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Abstract

Key message Flow rates were quantified on detached

pedicels and conductances calculated. Flow rates and

conductances were independent of time and tempera-

ture, increased with the pressure applied and slightly

decreased during development.

Abstract Water uptake is thought to contribute to crack-

ing of sweet cherry fruit. Water uptake/loss occurs not only

through the fruit surface but also through the xylem and

phloem of the pedicel. The objectives here were: (1) to

quantify the hydraulic conductance of the pedicel xylem

and (2) to identify the factors affecting pedicel xylem

conductance. Using a modified pressure probe, water was

forced through excised pedicels. The rates of axial flow

were quantified gravimetrically by collecting water at the

pedicel’s distal end in a pre-weighed Eppendorf tube.

Applying pressure to the proximal end of a pedicel induced

a constant axial flow of water through it. The introduction

of air embolisms to the xylem markedly decreased axial

conductance from 1.3 ± 0.1 9 10-10 m3 MPa-1 s-1 to

near zero. Steam girdling had no effect on axial conduc-

tance indicating the water flows to be through the xylem,

not significantly through the phloem in our ex situ

arrangement. Compared with a petiole, the pedicel con-

ductance was 50-fold lower. A cross-section of a pedicel

near its distal end revealed about 10 vascular bundles that

diverged from a complete ring closer to the proximal end.

Conductance estimates from the numbers and sizes of

xylem vessels using Hagen–Poiseuille’s law exceed those

determined experimentally by about three to fourfold.

Conductance of pedicels decreased slightly in developing

fruit and then remained about constant until maturity.

Surprisingly, there was no significant effect of temperature

on conductance. The conductance estimates may be used to

model xylem water flows through the pedicel.

Keywords Prunus avium � Hydraulic conductivity �
Flow � Pressure probe � Water

Introduction

Fruit cracking limits sweet cherry production in almost all

areas of the world in which they are grown and leads to

significant, sometimes catastrophic, economic loss (Chris-

tensen 1996). Water uptake by the fruit is thought to be a

major cause of cracking.Water enters and leaves a fruit along

several pathways: through the skin surface and also through

the pedicel. Because of the phenomenological link between

the occurrence of rain and the incidence of (‘rain’) cracking,

studies have traditionally focussed on the osmotic uptake of

water through the skin (Beyer and Knoche 2002; Beyer et al.

2002, 2005; Weichert and Knoche 2006) and, less so, on the

reduction of transpiration through a partially wetted skin

(Knoche et al. 2000, 2001). In comparison,watermovements

into and out of the fruit through the pedicel’s vascular system

have received much less attention. Hovland and Sekse

(2004a, b) used a potometric approach to determine (xylem)

vascular uptake by detached fruit. In potometry, a fruit with

its pedicel is detached from the tree by cutting under water to

avoid air embolism and subsequently mounted in a glass

capillary filled with water. As water is drawn into the fruit,
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the air:water meniscus in the capillary moves and this

movement is recorded with respect to time (Hovland and

Sekse 2004a). Potometers quantify the flow of xylem water

driven by the pressure potential difference between the

outside world and the inside of the fruit (the fruit apoplast).

The latter pressure deficit is usually assumed to arise as a

result of fruit transpiration and—if present—from an

osmotic gradient (Knoche et al. 2015).Meashamet al. (2010)

employed a heat pulse sensor to study vascular transport in

the pedicels of fruit that remained attached to the tree. In this

technique, the net flow through the xylem and phloem is

monitored by following the propagation of a heat pulse along

the pedicel, which travels in the dominant direction of sap

flow. However, in many fruits, the xylem and phloem flows

are in opposite directions in day time, and in the same

direction only at night, this makes interpretation of such

experiments difficult (Lang 1990; Morandi et al. 2010).

Separation of the xylem and phloem flow components is not

possible without further manipulation such as disabling the

phloem by steam girdling. Because the driving forces are

unknown, hydraulic conductances of the pedicels are diffi-

cult to calculate. In grapes, Tyerman et al. (2004) employed a

pressure probe to investigate hydraulic flow in the xylem

under controlled conditions. This technique allows applica-

tion of a pressure and the quantification of a resulting flow.

From these data, the hydraulic conductance, i.e. the flow per

unit pressure and time, may be calculated which is useful for

understanding water relations of the fruit influenced by the

pedicel. To our knowledge, such information is not yet

available for sweet cherry.

The objectives of our study were: (1) to develop a

protocol for quantifying xylem hydraulic conductance in

sweet cherry pedicels using a pressure probe and (2) to

identify factors affecting it.

