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Abstract

Nearly all plant families, represented across most major biomes, absorb water directly

through their leaves. This phenomenon is commonly referred to as foliar water

uptake. Recent studies have suggested that foliar water uptake provides a significant

water subsidy that can influence both plant water and carbon balance across multiple

spatial and temporal scales. Despite this, our mechanistic understanding of when,

where, how, and to what end water is absorbed through leaf surfaces remains limited.

We first review the evidence for the biophysical conditions necessary for foliar water

uptake to occur, focusing on the plant and atmospheric water potentials necessary to

create a gradient for water flow. We then consider the different pathways for uptake,

as well as the potential fates of the water once inside the leaf. Given that one fate of

water from foliar uptake is to increase leaf water potentials and contribute to the

demands of transpiration, we also provide a quantitative synthesis of observed rates

of change in leaf water potential and total fluxes of water into the leaf. Finally, we

identify critical research themes that should be addressed to effectively incorporate

foliar water uptake into traditional frameworks of plant water movement.
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1 | INTRODUCTION

“… plants can plentifully imbibe moisture thro’ their stems

and leaves as well as perspire it.”Hales, 1727

The direct uptake of water into leaves, commonly referred to as

foliar water uptake (FWU), has been observed for at least 300 years

(Hales, 1727). Since then, FWU has been established as a common

process that varies among individuals, populations, species, and eco-

systems. At least 233 species spanning 77 plant families and six major

biomes have demonstrated some capacity for FWU (Figure 1; Table

S1). This does not include the more than 100 genera measured before

1942 (reviewed in Williams, 1942). The capacity for FWU also seems

to be nearly universal, it has been observed in more than 85% of spe-

cies studied (Goldsmith, Matzke, & Dawson, 2013). This process has

received increasing attention in the plant sciences, with rapid growth

in both the number of peer‐reviewed articles and the citation of those

articles. Despite the considerable interest in research on FWU and

increasing recognition of the role it may play in plant, community,

and ecosystem functioning, our understanding of when, where, and

how FWU occurs in leaves remains limited.

In the following review, we explore the physiology of FWU, with a

particular focus on leaf and plant water balance. Although several

papers have demonstrated water uptake via bark (Earles et al., 2016;

Katz, Oren, Schulze, & Milburn, 1989; Mayr et al., 2014), this review

focuses on leaf uptake. A more general review of the effects of leaf

wetness and its effects on plant function at the community and eco-

system scales can be found in Dawson and Goldsmith (2018). We

begin by exploring the biophysical gradients required for FWU to

occur, focusing on the physical and biological scenarios where FWU

should be expected. We then review the relevant pathways of water

movement into and through both the leaf and plant, highlighting

where FWU fits into our current understanding of plant water move-

ment. Finally, we contextualize FWU with whole plant water use by
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considering observed fluxes relative to known transpiration rates and

changes in water potentials. Based on this synthesis, we identify the

research questions that need to be addressed to accurately consider

the processes and implications for FWU.

2 | PHYSICAL AND BIOLOGICAL
REQUIREMENTS OF FWU

Water moves across gradients in chemical energy, often described in

terms of “water potential.” Generally, the internal structures of a leaf

are assumed to be nearly or completely saturated with water (high

water potential; Cernusak et al., 2018), and the atmosphere is typically

unsaturated (low water potential), resulting in a net efflux of water

(i.e., transpiration). For water to flow into the leaf, the driving gradient

of water potentials must be reversed, that is, the leaf water potential

must be more negative than the atmosphere immediately surrounding

the leaf (Rundel, 1982). If water crosses the leaf boundary as vapour,

then it is instead driven by the vapour concentration gradient instead

of water potentials. Atmospheric conditions are more typically mea-

sured as vapour pressure deficit (VPD), the difference in vapour pres-

sure between saturation and ambient conditions for pure water at a

given temperature. Comparing VPDs (or relative humidities) with

atmospheric water potentials can provide insights into the conditions

necessary for FWU (Figure 2). The water potential of the surrounding

air quickly becomes more negative than typical values for leaves at

very low VPDs. For instance, at 25°C, the water potential of the air

drops below −4 MPa at 0.036 kPa VPD (97% relative humidity). Leaf

temperature (relative to air) will also influence the leaf to air VPD.

As leaves elevate above air temperature, the vapour pressure gradient

FIGURE 1 Foliar water uptake has been observed across a number of different biomes, ranging from (a) tropical montane cloud forests in
Monteverde, Costa Rica, to (b) coastal sage scrub ecosystems in Santa Barbara, California. The sites where FWU has been demonstrated are
represented relative their location on a (c) plot of classical Whittaker biomes (Whittaker, 1962) using climate data from theTerraClimate database
(Abatzoglou, Dobrowski, Parks, & Hegewisch, 2018). The inset shows the distribution of average vapour pressure deficits for each site from
TerraClimate [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 2 A low vapour pressure deficit (VPD; high relative humidity) is necessary for foliar water uptake. Water potential as a function of (a)
VPD of the air and (b) relative humidity at different temperatures
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increases which would result in greater FWU when leaves are wet. A

reversal of this gradient leading to FWU can occur by increasing the

vapour in the air surrounding the leaf surface or by reducing the water

potential inside the leaf (Oliveira, Eller, Bittencourt, & Mulligan, 2014;

Simonin, Santiago, & Dawson, 2009; Slatyer, 1960; Vesala et al., 2017).

The vapour pressure of the air reaches saturation (or near satura-

tion) due to changes in weather conditions. FWU has been demon-

strated during periods when the air is saturated and liquid water

forms on leaves, such as during rain and mist (Breshears et al., 2008;

Steppe et al., 2018), fog (Burgess & Dawson, 2004; Simonin et al.,

2009), and dew (Scherm & van Bruggen, 1993; Munné‐Bosch &

Alegre, 1999; Munné Bosch, Nogues, & Alegre, 1999). However, there

is also evidence of FWU of water vapour during periods where the air

has not condensed to liquid water (i.e., water still in vapour form).

Vapour uptake would be driven by vapour pressure and require the

intercellular air space immediately within the leaf cuticle to have a

lower vapour pressure than the vapour pressure of the air. This rou-

tinely occurs in leaf air spaces due to negative water potentials and

the Kelvin effect reducing the vapour pressure (see Cernusak et al.,

2018; Vesala et al., 2017). However, any movement from intercellular

air space into cells would require liquid water and would need to con-

sider the resistance of a phase change from vapour to liquid.

Many studies over the last 60 years have detected water vapour

uptake using a wide range of species and methods (Vaadia & Waisel,

1963; Virzo De Santo, Alfani, & Luca, 1976; Mooney, Gulmon,

Ehleringer, & Rundel, 1980; Schonherr & Merida, 1981; Lange, Kilian,

& Ziegler, 1986; Schmitt, Martin, & Lüttge, 1988; Chamel et al. 1991,

Laur & Hacke, 2014b; Wang, Xiao, Cheng, & Ren, 2016). Recent

examples of FWU in high humidity conditions include Picea glauca, a

temperate conifer (Laur & Hacke, 2014a, 2014b), and Reaumuria

soongorica, a desert plant from China (Wang et al., 2016). Many of these

studies were conducted under high humidity conditions that may have

resulted in some water condensation on the leaf surface, resulting in

FWU of liquid water. Despite this potential artefact, it is apparent that

FWU can ultimately occur in both liquid and vapour phases when a

driving gradient for the entry of water into the leaf is present.

Leaf surface properties can affect the vapour pressure at the leaf

to air interface (within what is referred to as the boundary layer) in

ways that can also alter leaf wetness and FWU. Chemical structure

of cuticular waxes, stomatal structure, trichomes, leaf hairs, and endo-

phytes have all been shown to affect water retention on leaf surfaces

(Morgan, 1984; Smith & McClean, 1989; Brewer, Smith, &

Vogelmann, 1991; Brewer & Smith, 1997; Wagner, Fürstner,

Barthlott, & Neinhuis, 2003; reviewed by Rosado & Holder, 2013).

Thicker wax layers decrease leaf water retention by increasing the

roughness of the surface (Koch, Bhushan, Jung, & Barthlott, 2009;

Taylor, 2011), and trichomes and leaf hairs also appear to decrease

retention in a similar manner (Brewer et al., 1991; Pierce, Maxwell,

Griffiths, & Winter, 2001). However, these relationships are not

always robust, as some succulent species with hydrophilic trichomes

can actually increase retention and enhance leaf wetness

(Grammatikopoulos & Manetas, 1994). Fernández et al. (2017) high-

lights the diversity in the chemical and structural components of leaf

surfaces and their potential implications for maintaining wet leaf sur-

faces. Cuticular properties that differ among leaves and across

species will result in variation of boundary layer conditions that

may promote differential fluxes of FWU.

Leaf surface properties and structure will also affect water loss

and leaf water potential, altering the driving gradient for FWU. For

instance, cuticular composition and permeability can be affected by

reductions in leaf water potential (Fernández et al., 2017). These

changes could be a function of the degradation of cuticular waxes or

due to losses in turgor of cuticle cells. Thus, although reduced water

potentials may enhance the water potential gradient into the leaf,

there may be a simultaneous trade‐off with cuticle permeability that

either enhances or offsets the flux of FWU. FWU may be more impor-

tant to leaf water balance in species with increased cuticular conduc-

tance at decreasing water potentials. The direction of this change and

the water potential where changes to leaf conductance occur will be

critical variables in understanding the temporal patterns of FWU

fluxes and net effects on plant water balance. Structurally, the size

and shape of the leaf cuticle, mesophyll cells, and air space will affect

water loss and thus water potential. Gotsch et al. (2015) observed

lower FWU in species with thicker leaves and a greater water storage

capacity. In contrast, species with high FWU could withstand lower

water potentials but had lower water storage capacity. The storage

capacity (i.e., capacitance) will also alter the duration of FWU; species

with higher storage capacity should demonstrate lower FWU that is

sustained for longer. This suggests that leaf water storage and foliar

uptake may be linked such that they buffer leaves from drought.

The leaf (and wood) hydraulic capacitance will also affect the rate

of water potential change, quantity of water, and the duration of

FWU. Hydraulic capacitance buffers tension from negative water

potentials by acting as a dynamic capacitor (McCulloh, Johnson,

Meinzer, & Woodruff, 2014; Meinzer, Domec, Johnson, McCulloh, &

Woodruff, 2013; Zeppel, Lewis, Phillips, & Tissue, 2014). Within the

context of FWU, hydraulic capacitance will affect the rate of water

potential increase. Species with higher capacitance will have slower

changes in water potential. Where water for foliar uptake is available,

the persistence of this water potential gradient would likely result in

longer FWU durations. In turn, species with higher hydraulic capaci-

tance should be able to absorb greater total quantities of water. One

might expect a trade‐off between safety and efficiency in this regard,

where species with high capacitance require high FWU fluxes to refill

water storage and those with low capacitance would require only low

FWU fluxes (McCulloh et al., 2014). The capacitance of wood and

roots will also influence the redistribution of water in the leaf by buff-

ering water potential gradients. Water from FWU could potentially

provide a key subsidy to these critical pools that buffer plant water

tension and losses of hydraulic conductivity.

