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Abstract

Replacing ultra-pure water solution with ion solution closer to the composition of natural xylem sap

increases stem hydraulic conductance by up to 58%, likely due to changes in electroviscosity in the

pit membrane pores. This effect has been proposed to contribute to the control of plant hydraulic

and stomatal  conductance  and potentially  to  influence  on carbon balance  during  dehydration.

However,  this  effect  has  never  been  directly  tested  for  leaf  xylem,  which  constitutes  a  major

bottleneck in the whole plant. We tested for an ion-mediated increase in the hydraulic conductance

of the leaf xylem (Kx) for seven species diverse in phylogeny and drought tolerance. Across species,

no significant changes in  Kx  were observed between 0 and 15 mM KCl. We further tested for an

effect of ion solution during measurements of Kx vulnerability to dehydration in Quercus agrifolia

and found no significant impact. These results for leaf xylem contrast with the often strong ion

effect reported for stems, and we suggest several hypotheses to account for the difference, relating

to the structure of xylem conduits across vein orders, and the ultrastructure of leaf xylem pores.  A
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negligible ion response in leaves would weaken xylem sap ion-mediated control of plant hydraulic

conductance,  facilitating  modeling  of  whole  plant  hydraulic  behavior  and  its  influence  on

productivity.

Introduction

In  the  last  fifty  years,  lab  techniques  to  measure  hydraulic  conductance  of  plant  organs  have

revolutionized the understanding of water relations and allied fields (Sack et al., 2016). These hydraulics

measurements have enabled a new understanding of the physics of water movement through trees (Tyree

and Zimmermann, 2002), and provided key measures of vulnerability to drought (Choat et al., 2012).

Several discoveries revealed that the hydraulic system was surprisingly dynamic. For example, changes in

hydraulic conductance due to external stimuli such as light and temperature and internal effects such as

sap ion concentration highlighted the possibility of rapid xylem responses that would importantly impact

on the whole plant (e.g., Tyree and Zimmermann, 2002; Sack and Tyree, 2005; Nardini et al., 2011). The

ion-mediated response, discovered in stems (Zimmermann, 1978; van Ieperen et al., 2000; Zwieniecki et

al.,  2001) held particular promise as an important modulator of plant hydraulic conductance over the

course  of  a day,  and for  maintaining photosynthesis during drought  (Nardini  et  al.,  2011).  If  such a

response were to influence the whole plant hydraulic system, it would need to be considered in models of

plant water transport and its influence on productivity. 

Yet, as the importance of hydraulics measurements became clearer, so did the realization that lab

experiments on such a complex system can be prone to artefacts (Rockwell et al., 2014). As such, the

field of hydraulics has grown extremely rigorous and attentive to possible measurement artefacts, and

techniques are constantly improving. Some artefacts found for stems do not apply to leaves. For example,

methods for measuring stem hydraulic conductance of long vesseled-species such as oak or lianas are

prone to open vessel artefacts (Cochard et al., 2013), but hydraulics measurements on leaves consider

flow through the entire organ and are not subject to open vessel artefacts.  Further,  for stems,  cutting

segments under water without first  releasing tension can induce artefactual embolism (Wheeler et al.,
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2013), though such a cutting artefact was not found in leaves (Scoffoni and Sack, 2015). However, the

measurement artifacts caused by the use of pure water instead of natural sap (which is enriched in ions)

seen in  stems might  also hold for  leaves,  though this  has  never  been rigorously tested.  While  early

measurements of stem hydraulic conductance often utilized pure water, it is now common practice to use

KCl solutions when measuring stem hydraulic conductance, given that the ionic composition of the stem

xylem sap can enhance stem hydraulic conductance in some species (Zwieniecki et al., 2001;  Jansen et

al., 2011), possibly through changes in electroviscosity within the pit pores of xylem conduits (Jansen et

al., 2011;  Santiago et al., 2013). Only two angiosperm species to our knowledge have been tested and

these showed no ion effect on whole leaf hydraulic conductance (Kleaf) (Sack et al., 2004). However, no

studies to our knowledge have directly tested for such effect on the leaf xylem hydraulic conductance

(Kx). This process could impact Kleaf, and thereby the whole plant, depending on both the partitioning of

resistances inside and outside the xylem, which can be highly variable across species (Sack and Holbrook,

2006; Scoffoni et al., 2016), and the magnitude of the potential ion-mediated enhancement of Kx. 