Materials and methods

Plant material

Sweet cherries (Prunus avium L.) ‘Brooks’, ‘Dönissens

Gelbe Knorpelkirsche’, ‘Flamengo Srim’, ‘Gill Peck’,

‘Hedelfinger’, ‘Kordia’, ‘Oktavia’, ‘Regina’, ‘Sam’, ‘Sch-

neiders Späte Knorpel’, ‘Staccato’ and ‘Sweetheart’ were

harvested at commercial maturity from the horticultural

experiment station of the Leibniz University in Ruthe (lat.

52�140N, long. O 9�490E) or from the Herrenhausen campus

in Hannover (lat. 52�230N, long. O 9�420E). All trees were
grafted on Gisela 5 rootstocks (Prunus cerasus L. X Prunus

canescens Bois) and grown under a rain shelter. Water was

supplied via drip irrigation. The drip irrigation was operated

for 2-h intervals (corresponding to about 15 mm of pre-

cipitation) as needed based on visual inspection of the soil

moisture of the top soil (\20 cm). Leaves from ‘Regina’

were obtained from the same trees. Fruit were free of visual

defects and uniform in size and colour. To avoid air

embolism, fruit and leaves were submerged in water and

then detached from the tree. Pedicels and petioles remained

submerged while they were carried to the laboratory (a short

walk) and processed. All experiments were conducted

within 0.5 h of detachment from the tree.

General procedure for determining pedicel

conductance

Unless otherwise stated, pedicels were trimmed to 35 mm

length by re-cutting the proximal end under water using a

razor blade. The proximal end was then inserted in a water-

filled ethylene-tetrafluoroethylene tube (ETFE; inner diam.

1.6 mm) and the tube:pedicel juncture sealed using

cyanoacrylate adhesive (Loctite 406; Henkel Loctite,

München, Germany) and activator (Toolcraft Aktivator-

Spray; Conrad Electronic SE,Hirschau, Germany). Thewater

was deionised, filtered (Rotalibo�-syringe filter, CME,

0.22 lm pore diameter; Carl Roth, Karlsruhe, Germany) and

degassed. Subsequently, the fruit was detached from the distal

end of the pedicel and the free end of the ETFE tube was

similarly sealed into a glass capillary (inner diam. 0.3 mm,

length 100 mm) attached to a modified pressure probe

(Fig. 1a; for details see Steudle 1993). Pedicelswere carefully

wrapped in wet tissue paper to minimise transpiration. The

pressure probe consisted of a chamber filled with silicone oil

(Wacker AS 4; Wacker Chemie, München, Germany) and

equipped with a pressure sensor (26PCGFA6D; Honeywell,

Golden Valley, MN, USA). The glass capillary was attached

to the chamber such that one endof the capillarywas in contact

with the silicone oil in the chamber and the other end with the

water in the ETFE tube. The whole was so arranged that the

silicone oil:water meniscus resided in the glass capillary

where it could be observed using a horizontal binocular

microscope (M80; Leica Microsystems, Wetzlar, Germany).

By driving a motorised piston into the silicone oil-filled

chamber, oil was displaced, which pressurised thewater in the

capillary and forced it to flow into the pedicel. Unless other-

wise stated, pressure was gradually increased to 10 kPa and

thenheld constant for about 5 min.Thewaterflow rate into the

pedicel was quantified bymonitoring themovementwith time

of the oil:water meniscus in the glass capillary using the

horizontal binocular microscope. In preliminary experiments,

water droplets appeared on the pedicel surface towards the

proximal (high pressure) end, indicating a radial flow com-

ponent. Because the movement of the meniscus records the

total inflow into the pedicel, this radial flow component will

result in a corresponding overestimate of the axial flowwhich

it is desired to measure. A procedure was then developed to

quantify just the axial flow component by recording the water
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outflow from the distal end of the pedicel. To do this, the distal

end was inserted through a 2-mm-diameter hole in a rubber

septum sealing the lid of a pre-weighed Eppendorf tube filled

with tissue paper. The septumwas necessary to prevent water

loss by evaporation. Axial outflow from the pedicel was

quantified gravimetrically by weighing the Eppendorf tube

before and after pressurising the chamber. From the axial flow

rate, the hydraulic conductance (kh, m
3 s-1 MPa-1) was cal-

culated according to Eq. 1, where DV is the volume (m3) of

water collecting in the Eppendorf tube during the time period

Dt (s) at a pressure difference DP (MPa).

kh ¼
DV

DP � Dt : ð1Þ

Experiments

The time course of water inflow to the proximal end of the

pedicel was quantified frequently from the incremental

movements of the oil:water meniscus in the glass capillary.