Leaf water potentials change considerably on both diurnal and

seasonal timescales and leaf water deficits can also increase the prob-

ability that the water potential gradient will reverse direction and

result in FWU. For instance, Vesala et al. (2017) modelled transpiration

and FWU as a function of leaf water and found that FWU fluxes mea-

sured in coast redwoods (Sequoia sempervirens) could be explained by

leaf water potential. Although the difference in water potential from

the leaf to the air should explain FWU fluxes, no studies have quanti-

fied these fluxes experimentally. If the conductance of the leaf surface

(cuticle or stomata) does not vary, then more negative leaf water
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potentials should lead to higher FWU fluxes (Limm & Dawson, 2010;

Goldsmith, 2013). However, there is a potential trade‐off; when leaves

have more negative water potentials, two processes may inhibit FWU.

First, they will close stomata to resist water loss reducing the conduc-

tance of the leaf surface. If stomata are a pathway for FWU (discussed

below), stomatal closure may limit FWU, and several studies in water‐

stressed conditions have found support for this idea (Burgess & Daw-

son, 2004; Vaadia & Waisel, 1963). Second, water stress could alter

mesophyll conductance, limiting the movement of water within the

leaf (Zhou, Duursma, Medlyn, Kelly, & Prentice, 2013). Although most

(if not all) plants should experience water potentials that would allow

for FWU, the frequency and magnitude of uptake will be driven by

the atmospheric VPD, the leaf water potential, the leaf hydraulic

capacitance, and the conductance of the leaf surface to water vapour.

Ultimately, in what physical environments will the requirements for

FWU be met? The conditions for a driving water potential gradient

into the leaf can be satisfied during all leaf wetting periods. It can also

occur when there is a low VPD that results in a high atmospheric

water potential, provided that there is a more negative leaf water

potential. Evidence from Cernusak et al. (2018) suggests that the driv-

ing gradient should be frequently met due to the unsaturation of the

intercellular air spaces. FWU fluxes and quantities should be greater

in plants with more negative leaf water potentials, such as those that

occur later in the day, during dry periods between rain events, during

dry seasons, or in water‐limited ecosystems. Both leaf wetting and leaf

water deficit undoubtedly occur across all major biomes, meaning that

the conditions should be suitable for all species. The implications are

significant: a reversal of flow largely contradicts the traditional con-

ception of the soil–plant–atmosphere continuum (Philip, 1966).

Recent work has called for a shift in this thinking to consider plant

water movement in both directions (Goldsmith, 2013). Yet some stud-

ies have observed species that do not carry out FWU co‐occurring

with species that do carry out FWU (Emery, 2016; Limm, Simonin,

Bothman, &Dawson, 2009). Emery (2016) suggested that stomatal crypts

resulted in limited FWU, however, there remains no clear explanation for

species‐level variation in FWU. This suggests that suitable environmental

conditions are not the sole explanatory variable in understanding the

fluxes of FWU. Although seemingly common, the extent to which FWU

occurs or does not occur in conditions when the water potential gradient

should be reversed is an area in need of further study.

3 | PATHWAYS OF WATER MOVEMENT

3.1 | Entry points into the leaf

Water is routinely exchanged across the leaf surface by multiple path-

ways. In higher plants, stomata, cuticles, and specialized structures

(e.g., trichomes, hydathodes, or scales) have all been hypothesized to

serve as pathways for FWU (Figure 3). We explore the evidence for

FWU through each of these structures and analyse the mediating fac-

tors that might lead to certain pathways over others.

The primary pathway for water loss from a leaf (i.e., transpiration)

is stomata and due to the high conductance of water through stomata

relative to other structures, it is intuitive that they could facilitate

uptake. However, based on the assumption that droplet sizes or films

on leaf surfaces typically exceed the size of stomata, stomata were

generally thought to be impenetrable to water infiltration without

external pressure (Schönherr & Bukovac, 1972). More recent research

using environmental scanning electron microscopy has demonstrated

that stomata are a likely candidate for uptake of liquid water

(Burkhardt, Basi, Pariyar, & Hunsche, 2012). The process was medi-

ated by salt ions in water (and potentially other molecules) that reduce

surface tension (Burkhardt, 2010; Burkhardt et al., 2012). Further

FIGURE 3 A number of leaf surface and internal structures have been implicated as pathways for foliar water uptake. Water faces resistance as
it enters and moves through the leaf. Where known, relative size of resistors is based on values from Buckley (2015). Resistances provide
illustrative examples, but all these can vary significantly based on leaf anatomy and water gradients within the leaf. Example images of surface
properties are taken from Burgess and Dawson (2004; endophyte), Martin and Von Willert (2000; hydathode), Goldsmith (unpublished; cuticle),
and Emery (2016; stomata and trichome) [Colour figure can be viewed at wileyonlinelibrary.com]
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studies have found that the combination of salt ions and sunken sto-

mata in clefts of leaves of the tree Chamaecyparis obtusa var.

formosana promotes leaf wetness although not directly blocking sto-

matal pores (Pariyar et al., 2017). Burkhardt (2010) proposed the

“hydraulic activation of stomata,” stating that salt mediation allows

for the creation of liquid water film that bridges the stomatal pore

and enables bidirectional movement of water.

Both bacteria (Eichert, Kurtz, Steiner, & Goldbach, 2008) and endo-

phytic fungi (Burgess&Dawson, 2004) have also been suggested to facil-

itate FWU. In these cases, the presence of these other biota may reduce

the hydrophobicity of the leaf surface and form “bridges” into the leaf by

whichwater can travel. It is well established that the leaf microbiome can

affect leaf physiology and potentially water movement (Vacher et al.,

2016). Additionally, studies on air pollutants applied in high humidity

conditions lead to greater foliar uptake of both water and pollutants,

primarily driven by the stomatal response to low VPD (Mclaughlin &

Taylor, 1981; Norby & Kozlowski, 1982). Facilitation by external biota

and molecules could form bridges across stomata or crack the surface,

leading to greater uptake through cuticular pathways. Abiotic and biotic

facilitation of FWU may shift the particular uptake pathways in species,

adding complexity to the physical determinants of FWU fluxes.

Some water uptake likely occurs across the cuticle

(i.e., nonstomatal entry), even though they are highly resistive

relative to stomata. Values of cuticular conductance are less than

0.1 mol m−2 s−1 and more commonly below 0.05 mol m−2 s−1, which

is generally <5% of the sum of cuticular and stomatal conductance

when stomata are open (Larcher, 2003; Riederer & Schreiber, 2001).

Cuticular conductance is often measured on intact and undamaged

leaves. In damaged leaves, increased conductance may lead to

increased FWU. Many studies have inferred that the cuticle is a pri-

mary pathway of water entry (Grammatikopoulos & Manetas, 1994;

Yates & Hutley, 1995; Limm et al. 2009; Goldsmith et al., 2013;

reviewed by Kerstiens, 1996). These come from situations where

FWU occurs during periods when stomata are mostly closed (i.e., at

night). Even when stomata are closed, there is evidence that water is

still evaporated through the leaf surface, and thus, if the gradient is

reversed, FWU will occur (Kerstiens, 1996; Cavendar‐Bares et al.,

2007; Limm et al. 2009). Within the cuticle, there is a thin layer

(termed the limiting skin) that is the main diffusion barrier for water

molecules to cross (Schonherr & Riederer, 1989; Slatyer, 1960). The

permeability of this layer may explain why cuticular thickness does

not appear to affect water permeability (Becker, Kerstiens, &

Schönherr, 1986; Kamp, 1930; Schreiber & Riederer, 1996).

Stomatal entry of water would allow for greater fluxes of FWU

than entry through the cuticle due to the comparatively higher con-

ductivity. Therefore, if stomata are open and there is a water vapour

gradient into the leaf, stomatal flow should be the dominant pathway

for FWU. However, the contribution of FWU via the cuticle should

increase dramatically during periods when stomata are predominantly

closed, as well as where there are relatively few stomata and large sur-

face areas. Furthermore, stomatal aperture changes rapidly (as short as

a few minutes), which would allow for rapid responses to environmen-

tal cues such as humidity or leaf wetness (Merilo, Jõesaar, Brosché, &

Kollist, 2014). Therefore, evidence supports a strong role for stomata

in the foliar absorption of water.

The cuticular composition will also influence permeability and the

extent to which FWU occurs through stomata or cuticles. Certain

compounds within cuticles, such as polysaccharide sugars, facilitate

FWU (Kerstiens & Lendzian, 1989). Boanares et al. (2018) recently

demonstrated that species with greater FWU fluxes had more pectins

in their cell walls, although those with lower rates had greater quanti-

ties of cellulose. This study concluded that these molecules can alter

the porosity and hydrophobicity by altering the linkages and surfaces

on the leaf surface. Cuticular permeability also increases with leaf

age due to cuticle damage and degradation, and this may have implica-

tions for FWU (van Gardingen, Grace, & Jeffree, 1991; Yates & Hutley,

1995; Schreiber et al., 2001; Jordan & Brodribb, 2007). For instance,

old leaves of S. sempervirens absorb more water than young leaves,

possibly due to cuticular damage (Burgess & Dawson, 2004). High rel-

ative humidity can also affect cuticular permeability by facilitating

microbial growth (Lindow & Brandl, 2003), increasing leaf wettability

and cuticle absorption (Bunster, Fokkema, & Schippers, 1989; Knoll

& Schreiber, 1998; Schreiber, 1996; Schreiber et al., 2005). The role

of cuticle structure and the exchange of water is reviewed extensively

in Fernández et al. (2017). Thus, although the predominant pathway

for FWU may be the stomata, there is evidence that uptake through

the cuticle may occur in some instances.

Although less prevalent across taxa, specialized leaf structures can

also play a significant role in altering leaf wetness and FWU. Tri-

chomes, which are hair‐ or scale‐like structures on leaf surfaces, are

known to directly absorb water (Benzing & Burt, 1970; Benzing,

Seeman, & Renfrow, 1978; Eller, Lima, & Oliveira, 2016; Fernández

et al., 2014; Franke, 1967). Trichomes are particularly important for

absorbing water in the largely epiphytic Bromeliaceae family (Benzing,

2000; Crayn, Winter, & Smith, 2004). These epidermal structures are

highly variable in their morphology and function. As a result, they

could play contrasting roles in FWU. Trichomes could facilitate water

condensation on the leaf surface and promote FWU (Konrad,

Burkhardt, Ebner, & Roth‐Nebelsick, 2014) or, alternatively, increase

leaf water repellency (Brewer et al., 1991) and reduce FWU. Evidence

of water uptake has also been shown in hydathodes (specialized pores

involved in guttation; Martin & Von Willert, 2000), porous surfaces in

thorns (Schill & Barthlott, 1973), and water‐absorbing scales (Wang

et al., 2016). Although specialized structures likely play a significant

role in water movement across the leaf surface in particular species,

these specialized structures do not represent the primary pathway

for FWU among all species.

3.2 | Pathways inside the plant

Water entering the leaf through FWU first arrives in the intercellular

air space or cells of the cuticle and continues to move along water

potential gradients (potential pathways highlighted in Figure 3).

Although water potential gradients are generally understood for entire

plants, driving forces and pathways of water molecules within the leaf

are still poorly understood (Buckley, John, Scoffoni, & Sack, 2015).