 

The  aim of  our  study was to  test  for  an  ion-mediated  enhancement  of  leaf  xylem hydraulic

conductance (Kx) across seven diverse angiosperm species in phylogeny.  For one species,  we further

tested whether using an ion solution instead of pure water would influence the measurement of  Kx in

dehydrated leaves. An effect of ion concentration on the hydraulic conductance through the leaf xylem

across diverse species would have consequences for (1) our ability to generalize from methodologies

applied thus  far  for  measuring  Kx and  Kleaf,  and (2)  the  modeling of  leaf  and whole  plant  hydraulic

conductance, given that a dynamic response in leaf xylem could impact whole plant hydraulic behavior.

Material and Methods

Species and sampling approach

Experiments focused on seven species growing in and around the campus of the University of California,

Los Angeles and Will Rogers State Park: Cercocarpus betuloides, Comarostaphylis diversifolia, Lantana
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camara,  Magnolia  grandiflora,  Malosma  laurina,  Platanus  racemosa and  Quercus  agrifolia.  These

species were selected for diversity in phylogeny and drought tolerance (Table 1). Sun exposed shoots

were sampled January to November of 2014 and placed in plastic bags filled with wet paper towels.

Shoots were immediately brought back to the lab, and two nodes were cut off each shoot under water.

Then, shoots were left to rehydrate at least 12h overnight in deionized water and covered with dark plastic

bags filled with wet paper towels.

Testing the ion effect on maximum leaf xylem hydraulic conductance

We tested for an ion enhancement of leaf xylem hydraulic conductance by measuring Kx using the vacuum

pump method, as described in previous studies (Scoffoni and Sack, 2015; Scoffoni et al., 2017b) in which

the flow rate of water through the petiole and vein xylem is measured at different vacuum levels, and Kx

is calculated as the slope of flow rate against vacuum level (Figure 1).
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Figure 1. Using the vacuum pump method to measure leaf xylem hydraulic conductance (Kx). Shoots 
were dehydrated to given water potentials, then one leaf (still attached to the shoot) was placed under the 
perfusing solution (0 or 15 mM KCl) and over a light bench, and minor veins were severed between 
approximately 95% of tertiary veins throughout the leaf using a scalpel (only a tiny fraction of the actual 
cuts made are depicted in the image). The leaf was then cut off the shoot under water and rapidly 
connected by tubing to a water source on a balance. The leaf was then placed in a vacuum chamber. The 
flow rate of water movement through the petiole and leaf xylem was measured at five different vacuum 
levels. Kx was calculated as the slope of flow rate over vacuum pressures, and further normalized by leaf 
temperature and leaf area. 

In the vacuum, leaves were either perfused with ultra-pure water (henceforward, “pure water”; 0.22um

Thornton 200 CR; Millipore) or a 15 mM KCl solution. This concentration was chosen because the ion

enhancement  effect  for  stem xylem saturates  at  this  concentration across  species  and is  close  to  the

maximum observed in measurements of natural xylem sap (Zwieniecki et al., 2001; Trifilo et al., 2008;

Nardini  et  al.,  2010).  Both  solutions  were  degassed  overnight  using  a  vacuum pump (Gast,  Benton

Harbor, MI, USA). Shoots of at least three leaves that had been rehydrated overnight were allowed to

equilibrate in bags that had been humidified by exhaling into them to halt transpiration. The top and

bottom leaves were excised and their water potentials were measured to indicate initial leaf water status.

