our understanding of the fundamental principles of plant water
use and transport.

2. One of the major obstacles to studying the functional status of the xylem network has
been the disproportionate scaling between xylem conduit diameter and length, along
with the positioning of the xylem conduits within an opaque tissue and the surrounding
matrix of living and nonliving cells. Recent advancements in noninvasive imaging such as
nuclear magnetic resonance, microcomputed tomography, and the optical vulnerability
method have provided new avenues for research into the effects of drought-induced
hydraulic failure and the link to plant mortality.

3. Measurement of losses in hydraulic conductivity of stem segments exposed to simulated
drought stress have been informative and work well for comparative studies of drought
resistance. Conductivity, however, does not fully incorporate the spatial and temporal
dynamics of downstream tissues (e.g., leaves, flowers, fruit) that represent major points
of resistance in the hydraulic pathway. Complementary measurements of conductance
should therefore be considered as standard measurements that will allow greater com-
parative power across studies.

4. Extending the work done at the leaf and whole-plant levels to the forest canopy and
ecosystem is now a major focus of research, in which physiological processes such as
variable stomatal conductance and xylem functional status over time can be assessed
remotely and integrated into landscape flux models.
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