Water absorbed through FWU could continue to travel through inter-

cellular air spaces or enter mesophyll (palisade or spongy) cells. In cells,

water movement occurs apoplastically or symplastically; early research

proposed that most movement was apoplastic (e.g., Boyer, 1977;
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Byott & Sheriff, 1976; Canny, 1990). However, other studies have

suggested that symplastic water movement could occur in certain sit-

uations, particularly when aquaporins are up‐regulated to facilitate

flow across the cell membrane (Chrispeels & Agre, 1994; Tyree, Salleo,

Nardini, Assunta Lo Gullo, & Mosca, 1999). Recent modelling experi-

ments have suggested that apoplastic pathways should dominate

(Buckley, 2015). However, when there are internal temperature gradi-

ents from the mesophyll to the epidermis, vapour phase movement

through the intercellular air space could contribute up to 44% of the

flow (Buckley, 2015; Buckley et al., 2015; Rockwell, Holbrook, &

Stroock, 2014). This temperature gradient could be controlled through

stomatal aperture, which influences leaf temperature through evapo-

rative cooling. For FWU, it is likely that vapour phase water transport

is a routine pathway of water movement inside the leaf and occurs in

parallel with cellular pathways.

Ultimately, regardless of the pathway, there are three possible

fates for water absorbed into the leaf by FWU: (a) entry into the

mesophyll and use for photosynthesis or capacitance, (b) entry into

the vasculature, or (c) transpiration back into the atmosphere. Transpi-

ration will only occur if water potential gradients within the leaf are

low and the gradient across the leaf surface is quickly reversed (i.e.,

short‐lived wetting events). The pathway of water is governed by

resistances across membranes, including across the epidermis, into

mesophyll cells, and across the bundle sheath cells into the vascula-

ture. These resistances are also influenced by the architecture of these

different tissues and whether the FWU water is in liquid or vapour

phase (as all transport into cells will be in liquid phase). The net flux

of water moving will be governed by the water potential gradient buff-

ered by capacitance of individual tissues. Thus, flow should persist for

longer to tissues with larger capacitance values. Below, we highlight

evidence that water from foliar uptake enters mesophyll cells and

vasculature.

There are three lines of evidence that water from FWU is incorpo-

rated into mesophyll cells. The first is evidence from fluorescence or

radioactive tracer studies where water has been observed moving into

palisade and spongy mesophyll cells, as well as epidermal cell walls

(Eller, Lima, & Oliveira, 2013; Gouvra & Grammatikopoulos, 2003;

Munné‐Bosch et al., 1999; Ohrui et al., 2007). The second is the

observation that leaf wetting and high humidity lead to up‐regulation

of aquaporin channels of mesophyll cells, increasing membrane con-

ductivity and resulting in greater water flow (Laur & Hacke, 2014a,

2014b; Ohrui et al., 2007). The third source of evidence for water

reaching the mesophyll and being incorporated into photosynthetic

pathways comes from research using stable isotopes of water as

tracers (Lehmann et al., 2018). Oak saplings exposed to fog generated

using water with a distinct oxygen isotope signature demonstrated a

subsequent change in the oxygen isotope ratio of water in the leaf,

as well as the oxygen isotope ratio of sugars observed both in the leaf

and isolated from the phloem of the petiole.

Water from FWU can also travel into the vasculature of a plant. In

many species, bundle sheath cells are lignified, requiring water to

enter through mesophyll cells. This greatly reduces the subsequent

hydraulic conductance into the vascular bundle (North & Peterson,

2005; Ohtsuka, Sack, & Taneda, 2018). To increase this conductivity,

there can be up‐regulation of aquaporins in the bundle sheath, which

leads to increased water flow into the xylem and phloem and the asso-

ciated recovery of hydraulic conductivity (Mayr et al., 2014; Laur &

Hacke, 2014a, 2014b). Interestingly, Laur and Hacke (2014a, 2014b)

found greater up‐regulation of aquaporins in phloem, suggesting that

this water is initially transported to the phloem and then possibly

the xylem. Sap flow (heat ratio method) has also been used to demon-

strate that water from FWU is incorporated into plant vasculature

(Burgess & Dawson, 2004; Darby, Draguljić, Glunk, & Gotsch, 2016;

Eller et al., 2013; Goldsmith et al., 2013; Gotsch et al., 2014, 2015;

Nadezhdina et al., 2010; Steppe et al., 2018). Most recently, Steppe

et al. (2018) demonstrated that FWU induced radial stem growth

driven by changes in cell turgor. This evidence suggests that water

from FWU may also serve to recharge wood capacitance. These stud-

ies demonstrate clear reversals of water movement through stems and

trunks during leaf wetting periods. Together, the evidence supports

the idea that water absorbed through leaves is routinely incorporated

into plant vascular networks.

In some cases, the water absorbed in leaves can be released into

the soil. Given a sufficient water potential gradient (including low soil

water potentials), it is possible to observe a complete reversal of the

soil–plant–atmosphere continuum (Goldsmith, 2013). Early studies,

such as Breazeale, Mcgeorge, and Breazeale (1950) and Breazeale

and McGeorge (1953), isolated soil and plant compartments and found

increases in soil moisture. More recent studies have used stable iso-

topes of water as tracers to detect the presence of water exchanged

between the atmosphere and leaves as it moves into the soil. Both

Eller et al. (2013) and Cassana et al. (2016) find evidence that water

from FWU was transported to soil in seedlings of a tropical evergreen

(Drimys brasiliensis) and a southern hemisphere conifer (Araucaria

angustifolia) in Brazil. However, Limm et al. (2009) and Berry, White,

and Smith (2014) conducted similar studies and did not find any signal

of FWU water in the soil in seedlings from temperate California Red-

woods (10 herbaceous and tree species) and in Appalachian montane

conifer forests (canopy conifers), respectively. Notably, recent

research has demonstrated that stable isotopes of water alone cannot

be used as tracers to establish the net uptake of water by FWU, due to

the possibility of bidirectional exchange of water isotopes between

the leaf and the atmosphere (Goldsmith, Lehmann, Cernusak, Arend,

& Siegwolf, 2017). The extent to which FWU affects the flow of water

into different parts of the plant and ultimately out of roots into the soil

will require verification from additional methods. If this occurs rou-

tinely, single FWU events could improve soil water availability and

whole‐plant water balance at longer time scales.

The evidence presented here suggests that water absorbed

through leaves can move considerable distances within the plant and

potentially is utilized in distal leaves, wood vasculature, and roots.

Quantifying and tracing the movement of water from FWU will

require new methods capable of resolving higher resolutions and mul-

tiple dimensions. Imaging techniques such as microCT (e.g., Brodersen

et al., 2011) and MRI (Zwieniecki, Melcher, & Ahrens, 2013), combined

with assays of aquaporin regulation and new leaf hydraulic modelling

(e.g., MOFLO; Buckley, John, Scoffoni, & Sack, 2017), could be partic-

ularly promising avenues of inquiry. Combining field‐based methods

such as sap flow, dendrometers, and stem psychrometry with mecha-

nistic modelling will also expand our understanding of FWU in mature
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trees (e.g., Steppe et al., 2018). Further, research needs to consider the

role of plant water status, hydraulic conductivity, capacitance, and soil

moisture availability in driving the many pathways of FWU water

through the plant. Reliably tracking the movement of individual water

molecules from FWU would open doors for a unified three‐dimen-

sional model of water movement pathways.

4 | INTEGRATING FWU INTO PLANT
WATER BUDGETS

One critique of FWU is that it is assumed to be an insignificant quan-

tity of water that is rarely relevant to plant processes. This perception

has been driven by a diverse set of methodologies, which vary in scale

from leaves to whole plants and result in incomparable values. Further,

studies have not always considered FWU fluxes and quantities in the

context of plant water budget parameters such as transpiration fluxes

and leaf water potentials (Guzmán‐Delgado, Earles, & Zwieniecki,

2018). In this section, we compare what research is available on

FWU fluxes, net quantities (inferred through sap flow data), and

changes to leaf water potentials from FWU events with transpiration

fluxes and leaf water potentials. We consider both the leaf and whole

plant, as current methodologies are largely focused at these scales.

Determining fluxes presents a unique challenge for FWU. The

movement of water is a function of the water vapour concentration

immediately outside a leaf (wa) and the water vapour concentration

in the substomatal cavity (wi)

E ¼ wi–wað Þ*g; (1)

where E is the transpiration (or net flux out of the leaf) and g is the sto-

matal conductance (Nobel, 2005). For transpiration, the wa term is

smaller than the wi term leading to a net loss of water from the leaf.

When quantifying leaf‐level transpiration, this gradient also remains

relatively constant in sunny and high VPD conditions assuming a high

boundary layer conductance. This gradient is maintained because the

wa of the air is so small relative to the leaf that small changes in wa

do not appreciably affect the gradient and transpired water largely

equilibrates with the atmosphere. For FWU, this is not true. Due to

the small volume of the leaf relative to the atmosphere, the difference

between wi and wa would decrease over time during an FWU event,

slowing the net flux of uptake (Figure 4A). The actual rate of water

potential improvement (Figure 4B) is then governed by the flux of

FWU for that species. In species with a high FWU flux, the net

improvement in leaf water potential would be much greater over the

same time period compared with a species with a low FWU flux

(Figure 4B). This concept assumes that the resistance of water enter-

ing the vasculature (and leaving the leaf) is very high relative to resis-

tances within the leaf. If the flow into the vasculature is high, then a

decline in flux would not occur until the entire plant reached equilibra-

tion, which is presumably a much longer time scale. Thus, the duration

and magnitude of the fluxes represented in Figure 4 would be greater

if there is high conductivity into the plant vasculature. There may also

be differences between species due to the maximum leaf water con-

tent capacity. Boanares et al. (2018) found that species with higher

water content capacities (i.e., leaf capacitance) had slower uptake

rates. Thus, integration of FWU fluxes over periods where the rate

slows over time could yield lower average fluxes than the same spe-

cies studied over short time periods that capture relatively constant

FWU fluxes, depending on the leaf storage capacity.

Despite these limitations, FWU fluxes (integrated over any time

period) can be compared with transpiration. To do so, we reviewed

studies where we could determine the flux of water exchanged across

the leaf per unit time through FWU. These typically came from studies

where leaves were either experimentally submerged or misted, and a

change in mass was quantified over a defined time at a set leaf area

(mmol H20 m−2 s−1). Among 24 species in this sample, values ranged

from 0.004 to 0.390 mmol m−2 s−1 (mean: 0.063 ± 0.085), highlighting

high variability in this trait across species (Figure 5). Interestingly, the

highest fluxes were observed in three temperate conifers:

A. angustifolia (Cassana, Eller, Oliveira, & Dillenburg, 2015), Picea

rubens, and Abies fraseri (Berry & Smith, 2013). Berry and Smith

(2013) observed maximum transpiration fluxes of 1.5–2.0 mmol m

FIGURE 4 The (a) rate of foliar water uptake
should decrease exponentially as a function of
time with (b) the decreasing change in leaf
water potential as a function of time.
However, these relationships should differ in
plants with high (solid line), medium (dash),
and low (short dash) rates of foliar water
uptake. Additionally, capacitance of the
rehydrating leaf (c) should modulate the rate
of water potential change such that a leaf with
a higher C (dash‐dot line) will take longer to
reach equilibrium than a leaf with lower
capacitance but the same initial foliar water
uptake (FWU) rate (solid line). Individuals with
high rates of foliar water uptake improve leaf
water potential as much as 0.9 MPa in 60 min,
whereas individuals with low rates only
changed water potential 0.09 MPa over
60 min. All data are constrained by rates taken
for species in the database where FWU was
quantified over 1 hr
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−2 s−1. Thus, in P. rubens and A. fraseri, FWU was approximately 10% of

the maximum transpiration fluxes. This is similar to the results from

Cassana et al. (2015) using sap flow methods. These values provide

first approximations of FWU at the leaf‐level relative to transpiration

fluxes for canopy trees.