The middle leaf was measured for Kx; this leaf was placed in either pure water or the 15 mM KCl solution

over a white-light transilluminator table and minor veins were severed between approximately 95% of

tertiary veins throughout the leaf using a scalpel (Figure 1).  These numbers of cuts far exceeded the

amount  shown  by  previous  studies  to  short-circuit  the  outside-xylem  pathways  such  that  severing

additional minor veins did not further increase the flow rate through the leaf during measurement (Sack et

al., 2004; Nardini and Salleo, 2005; Nardini et al., 2005; Sack et al., 2005). Thus, only the conductance

through the petiole and vein xylem is measured. This method has been used by multiple groups (Cochard

et al., 2004;  Gasco et al., 2004;  Sack et al., 2004;  Sack et al., 2005;  Nardini et al., 2008;  Scoffoni and

Sack, 2015; Trifilo et al., 2016), and validated against the pressure probe method (Cochard et al., 2004). 

Once cuts were made, the leaf was connected by tubing to the perfusing solution (either pure

water or the 15 mM KCl solution) on a balance. The leaf was placed in a vacuum chamber, and five levels
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of partial vacuum (i.e., subatmospheric pressures) were applied (0.02, 0.03, 0.04, 0.05, and 0.06 MPa) and

steady-state flows were obtained. Leaf temperature and area were recorded at the end of the measurement.

We then calculated Kx as the slope of flow rates against vacuum pressures, and further normalized by leaf

area and temperature (corrected to 25°C to adjust for the effect of temperature on the viscosity of water;

Weast, 1974 ; Yang and Tyree, 1993; Sack et al., 2002).

  

Testing the ion effect on dehydrated leaves

We tested  whether  an  ion  enhancement  of  Kx could  be  observed  at  increasing  tensions  in  Quercus

agrifolia. For this species, we measured Kx under either pure water or 15 mM KCl as described above for

6  fully rehydrated  leaves,  6  leaves  dehydrated  to  approximately the  turgor  loss  point,  and  6  leaves

dehydrated past the point of 80% percent loss of initial Kx. Further points were obtained using pure-water

to construct the complete leaf xylem hydraulic vulnerability curve (which was previously published in

Scoffoni and Sack, 2015).  Our aim was not to test whether ion concentration in the xylem sap could

impact air-seeding thresholds, as shoots were dehydrated containing their native sap. Rather, the aim of

this experiment was to test for a potential methodological artefact in measurements of  Kx vulnerability

(i.e., response to dehydration) using pure water, as has been typically used in published studies.      

Light microscopy sections of the leaf midrib

We obtained sections of leaf midribs for all seven species from previous studies of the same individuals

and species (John et al., 2013; Scoffoni et al., 2017b). Briefly, sections of the middle of the midrib were

embedded in resin, and transverse cross-sections 1  μm thick were obtained with a microtome, stained

with Toluidine Blue O and imaged under light microscopy.

Statistics

To test for an ion-mediated effect on Kx and leaf water potential we performed a repeated-measures 

ANOVA across all seven species (R version 3.1.0). Two sample t-tests were performed to test for 
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significance differences of the treatment within species. To test for ion-mediated effect on Kx vulnerability

in Quercus agrifolia, we performed two sample t-tests for each of the three water potential intervals 

(Minitab 16). 

Results

No significant ion-mediated enhancement of maximum leaf xylem hydraulic conductance (Kx) was found

across the seven diverse species tested (Figure 2; repeated measures ANOVA p = 0.08). Because the

overall  effect  was  only marginally  non-significant,  we  performed  two  sample  t-tests  comparing  the

treatment solutions for each species. Quercus agrifolia showed a 28% increase in Kx when perfused with

15 mmol KCl solution relative to pure water, increasing from 28.4 to 35.7 mmol m -2 s-1 MPa-1 (p = 0.008)
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whereas  the  other  six  species  showed  no  effect  (p-values  ranged  0.08-0.96).
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Figure 2. Testing for an ion-mediated enhancement of maximum leaf xylem hydraulic conductance across
seven species diverse in phylogeny and drought tolerance. Samples measured under ultra-pure water are 
shown in black, while samples measured under 15 mM KCL solution are shown in white. Averages ± 
standard errors are shown for Kx. The p-value from repeated measures ANOVA is shown in the top right 
corner.
We note that this enhancement was not caused as a result of differences in leaf water potential between

treatments;  water  potentials  differed  between  treatments  across  species  overall  (repeated  measures