More generally, we can also consider the fluxes of FWU we deter-

mined in the context of maximum transpiration fluxes reported in

other studies. Transpiration fluxes vary based on growth form and

biome but range from approximately 0.2 mmol m−2 s−1 for plants in

the tundra to values of 8–10 mmol m−2 s−1 for herbaceous species

in dry environments (e.g., deserts; Larcher, 2003). More common

values for tropical and temperate tree species range from 1 to

3 mmol m−2 s−1. These transpiration ranges would support the idea

that FWU fluxes are much lower than maximum transpiration fluxes.

However, if FWU conditions occur more frequently or during midday

periods when high transpiration fluxes would occur, the influence of

FWU on plant water balance would increase. Further, simply because

the fluxes may be small in relative terms, small changes to individual

leaf water potential can have significant long‐term effects on leaf pho-

tosynthesis and stomatal conductance (Berry et al., 2014; Eller et al.,

2016; Simonin et al., 2009).

Several studies have also explored how FWU leads to increases in

leaf water potentials. From these studies, we have derived rates of

water potential improvement over time (Figures 4 and 5; Table S1).

These values were collected for 75 species and range from very slow

increases of 0.0007 MPa min−1 to strikingly fast increases of

0.12 MPa min−1 (mean: 0.014 ± 0.003 MPa min−1). The highest rate

was observed in Juniperus monosperma shoots with an average starting

water potential of −2.1 MPa and integrated over a 5‐min period

(Breshears et al., 2008). A net change of 0.6 MPa over a 5‐min period

highlights the potential of FWU to alter water status with implications

for long‐term physiological functioning. The lowest rate observed

(0.0007 MPa min−1) comes from a wetting study that integrated over

24 hr in Quercus ilex with an average starting water potential between

−2.5 and −3.0 MPa (Fernández et al., 2014). It is difficult to discern if

this low rate is due to the long time period, water potential gradient,

or a reduced FWU rate for this species. Although we have highlighted

that the rate of water potential change is likely not constant, extrapolat-

ing the mean rate (0.014 MPa min−1) suggests that noticeable changes

of 0.1 MPa can likely be observed within 10 min. These improvements

are dramatic and could lead to remarkable shifts in leaf water balance

and serve to repair embolism. Future studies that explore this mecha-

nism need to carefully consider integration over multiple time scales

(e.g., Steppe et al., 2018) and the changingwater potential gradient with

environmental conditions in their experimental designs.

Finally, some fluxes and quantities of FWU have been inferred

using whole tree studies with sap flow probes. These rates have

been valuable estimates for understanding the influence of FWU at

the scale of whole‐plant water balance. It should be noted that these

methods would integrate water absorbed through both leaves and

bark (e.g., Earles et al., 2016). The rates cited in several studies sug-

gest that reverse flow rates can be 5% to 26% of maximum transpi-

ration fluxes, which is consistent with leaf‐level data (Burgess &

Dawson, 2004; Cassana et al., 2015; Eller et al., 2013; Li, Xiao, Zhao,

Zhou, & Wang, 2014; Steppe et al., 2018). What is unclear in these

studies is the extent to which negative sap flow in wood presents

a 1:1 relationship with water absorbed at the leaf surface. It is prob-

able that some proportion of the water from FWU is utilized in

mesophyll cells or stored in supporting cells in wood and therefore

not be represented in sap flow data. Determining net FWU rates

over longer time periods (e.g., days to weeks) is influenced by the tem-

poral patterns of water potential of the leaf and soil further

disconnecting leaf water uptake and negative sap flow in wood. Using

sap flow probes on stems adjacent to leaves, Gotsch et al. (2014) mea-

sured dry seasonwater use in small branches on canopy emergent trees

in a tropical montane cloud forest and found that 9% of the water tran-

spired was recovered through FWU. Darby et al. (2016) found that, in

tropical montane cloud forest epiphytes, FWU accounted for ~30% of

transpired water during the dry season and ~70% of transpired water

during a wet season (Gotsch et al., 2015). Finally, Steppe et al. (2018)

recently found that Avicennia marina had no radial growth in the

absence of FWU, demonstrating that this water source is critical for

wood development. Field‐based whole plant studies provide tools that

allow for continuous measurements allowing for greater integration of

FWU into whole‐plant water balance.

To consider the role of FWU in leaf and whole‐plant water bud-

gets, we have compared fluxes of FWU relative to transpiration and

water potential values. Although we demonstrate great variability

across species, we also observe the potential for FWU to play a large

role in leaf and plant water balance. The implications for this are signif-

icant, as FWU can quickly reduce water deficits (e.g., water potentials),

as well as subsidize mesophyll cells or vasculature. However, more

research is needed to elucidate the variation in these traits across

environments and species, as well as to determine the net effects on

long‐term plant functioning and water balance.

FIGURE 5 A summary of data from studies reporting (a) the change
in leaf water potential as a function of foliar water uptake (n = 75
species) and (b) the rate of foliar water uptake (n = 24). In studies with
changes in water potential, all values were standardized per minute,
even if the study measured uptake for a different duration. Rates of
uptake were converted to mmol m−2 s−1 for comparison with
transpiration rates, which typically are reported in these units. FWU:
foliar water uptake
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5 | CRITICAL KNOWLEDGE GAPS

Although FWU research has made significant progress in recent years,

there are still many key knowledge gaps that limit a more complete

understanding of water movement in plants. In this section, we elabo-

rate on key questions surrounding the environmental scenarios when

FWU is likely to occur, the precise pathways of water flow, and the

net effects on leaf and plant water balance. Finally, we explore current

methods and their limitations, as well as propose ideas to further our

understanding of FWU and plant water movement.

5.1 | When and where does FWU occur?

To assess when FWU occurs requires an accurate quantification of the

spatial and temporal components of leaf wetting across canopies. It is

well established that FWU can occur during leaf wetting events such

as rain, dew, mist, or fog events. However, the spatial and temporal

frequency of leaf wetting is often difficult to measure simultaneously

to FWU. Complex canopies exhibit high spatial variability in microcli-

mate, which can result in subcanopy leaves staying wet for up to

22 hr following rain events, more than double the time of canopy

leaves (Dietz, Leuschner, Hölscher, & Kreilein, 2007). Although studies

quantifying leaf wetness patterns are valuable, the complex dynamics

of these patterns are just now being incorporated into canopy storage

or plant water and carbon balance models (e.g., Steppe et al., 2018).

Sap flow data during these periods demonstrate FWU during leaf wet-

ting periods, but do not allow for separation of sunlit versus shaded

layers of the canopy. Thus, FWU could continue to subsidize leaf

water content in many subcanopy locations well after a leaf wetting

event ceases and the canopy dries. Further, the spatial patterns of leaf

wetness on individual leaves may result in FWU only on certain areas

of leaves which could not be captured in whole‐plant methodologies.

Quantifying the spatial and temporal components of leaf wetting will

allow for predictive frameworks of when and where FWU occurs

across forests and canopies.

The extent to which FWU occurs when the air is not fully sat-

urated with water vapour also remains unresolved (i.e., low, but

nonzero VPD). Some studies have demonstrated FWU in high

humidity conditions (in the absence of physical leaf wetting). How-

ever, the physical process to reverse the water potential gradient

when the air is not saturated will only occur when VPD is low

and plants are experiencing more negative water potentials

(Figure 2). Although Vesala et al. (2017) has provided the modelling

framework for understanding when these conditions occur, empirical

support is still needed. Further, any water that enters as vapour

would require a phase change to liquid for subsequent movement

from the intercellular air spaces into mesophyll or vascular cells.

Other studies, such as Darby et al. (2016), found that precipitation

more accurately predicted FWU than VPD. Leaves that experience

more negative water potentials, such as those in drier climates or

during dry seasons, should experience more FWU in high humidity

conditions. Determining the relationships between microclimate,

water potentials, and rates of FWU is complicated by the methods

available to make continuous and precise measurements but remains

of interest.

In addition to understanding when FWU occurs, there is a similar

need to understand where FWU occurs. Given that FWU has been

demonstrated in at least 209 species, the implications are that it

occurs in nearly every major biome (Figure 1). However, research on

FWU to date has been biassed towards cloud forest (60 species),

Mediterranean (45 species), and crop (34 species) systems, limiting

our ability to infer the prevalence and effects of FWU across a wide

range of taxa and ecosystems. Further, we infer that greater rates of

FWU are expected in arid regions (e.g., Stanton, Armesto, & Hedin,

2014), where a single wetting event may have a greater impact on

plant water balance in arid regions. A recent analysis by Dawson and

Goldsmith (in press), using a conservative estimate of leaf wetness

from global rainfall data, found that an average canopy spends

~120 days year−1 wet. If the environmental conditions for FWU also

extend beyond the leaf wetting event, then FWU is likely to be a rou-

tine process, not a rare occurrence. A strategic, systematic, and stan-

dardized sampling of FWU fluxes across major plant families and

biomes should elucidate the role of FWU in biomes with different

rainfall patterns and atmospheric moisture patterns.

5.2 | Where does the absorbed water go?

Although previous research has explored the pathways for water

uptake into the leaf, methodological limitations have limited our ability

to precisely determine the pathways of water inside the leaf and

whole plant. There is clear evidence that some water enters both

mesophyll cells (Munné‐Bosch et al., 1999) and vasculature (Laur &

Hacke, 2014b). Determining the proportion of the absorbed water

that follows these pathways or is transpired remains unclear. Addition-

ally, it is unknown if certain environmental scenarios dictate differen-

tial flows to each pathway. Whether FWU occurs in liquid or vapour

phase could also influence the flow pathways inside the leaf. Once

inside mesophyll cells, is water utilized for photosynthesis, stored, or

incorporated into to the vascular bundle? How is water that enters

vasculature internally distributed (e.g., xylem or phloem) and where

does it move? Many of these questions are just starting to be

explored, but more work is needed to elucidate the fate(s) of water

that enters from the leaf surface. Active work in plant hydraulics,

in vivo plant imaging and sap flow combined with stem diameter var-

iation could help address these questions. The pathways of the water

from FWU will have implications for cellular processes and plant water

balance at multiple scales.

5.3 | What are the long‐term effects on plant water
balance, photosynthesis, growth, and survival?

Research has demonstrated that during leaf wetting events, signifi-

cant quantities of water are absorbed, altering leaf and stem water

potentials, improving branch hydraulic conductivity, and increasing

leaf water content. However, quantifying the long‐term effects of

these improvements on net carbon and water fluxes has proven more

difficult. Berry and Smith (2013) demonstrate that morning FWU

improves net daily carbon gain as inferred from greater stomatal con-

ductance during midday and afternoon periods. But to what extent

do these daily gains occur across species and contexts and do they
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have net effects for days or weeks? For example, could the altered

water potential values, stomatal conductance, and photosynthesis

from 1 day of FWU be observed for days or weeks? Steppe et al.

(2018) demonstrated that FWU was important for turgor mainte-

nance and growth in A. marina. Water from FWU could serve as an

additional subsidy (similar to leaf capacitance) that buffers declines

in turgor loss and hydraulic conductivity (Nguyen, Meir, Wolfe,

Mencuccini, & Ball, 2017). Would these net effects allow for greater

cumulative growth or carbon storage? Would daily water potential

improvements keep plants above turgor loss points or significant

losses in hydraulic conductivity? Does FWU result in water deposi-

tion into the soil that may improve long‐term soil moisture availabil-

ity? Will community‐level variation in FWU result in species‐specific

responses to changing moisture availability (Goldsmith et al., 2013)?

The answers to these questions are likely specific to the unique cli-

matic conditions of a site, as well as the species' capacity for FWU.

Future research should consider both the short‐ and long‐term

effects on plant water balance based on the temporal patterns of

FWU. Further, exploration of the linkages between FWU and hydrau-

lic functioning, plant growth, and risk for mortality will enhance our

ability to predict plant response to novel climates. Ultimately, under-

standing these linkages will allow for integration into ecosystem

models that predict ecosystem hydrology and long‐term vegetation

dynamics.

5.4 | Unifying methods

The above questions require a new perspective and set of methodol-

ogies for quantifying reverse water movement in plants. In particular,

a standardized method to accurately quantify fluxes and rates of

FWU is urgently needed. Comparison among studies is currently com-

plicated by the variety of methodologies (sap flow, isotopes, change in

mass, change in water potential, and dyes), time intervals (seconds to

days), and environmental conditions used. These methods have value

in addressing critical questions but limit the ability to standardize

FWU into a unifying framework. Plant science researchers need to

standardize these measurements to facilitate comparisons of FWU;

recent research by Guzmán‐Delgado et al. (2018) that utilizes methods

for measuring leaf hydraulic conductivity may point towards a stan-

dardized approach for the future.

Additionally, the plant science community is steadily moving

towards a more three‐dimensional view of plant water movement.

Water can simultaneously move up, down, and laterally through

leaves, wood, and roots (Lee et al., 2013). Incorporating FWU into this

new three‐dimensional view is necessary to build a complete picture

of plant water balance. However, visualizing these pathways will

require novel methodologies. Microcomputed tomography and

in vivo MRI imaging provide promising avenues for visualizing path-

ways of FWU in leaves and wood (e.g., Brodersen et al., 2011;

Hochberg et al., 2016; Holbrook, 2001). To date, the use of these

technologies remains limited and they have not explicitly been used

in relation to FWU. The integration of these methods with continuous

field measurements of whole‐plant water balance will be needed to

advance our understanding of FWU.

6 | CONCLUSIONS

At the end of Stephen Hales' renowned publication, Vegetable Staticks

(1727), he concludes that water absorbed through leaves is “… insuffi-

cient its small quantity is towards making good the great demands of

perspiration.” However, we demonstrate that FWU is prevalent across

species and biomes, which the physical requirements for it to occur

happen routinely, and that it can serve as a critical source of water

for metabolic function. However, there are still many unanswered

questions about FWU that require creative and interdisciplinary

experiments. The undeniable ubiquity of this fundamental plant pro-

cess highlights a need to understand FWU as intricately as we under-

stand processes such as root water absorption, xylem flow, and

transpiration.

ACKNOWLEDGEMENTS

The authors thank two anonymous reviewers for constructive com-

ments, John Abatzoglou for building and extracting data from the

TerraClimate database for Figure 1, and Aaron Ramirez for providing

unpublished data. SGG was supported by funding from Franklin and

Marshall College and the National Science Foundation (IOS Award

#1556289). ZCB was supported by a fellowship from the Grand Chal-

lenges Initiative at Chapman University.

ORCID

Z. Carter Berry http://orcid.org/0000-0001-7227-819X

Nathan C. Emery https://orcid.org/0000-0002-9766-8044

Sybil G. Gotsch https://orcid.org/0000-0002-8685-6576

Gregory R. Goldsmith https://orcid.org/0000-0003-3567-8949

REFERENCES

Abatzoglou, J. T., Dobrowski, S. Z., Parks, S. A., & Hegewisch, K. C. (2018).
TerraClimate, a high‐resolution global dataset of monthly climate and
climatic water balance from 1958‐2015. Scientific Data, 5, 1–12.
https://doi.org/10.1038/sdata.2017.191

Becker, M., Kerstiens, G., & Schönherr, J. (1986). Water permeability of
plant cuticles: Permeance, diffusion and partition coefficients. Trees,
1(1), 54–60. https://doi.org/10.1007/BF00197025

Benzing, D. H. (2000). Bromeliaceae: Profile of an adaptive radiation. Cam-
bridge: Cambridge University Press. https://doi.org/10.1017/
CBO9780511565175

Benzing, D. H., Seeman, J., & Renfrow, A. (1978). The foliar epidermis in
Tillandsioideae (Bromeliaceae) and its role in habitat selection. Ameri-
can Journal of Botany, 65(3), 359–365.

Benzing, D. H. D., & Burt, K. K. M. (1970). Foliar permeability among
twenty species of the Bromeliaceae. Bulletin of the Torrey Botanical
Club, 97(5), 269–279. https://doi.org/10.2307/2483646

Berry, Z. C., & Smith, W. K. (2013). Ecophysiological importance of cloud
immersion in a relic spruce‐fir forest at elevational limits, southern
Appalachian Mountains, USA. Oecologia, 173(3), 637–648. https://
doi.org/10.1007/s00442‐013‐2653‐4

Berry, Z. C., White, J. C., & Smith, W. K. (2014). Foliar uptake, carbon fluxes
and water status are affected by the timing of daily fog in saplings from
a threatened cloud forest. Tree Physiology, 34(5), 459–470. https://doi.
org/10.1093/treephys/tpu032

Boanares, D., Ferreira, B. G., Kozovits, A. R., Sousa, H. C., Isaias, R. M. S., &
França, M. G. C. (2018). Pectin and cellulose cell wall composition
enables different strategies to leaf water uptake in plants from tropical

10 BERRY ET AL.

http://orcid.org/0000-0001-7227-819X
https://orcid.org/0000-0002-9766-8044
https://orcid.org/0000-0002-8685-6576
https://orcid.org/0000-0003-3567-8949
https://doi.org/10.1038/sdata.2017.191
https://doi.org/10.1007/BF00197025
https://doi.org/10.1017/CBO9780511565175
https://doi.org/10.1017/CBO9780511565175
https://doi.org/10.2307/2483646
https://doi.org/10.1007/s00442-013-2653-4
https://doi.org/10.1007/s00442-013-2653-4
https://doi.org/10.1093/treephys/tpu032
https://doi.org/10.1093/treephys/tpu032


fog mountain. Plant Physiology and Biochemistry, 122(September 2017),
57–64. https://doi.org/10.1016/j.plaphy.2017.11.005

Boyer, J. S. (1977). Regulation of water movement in whole plants. Sympo-
sia of the Society for Experimental Biology, 31, 455.

Breazeale, E. L., & McGeorge, W. T. (1953). Exudation pressure in roots of
tomato plants under humid conditions. Soil Science, 75, 293–298.

Breazeale, E. L., Mcgeorge, W. T., & Breazeale, J. F. (1950). Moisture
absorption by plants from an atmosphere of high humidity. Plant Phys-
iology, 25, 413–419.

Breshears, D. D., McDowell, N. G., Goddard, K. L., Dayem, K. E., Martens,
S. N., Meyer, C. W., & Brown, K. M. (2008). Foliar Absorption of
intercepted rainfall improves woody plant water status most during
drought. Ecology, 89(1), 41–47.

Brewer, C. A., & Smith, W. K. (1997). Patterns of leaf surface wetness for
montane and subalpine plants. Plant, Cell & Environment, 20(1), 1–11.
https://doi.org/10.1046/j.1365‐3040.1997.d01‐15.x

Brewer, C. A., Smith, W. K., & Vogelmann, T. C. (1991). Functional interac-
tion between leaf trichomes, leaf wettability and the optical properties
of water droplets. Plant, Cell and Environment, 14(9), 14,955–14,962.
https://doi.org/10.1111/j.1365‐3040.1991.tb00965.x

Brodersen, C. R., Lee, E. F., Choat, B., Jansen, S., Phillips, R. J., Shackel, K. a.,
… Matthews, M. A. (2011). Automated analysis of three‐dimensional
xylem networks using high‐resolution computed tomography. The
New Phytologist, 191(4), 1168–1179. https://doi.org/10.1111/j.1469‐
8137.2011.03754.x

Buckley, T. N. (2015). The contributions of apoplastic, symplastic and gas
phase pathways for water transport outside the bundle sheath in
leaves. Plant, Cell and Environment, 38(1), 7–22. https://doi.org/
10.1111/pce.12372

Buckley, T. N., John, G. P., Scoffoni, C., & Sack, L. (2015). How does leaf
anatomy influence water transport outside the xylem? Plant Physiology,
168(4), 1616–1635. https://doi.org/10.1104/pp.15.00731

Buckley, T. N., John, G. P., Scoffoni, C., & Sack, L. (2017). The sites of evap-
oration within leaves. Plant Physiology, 173(3), 1763–1782. https://doi.
org/10.1104/pp.16.01605

Bunster, L., Fokkema, N. J., & Schippers, B. (1989). Effect of surface‐active
Pseudomonas spp. on leaf wettability. Applied and Environmental Micro-
biology, 55(6), 1340–1345. Retrieved from http://www.pubmedcentral.
nih.gov/articlerender.fcgi?artid=202868&tool=
pmcentrez&rendertype=abstract

Burgess, S. S. O., & Dawson, T. E. (2004). The contribution of fog to the
water relations of Sequoia sempervirens (D. Don): Foliar uptake and pre-
vention of dehydration. Plant, Cell & Environment, 27(8), 1023–1034.
https://doi.org/10.1111/j.1365‐3040.2004.01207.x

Burkhardt, J. (2010). Hygroscopic particles on leaves: Nutrients or desic-
cants? Ecological Monographs, 80(3), 369–399.

Burkhardt, J., Basi, S., Pariyar, S., & Hunsche, M. (2012). Stomatal penetra-
tion by aqueous solutions—An update involving leaf surface particles.
New Phytologist, 196(3), 774–787. https://doi.org/10.1111/j.1469‐
8137.2012.04307.x

Byott, G. S., & Sheriff, D. W. (1976). Water movement into and through
Tradescantia virginiana (L.) leaves: II. Liquid flow pathways and evapora-
tive sites. Journal of Experimental Botany, 27(4), 634–637. https://doi.
org/10.1093/jxb/27.4.634

Canny, M. J. (1990). Tansley review no. 22 What becomes of the transpi-
ration stream? New Phytologist, 114(22), 341–368.