ANOVA, p < 0.001) due to significant differences observed in Magnolia grandiflora. For that species, Kx

measurements happened to be made under significantly more negative water potentials in pure water than

the ion treatment (Table 1). The range of water potentials however did not cause  Kx to decline; indeed, a

vulnerability curve was constructed for the same individuals of  M. grandiflora which showed that no

decline in Kx occurred until -2MPa (Scoffoni et al., 2017a). Therefore, even though the range of leaf water

potentials  for  Kx perfused under ultra-pure water was slightly more negative than that  for the leaves
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perfused with high ion concentration solution,  Kx would not have been affected by the slightly lower

water potential. Further, no differences in water potential were found for 6/7 species (two sample t-tests:

p= 0.59-0.84). 

Table 1. Species, family, drought tolerance traits and average ± standard error for leaf water potential of 
the two treatments. 

†Data from Scoffoni et al., 2014; Scoffoni et al., 2017a
We tested whether perfusing dehydrated leaves with an ion solution instead of pure water had an impact

on Kx (and thus potentially Kleaf) in  Quercus agrifolia. We found no significant changes in  Kx of leaves

dehydrated to water potentials close to the turgor loss point of this species (-3.0 MPa;  Scoffoni et al.,

2012) nor to water potentials at which Kx has declined to around 80% (two sample t-test,  p = 0.98 and

0.40 respectively; Figure 3). 

Figure 3. Testing for an ion effect on the vulnerability of leaf xylem hydraulic conductance in Quercus 
agrifolia. White triangles are samples measured under 15 mM KCL while black circles are samples 
measured under ultra-pure water. 

Discussion

Our results demonstrated that overall across seven species, there was no statistical effect of xylem sap ion

concentration  on  Kx at  full  hydration  (Repeated  measures  ANOVA).  Further,  no  impact  of  ion

concentration was found on  Kx of dehydrated leaves of the one species tested. These contrast strongly
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Species Family Turgor loss

point (MPa)†

Leaf mass per

area (g m-2)†

Leaf water

potential of

pure water

treatment

(MPa)

Leaf water

potential of 15

mM KCl

treatment

(MPa)
Cercocarpus betuloides Rosaceae -2.59 ± 0.03 121 ± 23.3 -0.28 ± 0.05 -0.26 ± 0.02
Comarostaphylis 

diversifolia

Ericaceae -3.45 ± 0.34 253 ± 16.9 -0.19 ± 0.05 -0.16 ± 0.02

Lantana camara Verbenaceae -1.37 ± 0.04 61.4 ± 4.18 -0.09 ± 0.02 -0.09 ± 0.009
Magnolia grandiflora Magnoliaceae -2.06 ± 0.05 220 ± 11.0 -0.45 ± 0.14 -0.07 ± 0.01
Malosma laurina Anacardiacea

e

 -2.18 ± 0.06 172 ± 8.06 -0.19 ± 0.02 -0.17 ± 0.02

Platanus racemosa Platanaceae -1.19 ± 0.09 56.3 ± 2.34 -0.21 ± 0.11 -0.15 ± 0.02
Quercus agrifolia Fagaceae -3.00 ± 0.12 188 ± 7.53 -0.28 ± 0.07 -0.24 ± 0.09
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with published results for stem xylem. On average across 35 angiosperm species, Kstem increased by 17.1

% with ion concentration (0-117 mM KCl across studies), ranging from 1.9% in  Quercus ilex to 58%

Tilia platyphyllos and with only 5/35 species showing an enhancement less than 5% (Nardini et al., 2011).