Cassana, F. F., Eller, C. B., Oliveira, R. S., & Dillenburg, L. R. (2015). Effects
of soil water availability on foliar water uptake of Araucaria angustifolia.
Plant and Soil, (September), 147–157. https://doi.org/10.1007/
s11104‐015‐2685‐0

Cavender‐Bares, J., Sack, L., & Savage, J. (2007). Atmospheric and soil
drought reduce nocturnal conductance in live oaks. Tree Physiology,
27(4), 611–620. https://doi.org/10.1093/treephys/27.4.611

Cernusak, L. A., Ubierna, N., Jenkins, M. W., Garrity, S. R., Rahn, T., Powers,
H. H., … Farquhar, G. D. (2018). Unsaturation of vapour pressure inside

leaves of two conifer species. Scientific Reports. 8, num. 7667. https://
doi.org/10.1038/s41598‐018‐25838‐2

Chamel, A., Pineri, M., & Escoubes, M. (1991). Quantitative determination
of water sorption by plant cuticles. Plant, Cell and Environment, 14,
87–95. https://doi.org/10.1111/j.1365‐3040.1991.tb01374.x

Chrispeels, M. J., & Agre, P. (1994). Aquaporins: Water channel proteins of
plant and animal cells. Trends in Biochemical Sciences, 19(10), 421–425.
https://doi.org/10.1016/0968‐0004(94)90091‐4

Crayn, D. M., Winter, K., & Smith, J. A. C. (2004). Multiple origins of
crassulacean acid metabolism and the epiphytic habit in the Neotropical
family Bromeliaceae. Proceedings of the National Academy of Sciences,
101(10), 3703–3708. https://doi.org/10.1073/pnas.0400366101

Darby, A., Draguljić, D., Glunk, A., & Gotsch, S. G. (2016). Habitat moisture
is an important driver of patterns of sap flow and water balance in
tropical montane cloud forest epiphytes. Oecologia, 182(2), 357–371.
https://doi.org/10.1007/s00442‐016‐3659‐5

Dawson, T. E., & Goldsmith, G. R. (2018). The value of wet leaves. New
Phytologist, https://doi.org/10.1111/nph.15307, 219, 1156–1169.

Dietz, J., Leuschner, C., Hölscher, D., & Kreilein, H. (2007). Vertical patterns
and duration of surface wetness in an old‐growth tropical montane for-
est, Indonesia. Flora: Morphology, Distribution, Functional Ecology of
Plants, 202(2), 111–117. https://doi.org/10.1016/j.flora.2006.03.004

Earles, J. M., Sperling, O., Silva, L. C. R., McElrone, A. J., Brodersen, C. R.,
North, M. P., & Zwieniecki, M. A. (2016). Bark water uptake promotes
localized hydraulic recovery in coastal redwood crown. Plant, Cell &
Environment, 39, 320–328.

Eichert, T., Kurtz, A., Steiner, U., & Goldbach, H. E. (2008). Size exclusion
limits and lateral heterogeneity of the stomatal foliar uptake pathway
for aqueous solutes and water‐suspended nanoparticles. Physiologia
Plantarum, 134(1), 151–160. https://doi.org/10.1111/j.1399‐
3054.2008.01135.x

Eller, C. B., Lima, A. L., & Oliveira, R. S. (2013). Foliar uptake of fog water
and transport belowground alleviates drought effects in the cloud for-
est tree species, Drimys brasiliensis (Winteraceae). New Phytologist,
199(1), 151–162. https://doi.org/10.1111/nph.12248

Eller, C. B., Lima, A. L., & Oliveira, R. S. (2016). Cloud forest trees with
higher foliar water uptake capacity and anisohydric behavior are more
vulnerable to drought and climate change. The New Phytologist, 211,
489–501.

Emery, N. C. (2016). Foliar uptake of fog in coastal California shrub species.
Oecologia, 182(3), 731–742. https://doi.org/10.1007/s00442‐016‐
3712‐4

Fernández, V., Bahamonde, H. A., Peguero‐Pina, J. J., Gil‐Pelegrín, E.,
Sancho‐Knapik, D., Gil, L., … Eichert, T. (2017). Physico‐chemical prop-
erties of plant cuticles and their functional and ecological significance.
Journal of Experimental Botany, 68(19), 5293–5306. https://doi.org/
10.1093/jxb/erx302

Fernández, V., Sancho‐Knapik, D., Guzmán, P., Peguero‐Pina, J. J., Gil, L.,
Karabourniotis, G., … Gil‐Pelegrín, E. (2014). Wettability, polarity, and
water absorption of holm oak leaves: Effect of leaf side and age. Plant
Physiology, 166(1), 168–180. https://doi.org/10.1104/pp.114.242040

Franke, W. (1967). Mechanisms of foliar penetration of solutions. Annual
Review of Plant Physiology, 18(1), 281–300. https://doi.org/10.1146/
annurev.pp.18.060167.001433

Goldsmith, G. R. (2013). Changing directions: The atmosphere–plant–soil
continuum. New Phytologist, 199(1), 4–6. https://doi.org/10.1111/
nph.12332

Goldsmith, G. R., Lehmann, M. M., Cernusak, L. A., Arend, M., & Siegwolf,
R. T. W. (2017). Inferring foliar water uptake using stable isotopes of
water. Oecologia, 184(4), 763–766. https://doi.org/10.1007/s00442‐
017‐3917‐1

Goldsmith, G. R., Matzke, N. J., & Dawson, T. E. (2013). The incidence and
implications of clouds for cloud forest plant water relations. Ecology
Letters, 16(3), 307–314. https://doi.org/10.1111/ele.12039

BERRY ET AL. 11

https://doi.org/10.1016/j.plaphy.2017.11.005
https://doi.org/10.1046/j.1365-3040.1997.d01-15.x
https://doi.org/10.1111/j.1365-3040.1991.tb00965.x
https://doi.org/10.1111/j.1469-8137.2011.03754.x
https://doi.org/10.1111/j.1469-8137.2011.03754.x
https://doi.org/10.1111/pce.12372
https://doi.org/10.1111/pce.12372
https://doi.org/10.1104/pp.15.00731
https://doi.org/10.1104/pp.16.01605
https://doi.org/10.1104/pp.16.01605
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=202868&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=202868&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=202868&tool=pmcentrez&rendertype=abstract
https://doi.org/10.1111/j.1365-3040.2004.01207.x
https://doi.org/10.1111/j.1469-8137.2012.04307.x
https://doi.org/10.1111/j.1469-8137.2012.04307.x
https://doi.org/10.1093/jxb/27.4.634
https://doi.org/10.1093/jxb/27.4.634
https://doi.org/10.1007/s11104-015-2685-0
https://doi.org/10.1007/s11104-015-2685-0
https://doi.org/10.1093/treephys/27.4.611
https://doi.org/10.1038/s41598-018-25838-2
https://doi.org/10.1038/s41598-018-25838-2
https://doi.org/10.1111/j.1365-3040.1991.tb01374.x
https://doi.org/10.1016/0968-0004(94)90091-4
https://doi.org/10.1073/pnas.0400366101
https://doi.org/10.1007/s00442-016-3659-5
https://doi.org/10.1111/nph.15307
https://doi.org/10.1016/j.flora.2006.03.004
https://doi.org/10.1111/j.1399-3054.2008.01135.x
https://doi.org/10.1111/j.1399-3054.2008.01135.x
https://doi.org/10.1111/nph.12248
https://doi.org/10.1007/s00442-016-3712-4
https://doi.org/10.1007/s00442-016-3712-4
https://doi.org/10.1093/jxb/erx302
https://doi.org/10.1093/jxb/erx302
https://doi.org/10.1104/pp.114.242040
https://doi.org/10.1146/annurev.pp.18.060167.001433
https://doi.org/10.1146/annurev.pp.18.060167.001433
https://doi.org/10.1111/nph.12332
https://doi.org/10.1111/nph.12332
https://doi.org/10.1007/s00442-017-3917-1
https://doi.org/10.1007/s00442-017-3917-1
https://doi.org/10.1111/ele.12039


Gotsch, S. G., Asbjornsen, H., Holwerda, F., Goldsmith, G. R., Weintraub, A.
E., & Dawson, T. E. (2014). Foggy days and dry nights determine
crown‐level water balance in a seasonal tropical montane cloud forest.
Plant, Cell & Environment, 37(1), 261–272. https://doi.org/10.1111/
pce.12151

Gotsch, S. G., Nadkarni, N., Darby, A., Glunk, A., Dix, M., Davidson, K., &
Dawson, T. E. (2015). Life in the treetops: Ecophysiological strategies
of canopy epiphytes in a tropical montane cloud forest. Ecological
Monographs, 85(3), 393–412. https://doi.org/10.1890/14‐1076.1

Gouvra, E., & Grammatikopoulos, G. (2003). Beneficial effects of direct
foliar water uptake on shoot water potential of five chasmophytes.
Canadian Journal of Botany, 81(12), 1278–1284. https://doi.org/
10.1139/b03‐108

Grammatikopoulos, G., & Manetas, Y. (1994). Direct absorption of water
by hairy leaves of Phlomis fruticosa and its contribution to drought
avoidance. Canadian Journal of Botany, 72, 1805–1811.

Guzmán‐Delgado, P., Earles, J. M., & Zwieniecki, M. A. (2018). Insight into
the physiological role of water absorption via the leaf surface from a
rehydration kinetics perspective. Plant, Cell & Environment https://doi.
org/10.1111/pce.13327, 41, 1886–1894.

Hales, S. (1727). Vegetable staticks. London, UK: Isaac Newton.

Hochberg, U., Albuquerque, C., Rachmilevitch, S., Cochard, H., David‐
Schwartz, R., Brodersen, C. R., … Windt, C. W. (2016). Grapevine peti-
oles are more sensitive to drought induced embolism than stems:
Evidence from in vivo MRI and microcomputed tomography observa-
tions of hydraulic vulnerability segmentation. Plant, Cell &
Environment, 39(9), 1886–1894. https://doi.org/10.1111/pce.12688

Holbrook, N. M. (2001). In vivo observation of cavitation and embolism
repair using magnetic resonance imaging. Plant Physiology, 126(1),
27–31. https://doi.org/10.1104/pp.126.1.27

Jordan, G. J., & Brodribb, T. J. (2007). Incontinence in aging leaves: Deteri-
orating water relations with leaf age in Agastachys odorata
(Proteaceae), a shrub with very long‐lived leaves. Functional Plant Biol-
ogy, 34(10), 918–924. https://doi.org/10.1071/FP07166

Kamp, H. (1930). Untersuchungen uber Kutikularbau und kutikulare
Transpitation von Blattern. Jb. Wiss. Bot., 72, 403–465.

Katz, C., Oren, R., Schulze, E., & Milburn, J. (1989). Uptake of water and
solutes through twigs of Picea abies (L.) Karst. Trees, 3, 33–37.

Kerstiens, G. (1996). Cuticular water permeability and its physiological sig-
nificance. Journal of Experimental Botany, 47(305), 1813–1832.

Kerstiens, G., & Lendzian, K. J. (1989). Interactions between ozone and
plant cuticles: I. Ozone deposition and permeability. New Phytologist,
112(1), 13–19. https://doi.org/10.1111/j.1469‐8137.1989.tb00303.x

Knoll, D., & Schreiber, L. (1998). Influence of epiphytic micro‐organisms on
leaf wettability: Wetting of the upper leaf surface of Juglans regia and
of model surfaces in relation to colonization by organisms. New
Phytologist, 140(2), 271–282. https://doi.org/10.1046/j.1469‐
8137.1998.00269.x

Koch, K., Bhushan, B., Jung, Y. C., & Barthlott, W. (2009). Fabrication of
artificial lotus leaves and significance of hierarchical structure for
superhydrophobicity and low adhesion. Soft Matter, 5(7), 1386.
https://doi.org/10.1039/b818940d

Konrad, W., Burkhardt, J., Ebner, M., & Roth‐Nebelsick, A. (2014). Leaf
pubescence as a possibility to increase water use efficiency by promot-
ing condensation. Ecohydrology, 8(3), 480–492. https://doi.org/
10.1002/eco.1518

Lange, O. L., Kilian, E., & Ziegler, H. (1986). Water vapor uptake and pho-
tosynthesis of lichens: Performance differences in species with green
and blue‐green algae as phycobionts. Oecologia, 71(1), 104–110.

Larcher, W. (2003). Physiological plant ecology.

Laur, J., & Hacke, U. G. (2014a). The role of water channel proteins in facil-
itating recovery of leaf hydraulic conductance from water stress in
Populus trichocarpa. PLoS One, 9(11), e111751. https://doi.org/
10.1371/journal.pone.0111751

Laur, J., & Hacke, U. G. (2014b). Exploring Picea glauca aquaporins in the
context of needle water uptake and xylem refilling. New Phytologist,
203(2), 388–400. https://doi.org/10.1111/nph.12806

Lee, E. F., Matthews, M. A., McElrone, A. J., Phillips, R. J., Shackel, K. A., &
Brodersen, C. R. (2013). Analysis of HRCT‐derived xylem network
reveals reverse flow in some vessels. Journal of Theoretical Biology,
333, 146–155. https://doi.org/10.1016/j.jtbi.2013.05.021

Lehmann, M. M., Goldsmith, G. R., Schmid, L., Gessler, A., Saurer, M., &
Siegwolf, R. T. W. (2018). The effect of 18 O‐labelled water vapour
on the oxygen isotope ratio of water and assimilates in plants at high
humidity. The New Phytologist https://doi.org/10.1111/nph.14788,
217, 105–116.

Li, S., Xiao, H. L., Zhao, L., Zhou, M. X., & Wang, F. (2014). Foliar water
uptake of Tamarix ramosissima from an atmosphere of high humidity.
Scientific World Journal, 2014. https://doi.org/10.1155/2014/529308,
1–10.

Limm, E. B., & Dawson, T. E. (2010). Polystichum munitum
(Dryopteridaceae) varies geographically in its capacity to absorb fog
water by foliar uptake within the redwood forest ecosystem. American
Journal of Botany, 97(7), 1121–1128. https://doi.org/10.3732/
ajb.1000081

Limm, E. B., Simonin, K. A., Bothman, A. G., & Dawson, T. E. (2009). Foliar
water uptake: A common water acquisition strategy for plants of the
redwood forest. Oecologia, 161(3), 449–459. https://doi.org/
10.1007/s00442‐009‐1400‐3

Lindow, S. E., & Brandl, M. T. (2003). Microbiology of the phyllosphere.
Applied and Environmental Microbiology, 69(4), 1875–1883. https://
doi.org/10.1128/AEM.69.4.1875

Martin, C. E., & Von Willert, D. J. (2000). Leaf epidermal hydathodes and
the ecophysiological consequences of foliar water uptake in species
of Crassula from the Namib Desert in southern Africa. Plant Biology,
2(2), 229–242. https://doi.org/10.1055/s‐2000‐9163

Mayr, S., Schmid, P., Laur, J., Rosner, S., Charra‐Vaskou, K., Damon, B., &
Hacke, U. G. (2014). Uptake of water via branches helps timberline
conifers refill embolized xylem in late winter. Plant Physiology, 164(4),
1731–1740. https://doi.org/10.1104/pp.114.236646

McCulloh, K. A., Johnson, D. M., Meinzer, F. C., & Woodruff, D. R. (2014).
The dynamic pipeline: Hydraulic capacitance and xylem hydraulic
safety in four tall conifer species. Plant, Cell & Environment, 37,
1171–1183.

Mclaughlin, S. B., & Taylor, G. E. (1981). Relative humidity: Important mod-
ifier of pollutant uptake by plants. Science, 211(4478), 167–169.

Meinzer, F. C., Domec, J. C., Johnson, D. M., McCulloh, K. A., & Woodruff,
D. R. (2013). The dynamic pipeline: Homeostatic mechanisms that
maintain the integrity of xylem water transport from roots to leaves.
Acta Horticulturae, (991), 125–132.

Merilo, E., Jõesaar, I., Brosché, M., & Kollist, H. (2014). To open or to close:
Species‐specific stomatal responses to simultaneously applied oppos-
ing environmental factors. New Phytologist, 202(2), 499–508. https://
doi.org/10.1111/nph.12667

Mooney, H. A., Gulmon, S. L., Ehleringer, J., & Rundel, P. W. (1980). Atmo-
spheric water uptake by an Atacama Desert shrub. Science, 209(4457),
693–694.

Morgan, J. M. (1984). Osmoregulation and water stress in higher plants.
Annual Review of Plant Physiology, 35, 299–319.

Munné‐Bosch, S., & Alegre, L. (1999). Role of dew on the recovery of water‐
stressedMelissa officinalis L. plants. Journal of Plant Physiology, 154(5–6),
759–766. https://doi.org/10.1016/S0176‐1617(99)80255‐7

Munné‐Bosch, S., Nogues, S., & Alegre, L. (1999). Diurnal variations of pho-
tosynthesis and dew absorption by leaves in two evergreen shrubs
growing in Mediterranean field conditions. New Phytologist, 144,
109–119.

Nadezhdina, N., David, T. S., David, J. S., Ferreira, M. I., Dohnal,M., Tesaˇ, M.,
…Nadezhdin, V. (2010). Trees never rest: The multiple facets of hydrau-
lic redistribution. 444(July), 431–444. https://doi.org/10.1002/eco

12 BERRY ET AL.

https://doi.org/10.1111/pce.12151
https://doi.org/10.1111/pce.12151
https://doi.org/10.1890/14-1076.1
https://doi.org/10.1139/b03-108
https://doi.org/10.1139/b03-108
https://doi.org/10.1111/pce.13327
https://doi.org/10.1111/pce.13327
https://doi.org/10.1111/pce.12688
https://doi.org/10.1104/pp.126.1.27
https://doi.org/10.1071/FP07166
https://doi.org/10.1111/j.1469-8137.1989.tb00303.x
https://doi.org/10.1046/j.1469-8137.1998.00269.x
https://doi.org/10.1046/j.1469-8137.1998.00269.x
https://doi.org/10.1039/b818940d
https://doi.org/10.1002/eco.1518
https://doi.org/10.1002/eco.1518
https://doi.org/10.1371/journal.pone.0111751
https://doi.org/10.1371/journal.pone.0111751
https://doi.org/10.1111/nph.12806
https://doi.org/10.1016/j.jtbi.2013.05.021
https://doi.org/10.1111/nph.14788
https://doi.org/10.1155/2014/529308
https://doi.org/10.3732/ajb.1000081
https://doi.org/10.3732/ajb.1000081
https://doi.org/10.1007/s00442-009-1400-3
https://doi.org/10.1007/s00442-009-1400-3
https://doi.org/10.1128/AEM.69.4.1875
https://doi.org/10.1128/AEM.69.4.1875
https://doi.org/10.1055/s-2000-9163
https://doi.org/10.1104/pp.114.236646
https://doi.org/10.1111/nph.12667
https://doi.org/10.1111/nph.12667
https://doi.org/10.1016/S0176-1617(99)80255-7
https://doi.org/10.1002/eco


Nguyen, H. T., Meir, P., Wolfe, J., Mencuccini, M., & Ball, M. C. (2017).
Plumbing the depths: Extracellular water storage in specialized leaf
structures and its functional expression in a three‐domain pressure–
volume relationship. Plant, Cell & Environment, 40(7), 1021–1038.
https://doi.org/10.1111/pce.12788

Nobel, P. S. (2005). Physiochemical and environmental plant physiology
Academic Press.

Norby, R. J., & Kozlowski, T. T. (1982). The role of stomata in sensitivity of
Betula papyrifera seedlings to SO at different humidities. Oecologia,
53(1), 34–39.

North, G. B., & Peterson, C. A. (2005). Water flow in roots: Structural and
regulatory features. In Vascular transport in plants (pp. 131–156).

Ohrui, T., Nobira, H., Sakata, Y., Taji, T., Yamamoto, C., Nishida, K., …
Tanaka, S. (2007). Foliar trichome‐ and aquaporin‐aided water uptake
in a drought‐resistant epiphyte Tillandsia ionantha Planchon. Planta,
227(1), 47–56. https://doi.org/10.1007/s00425‐007‐0593‐0

Ohtsuka, A., Sack, L., & Taneda, H. (2018). Bundle sheath lignification
mediates the linkage of leaf hydraulics and venation. Plant, Cell & Envi-
ronment, 41(2), 342–353. https://doi.org/10.1111/pce.13087

Oliveira, R. S., Eller, C. B., Bittencourt, P. R. L., & Mulligan, M. (2014). The
hydroclimatic and ecophysiological basis of cloud forest distributions
under current and projected climates. Annals of Botany, 113(6),
909–920. https://doi.org/10.1093/aob/mcu060

Pariyar, S., Chang, S. C., Zinsmeister, D., Zhou, H., Grantz, D. A., Hunsche,
M., & Burkhardt, J. (2017). Xeromorphic traits help to maintain photo-
synthesis in the perhumid climate of a Taiwanese cloud forest.
Oecologia, 184(3), 609–621. https://doi.org/10.1007/s00442‐017‐
3894‐4

Philip, J. R. (1966). Plant water relations: Some physical aspects. Annual
Review of Plant Physiology, 17(1), 245–268. https://doi.org/10.1146/
annurev.pp.17.060166.001333

Pierce, S., Maxwell, K., Griffiths, H., & Winter, K. (2001). Hydrophobic tri-
chome layers and epicuticular wax powders in Bromeliaceae.
American Journal of Botany, 88(8), 1371–1389. https://doi.org/
10.2307/3558444

Riederer, M., & Schreiber, L. (2001). Protecting against water loss: Analysis
of the barrier properties of plant cuticles. Journal of Experimental Bot-
any, 52(363), 2023–2032. https://doi.org/10.1093/jexbot/
52.363.2023

Rockwell, F. E., Holbrook, N. M., & Stroock, A. D. (2014). The competition
between liquid and vapor transport in transpiring leaves. Plant Physiol-
ogy, 164(4), 1741–1758. https://doi.org/10.1104/pp.114.236323

Rosado, B. H. P., & Holder, C. D. (2013). The significance of leaf water
repellency in ecohydrological research: A review. Ecohydrology, 6(1),
150–161. https://doi.org/10.1002/eco.1340

Rundel, P. W. (1982). Water uptake by organs other than roots. In Encyclo-
pedia of plant physiology Vol. 12B (pp. 111–134). Berlin: Springer‐
Verlag.