Ion-mediated enhancement was first hypothesized to be driven by the swelling behavior of pectins in the

inter-vessel  pit  membranes  which  would  affect  pit  pore  size,  and  thus  resistance  to  water  flow

(Zwieniecki et al., 2001). However, that hypothesis has been regarded as unlikely given pectins do not

occur  in  inter-vessel  pit  membranes  (O'Brien,  1970;  Esau  and  Evert,  2009;  Kim and  Daniel,  2013;

Herbette et al., 2015). Indeed, all non-cellulosic elements (including pectins) are removed from the walls

and pit membranes during wall hydrolysis in the late stages of xylem cell autolysis (O'Brien, 1970; Kim

and Daniel, 2013). Pectins have been found to occur in annulus pit membranes, but only at the marginal

region of  the  pits,  where  the  surface is  dense and is  likely to  contribute  very little  to  the  hydraulic

conductance (Plavcova and Hacke, 2011; Herbette et al., 2015). It is thus unlikely that changes in pectin

viscosity at these locations would explain the ion effect observed.  A more recent hypothesis related the

ion effect on Kstem to changes in electroviscosity in the pit pores (Jansen et al., 2011; Santiago et al., 2013).

This theory is based on the fact that cations are always surrounding the pit pore membranes; when the

flow solution has a higher ion concentration, fewer cations should be swept out of the pit pores, creating

an opposing driving force to the pressure difference and reducing apparent hydraulic conductance. 

In addition to ion effects mediated by pit pore resistance, anatomical correlates of the  Kstem ion-

mediated  effect  have  been  suggested.  One  study  reported  that  across  three  evergreen  species  the

enhancement was inversely related to vessel length, consistent with shorter vessels corresponding to sap

flowing through a greater number of pit pores (Gasco et al., 2007). However, another study found that the

ion enhancement of Kstem was unrelated to vessel length across 20 diverse angiosperm species (Jansen et

al., 2011). In that study, a greater enhancement of  Kstem was found for species with higher intervessel

grouping, i.e., greater  intervessel contact fraction and pit fraction (Jansen et al., 2011). 

Such findings for the basis of the ion enhancement of  Kstem suggest that the weak or absent ion

enhancement of Kx at full leaf hydration may relate to the pit structure and vessel anatomy in the leaf vein

11



Journal of Plant Hydraulics x: e-number 

xylem. We propose that the lack of ion effect on Kx could be explained by at least five hypotheses. First,

pit apertures in leaf xylem conduits might be larger than those of stems, reducing the electroviscosity

effect on hydraulic resistance. The only study to our knowledge that has described pore areas in leaf

xylem conduits found pit aperture and pit membrane thickness to actually be larger in the stems than in

the needles of Pinus pinaster (Bouche et al., 2016). However, a recent study on Pinus taeda showed that

pit resistance accounted for a small portion of total vein resistance (30-45%;  Domec et al., 2016), less

than half the portion accounted for by pit resistance in stems on average for conifers (64%; Choat et al.,

2008). Studies are needed to determine the differences in pit ultrastructure of the xylem across organs and

vein orders for diverse species including angiosperms. A related second hypothesis is that water may flow

through fewer pits in the leaf xylem as conduits can span from petiole through to the midrib, second- or

third-order veins (Scoffoni and Sack, 2015;  Scoffoni et al.,  2016). Future studies need to look at the

distribution of xylem conduit length across leaf vein orders and how this compares to that for stems.

Third,  a  study found a  high  proportion  of  primary xylem vessels  with  extensible  helical  or  annular

secondary wall thickenings in the midrib of  Acer saccharum (Choat et al., 2005). Such xylem anatomy

with large areas of exposed primary cell membrane would likely reduce radial hydraulic resistance, which

would lessen the effect of ion enhancement. Thus, studies are needed of the structure of xylem walls in

the midribs and other vein orders for anatomically diverse species,  to resolve how these compare to

stems. Fourth, leaf midrib xylem is made up of a higher proportion of tracheids compared to vessels in

midribs and conduits are arranged more closely (Figure 4) than in stems.

12



Journal of Plant Hydraulics x: e-number 

Figure 4. Light microscopy cross-sections of midribs for the seven study species. Xylem conduits are seen
highly connected with one-another. These images point to the limitations of cross-sectional light 
microscopy for elucidating the ultrastructure of the xylem: different cross-sectional planes and/or 
microscopes are needed to determine pit ultrastructure and density, conduit lengths and wall ultrastructure
any or all of which might influence ionic responses. Scale = 50μm.