Scherm, H., & van Bruggen, A. H. C. (1993). Sensitivity of simulated dew
duration to meteorological variations in different climatic regions of
California. Agricultural and Forest Meteorology, 66, 229–245.

Schill, R., & Barthlott, W. (1973). Kakteendornen als wasserabsorbierende
Organe. Naturwissenschaften, 60, 202–203.

Schmitt, A. K., Martin, C. E., & Lüttge, U. E. (1988). Gas exchange and water
vapor uptake in the atmospheric CAM bromeliad Tillandsia recurvata L.:
The influence of trichomes. Botanica Acta: Journal of the German Botan-
ical Society, 102(1), 80–84. https://doi.org/10.1111/j.1438‐
8677.1989.tb00070.x

Schönherr, J., & Bukovac, M. J. (1972). Penetration of stomata by liquids.
Plant Physiology, 49(5), 813–819.

Schonherr, J., & Merida, T. (1981). Water permeability of plant cuticular
membranes: The effects of humidity and temperature on the permeabil-
ity of non‐isolated cuticles of onion bulb scales. Plant, Cell & Environment,
4(5), 349–354. https://doi.org/10.1111/j.1365‐3040.1981.tb02111.x

Schonherr, J., & Riederer, M. (1989). Foliar penetration and accumulation
of organic chemicals in plant cuticles. Reviews of Environmental Contam-
ination and Toxicology, 1–70.

Schreiber, L. (1996). Wetting of the upper needle surface of Abies grandis:
Influence of pH, wax chemistry and epiphyllic microflora on contact
angles. Plant, Cell and Environment, 19(4), 455–463. https://doi.org/
10.1111/j.1365‐3040.1996.tb00337.x

Schreiber, L., Krimm, U., Knoll, D., Sayed, M., Auling, G., & Kroppenstedt,
R. M. (2005). Plant‐microbe interactions: Identification of epiphytic
bacteria and their ability to alter leaf surface permeability. New
Phytologist, 166(2), 589–594. https://doi.org/10.1111/j.1469‐
8137.2005.01343.x

Schreiber, L., & Riederer, M. (1996). Ecophysiology of cuticular transpira-
tion: Comparative investigation of cuticular water permeability of
plant species from different habitats. Oecologia, 107(4), 426–432.

Schreiber, L., Skrabs, M., Hartmann, K. D., Diamantopoulos, P., Simanova,
E., & Santrucek, J. (2001). Effect of humidity on cuticular water perme-
ability of isolated cuticular membranes and leaf disks. Planta, 214(2),
274–282. https://doi.org/10.1007/s004250100615

Simonin, K. A., Santiago, L. S., & Dawson, T. E. (2009). Fog interception by
Sequoia sempervirens (D. Don) crowns decouples physiology from soil
water deficit. Plant, Cell and Environment, 32(7), 882–892. https://doi.
org/10.1111/j.1365‐3040.2009.01967.x

Slatyer, R. O. (1960). Absorption of water by plants. Botanical Review, 26(3),
331–392.

Smith, W. K., & McClean, T. M. (1989). Adaptive relationship between leaf
water repellency, stomatal distribution, and gas exchange. American
Journal of Botany, 76(3), 465–469.

Stanton, D. E., Armesto, J. J., & Hedin, L. O. (2014). Ecosystem properties
self‐organize in response to a directional fog—Vegetation interaction.
Ecology, 95(5), 1203–1212.

Steppe, K., Vandegehuchte, M. W., Van de Wal, B. A. E., Hoste, P., Guyot,
A., Lovelock, C. E., & Lockington, D. A. (2018). Direct uptake of canopy
rainwater causes turgor‐driven growth spurts in the mangrove
Avicennia marina. Tree Physiology, (April), 1–13. https://doi.org/
10.1093/treephys/tpy024

Taylor, P. (2011). The wetting of leaf surfaces. Current Opinion in Colloid
and Interface Science, 16(4), 326–334. https://doi.org/10.1016/j.
cocis.2010.12.003

Tyree, M. T., Salleo, S., Nardini, A., Assunta Lo Gullo, M., & Mosca, R.
(1999). Refilling of embolized vessels in young stems of laurel. Do we
need a new paradigm? Plant Physiology, 120(1), 11–22. https://doi.
org/10.1104/pp.120.1.11

Vaadia, Y., & Waisel, Y. (1963). Water absorption by the aerial organs of
plants. Physiologia Plantarum, 16(1), 44–51. https://doi.org/10.1111/
j.1399‐3054.1963.tb08287.x

Vacher, C., Hampe, A., Porté, A. J., Sauer, U., Compant, S., & Morris, C. E.
(2016). The phyllosphere: Microbial jungle at the plant–climate inter-
face. Annual Review of Ecology, Evolution, and Systematics, 47(1), 1–24.
https://doi.org/10.1146/annurev‐ecolsys‐121415‐032238

van Gardingen, P. R., Grace, J., & Jeffree, C. E. (1991). Abrasive damage by
wind to the needle surfaces of Picea sitchensis (Bong) Carr and Pinus
sylvestris L. Plant, Cell & Environment, 14, 185–193. https://doi.org/
10.1111/j.1365‐3040.1991.tb01335.x

Vesala, T., Sevanto, S., Grönholm, T., Salmon, Y., Nikinmaa, E., Hari, P., &
Hölttä, T. (2017). Effect of leaf water potential on internal humidity
and CO2 dissolution: reverse transpiration and improved water use
efficiency under negative pressure. Frontiers in Plant Science, 8(Febru-
ary), 1–10. https://doi.org/10.3389/fpls.2017.00054

Virzo De Santo, A., Alfani, A., & De Luca, P. (1976). Water vapour uptake
from the atmosphere by some Tillandsia species. Annals of Botany,
40(March 2016), 391–394. https://doi.org/10.1093/oxfordjournals.
aob.a085144

Wagner, P., Fürstner, R., Barthlott, W., & Neinhuis, C. (2003). Quantitative
assessment to the structural basis of water repellency in natural and

BERRY ET AL. 13

https://doi.org/10.1111/pce.12788
https://doi.org/10.1007/s00425-007-0593-0
https://doi.org/10.1111/pce.13087
https://doi.org/10.1093/aob/mcu060
https://doi.org/10.1007/s00442-017-3894-4
https://doi.org/10.1007/s00442-017-3894-4
https://doi.org/10.1146/annurev.pp.17.060166.001333
https://doi.org/10.1146/annurev.pp.17.060166.001333
https://doi.org/10.2307/3558444
https://doi.org/10.2307/3558444
https://doi.org/10.1093/jexbot/52.363.2023
https://doi.org/10.1093/jexbot/52.363.2023
https://doi.org/10.1104/pp.114.236323
https://doi.org/10.1002/eco.1340
https://doi.org/10.1111/j.1438-8677.1989.tb00070.x
https://doi.org/10.1111/j.1438-8677.1989.tb00070.x
https://doi.org/10.1111/j.1365-3040.1981.tb02111.x
https://doi.org/10.1111/j.1365-3040.1996.tb00337.x
https://doi.org/10.1111/j.1365-3040.1996.tb00337.x
https://doi.org/10.1111/j.1469-8137.2005.01343.x
https://doi.org/10.1111/j.1469-8137.2005.01343.x
https://doi.org/10.1007/s004250100615
https://doi.org/10.1111/j.1365-3040.2009.01967.x
https://doi.org/10.1111/j.1365-3040.2009.01967.x
https://doi.org/10.1093/treephys/tpy024
https://doi.org/10.1093/treephys/tpy024
https://doi.org/10.1016/j.cocis.2010.12.003
https://doi.org/10.1016/j.cocis.2010.12.003
https://doi.org/10.1104/pp.120.1.11
https://doi.org/10.1104/pp.120.1.11
https://doi.org/10.1111/j.1399-3054.1963.tb08287.x
https://doi.org/10.1111/j.1399-3054.1963.tb08287.x
https://doi.org/10.1146/annurev-ecolsys-121415-032238
https://doi.org/10.1111/j.1365-3040.1991.tb01335.x
https://doi.org/10.1111/j.1365-3040.1991.tb01335.x
https://doi.org/10.3389/fpls.2017.00054
https://doi.org/10.1093/oxfordjournals.aob.a085144
https://doi.org/10.1093/oxfordjournals.aob.a085144


technical surfaces. Journal of Experimental Botany, 54(385),
1295–1303. https://doi.org/10.1093/jxb/erg127

Wang, X., Xiao, H., Cheng, Y., & Ren, J. (2016). Leaf epidermal water‐
absorbing scales and their absorption of unsaturated atmospheric
water in Reaumuria soongorica, a desert plant from the northwest arid
region of China. Journal of Arid Environments, 128, 17–29. https://doi.
org/10.1016/j.jaridenv.2016.01.005

Whittaker, R. H. (1962). Classification of natural communities. The Botani-
cal Review, 28(1), 1239. https://doi.org/10.1007/bf02860872

Williams, H. F. (1942). Absorption of water by the leaves of common
mesophytes. Journal of the Mitchell Society.

Yates, D. J., & Hutley, L. B. (1995). Foliar uptake of water by wet leaves of
Sloanea woollsii, an Australian subtropical rainforest tree. Australian
Journal of Botany, 43(2), 157–167. https://doi.org/10.1071/
BT9950157

Zeppel, M. J. B., Lewis, J. D., Phillips, N. G., & Tissue, D. T. (2014). Conse-
quences of nocturnal water loss: a synthesis of regulating factors and
implications for capacitance, embolism and use in models. Tree Physiol-
ogy, 34(10), 1047–1055.

Zhou, S., Duursma, R. A., Medlyn, B. E., Kelly, J. W. G., & Prentice, I. C.
(2013). How should we model plant responses to drought? An analysis

of stomatal and non‐stomatal responses to water stress. Agricultural
and Forest Meteorology, 182‐183, 204–214.

Zwieniecki, M. A., Melcher, P. J., & Ahrens, E. T. (2013). Analysis of spatial
and temporal dynamics of xylem refilling in Acer rubrum L. using mag-
netic resonance imaging. Frontiers in Plant Science, 4(July), 1–8.
https://doi.org/10.3389/fpls.2013.00265

SUPPORTING INFORMATION

Additional supporting information may be found online in the

Supporting Information section at the end of the article.

How to cite this article: Berry ZC, Emery NC, Gotsch SG,

Goldsmith GR. Foliar water uptake: Processes, pathways, and

integration into plant water budgets. Plant Cell Environ.

2018;1–14. https://doi.org/10.1111/pce.13439

14 BERRY ET AL.

https://doi.org/10.1093/jxb/erg127
https://doi.org/10.1016/j.jaridenv.2016.01.005
https://doi.org/10.1016/j.jaridenv.2016.01.005
https://doi.org/10.1007/bf02860872
https://doi.org/10.1071/BT9950157
https://doi.org/10.1071/BT9950157
https://doi.org/10.3389/fpls.2013.00265
https://doi.org/10.1111/pce.13439