Leaf minor veins tend to contain even fewer vessels or tracheids. With a lower proportion of

vessels  in  leaves  compared with stems,  vessels  would  be more  isolated which  could  reduce the ion

enhancement (Jansen et al., 2011). Additionally, tracheids have greater membrane conductivity due to

their pit structure (Hacke et al., 2004;  Sperry et al., 2006). One study reported a tendency for tracheid

bearing species to have lower ion enhancement of  Kstem (Jansen et al., 2011). Future work is needed to
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quantify the relative abundance of tracheids vs. vessels across vein orders and how these compare to

stems and vary across species. Fifth, the ion concentration in the leaf xylem sap may be higher than that

in the stem if the xylem parenchyma or bundle sheath were to buffer the ion concentration (Secchi and

Zwieniecki, 2012) such that even if pure water enters from the petiole, the ion concentration in the vein

network may be enriched. Ion concentration might in fact vary across vein orders, as past studies have

shown that minor veins (especially the free ending veins) could accumulate high ion concentration at the

sites where water exits the apoplast and enters the symplast  (up to 287 mM in a fifth order vein of

Helianthus annuus; Canny, 1990, 1993). Future work is needed to determine the natural ion concentration

across vein orders, and how higher ion concentrations might impact Kx. 

Notably, one of our species (Quercus agrifolia) showed a 28 % increase in Kx at full hydration.

This effect may be related to the nature of conduits (vessels vs. tracheids), conduit lengths (which would

impact the degree to which water moves radially or longitudinally across conduits), pit ultrastructure and

density and/or differences in natural ion concentration in the leaf veins. Detailed anatomical work on leaf

vein xylem, and how it varies across vein orders is urgently needed to clarify potential differences in ion-

mediated  Kx enhancement across species. However, we note that such  Kx enhancement observed under

KCl perfusion in Q. agrifolia would be negligible at the whole leaf level, as the percent of leaf resistance

within the xylem is only 14% in this species (Scoffoni et al., 2017a): a 28% increase of Kx would thus

result in a Kleaf increase from 3.96 to 4.07 mmol m-2 s-1 MPa-1, i.e.,  an enhancement of <3%.  Indeed, no

ion enhancement of  Kleaf was observed for two species tested (Sack et al., 2004) despite those species

exhibiting a relatively high proportion of resistance inside their xylem (64 and 74% for Acer saccharum

and Quercus rubra respectively; Sack et al., 2004). 

The lack of ion effect on dehydrated leaves of Q. agrifolia suggests using pure water as perfusing

solution would not lead to a measurement artifact, though future work should test this on more species.

Even though  Q. agrifolia  showed a 28% enhancement of leaf  Kx at full hydration, this effect became

negligible  at  stronger  tensions  (Figure  3).  This  decoupling  of  the  ion  effect  across  water  potentials

suggests different mechanisms operating across leaf hydration states. Because the ion effect is higher
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given more isolated vessels (Jansen et al., 2011), if vessels were to embolize first, the ion-mediated effect

could become negligible as vessels become non-functional such that sap would move mainly through

highly interconnected tracheid elements. Micro-computed X-ray tomography of in-vivo embolism in the

leaf petiole and midrib showed that larger conduits close to the pith often embolize first (Scoffoni et al.,

2017b). Further information is needed on pore ultrastructure and the lengths and grouping of conduits in

the different vein orders of leaves to clarify these effects. Moreover, studies are needed to test the impact

of ion concentration on air-seeding thresholds in leaf veins. In stems, little impact of ion solution was

found on stem hydraulic vulnerability to dehydration across seven species (Cochard et al., 2010), though

no work has been done on leaf xylem.

The lack of an overall ion-enhancement of leaf xylem hydraulic conductance across the seven

species tested implies that measurements of Kx and Kleaf are robust across solutions used, either pure water

or ion solution. This result strongly supports whole plant hydraulic models that do not include hydraulic

dependency on ion concentration (Sperry and Love, 2015; Christoffersen et al., 2016). Indeed, given that

the enhancement effect is overall subtle in stems, and negligible in leaves, it would be expected to have

little impact overall on whole plant hydraulic conductance. Future work is needed to test the effect in

roots. 
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