The water outflow from the distal end of the pedicel was

quantified intermittently (every 5 min) from the amount

(weight) of water collecting in the Eppendorf tube. The

difference between thewater inflow (total) andwater outflow

(axial) rates estimates the radial flow component lost through

the pedicel surface. To visualise and localise the radial flow,

aqueous solutions of fuchsin (0.01 %) or calcofluor white

(0.1 %) were forced through the pedicel using the pressure

probe. Images of droplets of dye solution forming on the

pedicel surface were taken using a digital camera (Canon

EOS 550D, lens EFS 60 mm, f/2.8 Macro USM; Canon

Deutschland, Germany). To localise calcofluor white at the

tissue level, cross- and longitudinal sections were prepared

using a razor blade and these were viewed under a fluores-

cence microscope (BX-60; Olympus Europa, Hamburg,

Germany; camera: Olympus DP71, Olympus Europa; filters

U-MWU 330–385 nm excitation, C420 nm emission).

The effect of different applied pressures on the magni-

tudes of the total, axial and radial flows was investigated in

‘Regina’ pedicels. Flows were measured (total and axial)

and calculated (radial) at pressures from 0 kPa to 20 kPa.

In an additional experiment, the pedicel was sealed at its

distal end. Under these conditions, the water inflow was

equal to the radial flow (the outflow having been stopped).

The consequences of air embolism of the xylem vessels

were studied in ‘Oktavia’ using a repeated-measures design.

A pedicel was mounted in the pressure probe and the axial

flow rate determined as described above. The pedicel was

then removed from the ETFE tube and air embolism induced

by allowing it to transpire under ambient laboratory

Fig. 1 a Schematic diagram of the pressure probe setup used to

quantify hydraulic conductance in sweet cherry pedicels. Pressure is

generated by driving a piston into a chamber filled with silicone oil.

Total water flow is recorded by following the movement of the

water:oil meniscus using a horizontal microscope. Total flow

comprises a radial flow component that exits via the pedicel surface

and an axial flow component which passes along the xylem to the cut

surface of the distal end of the pedicel. The axial flow is quantified

gravimetrically by collecting water emerging from the distal end in an

Eppendorf tube (for details see in ‘‘Materials and methods’’). b, c,
d Representative time course of change in pressure (b), and its effect

on cumulative water inflow into the pedicel (c) and on the rate of

inflow during a typical test (d)
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conditions for 10 min without a water supply. The (pre-

sumed) embolised pedicel was then re-mounted as described

above, and its axial hydraulic conductance re-measured.

Non-embolised pedicels served as controls.

The vascular system (xylem or phloem) that accounts

for the axial flow was identified by quantifying pedicel

conductance before and after steam girdling of ‘Brooks’

pedicels. The steam was applied using a modified steam

generator for 20 s (width of girdle *5 mm; Kärcher

SC952; Alfred Kärcher, Winnenden, Germany). Non-gir-

dled pedicels were used as controls.

The effect of sealing the pedicel surface to prevent

radial flow was studied in ‘Regina’. Flow rates were first

established under standard conditions as described above.

Next, the entire pedicel surface was sealed using silicone

rubber (744 Silicone Adhesive/Sealant; Dow Corning,

Midland, MI, USA) and the inflow rate was re-measured.

Flow rates through the pedicels of fruits and the petioles

of leaves were compared in ‘Regina’ using the procedure

described above. Conductances were first determined for

pedicels and petioles from pairs of measurements of axial

flow rate and pressure gradient and these were compared to

conductances calculated from the mean numbers and

diameters of xylem vessels using the Hagen–Poiseuille law

(Nobel 1999). Diameters of xylem vessels were quantified

in cross-sections in the mid-portion of pedicels and petioles

by light microscopy (BX-60 and DP 71 Olympus Europa)

and image analysis (Cell-P, Olympus Soft Imaging Solu-

tion, Münster, Germany).

The effect of pedicel length on vascular flow and conduc-

tivity (Kh) was studied in ‘Regina’ using a repeated-measures

design. Conductivity was first established for a 45 mm length

of pedicel. The pedicel was then shortened, stepwise, to a

minimum length of 15 mm by periodically cutting 10 mm

lengths from the distal end using a razor blade. Conductivity

was re-measured after each cut. Hydraulic conductivity (Kh,

m4 s-1MPa-1)was calculated fromhydraulic conductance by

multiplying by the pedicel length l (m).

Kh ¼ kh � l: ð2Þ

The effect of temperature on pedicel conductance was

investigated in ‘Regina’. Flow rates were measured at 10,

20, 28 and 35 �C and conductances calculated.

Data analysis

Unless otherwise stated, data are presented as means and

standard errors of the means (SEM) of 10 replicates. Data

were subjected to analysis of variance and linear regression

analysis. Mean comparisons were made using Tukey’s

Studentised range test (P B 0.05, package multcomp

1.2–12, procedure glht, R 2.13.1; R Foundation for Sta-

tistical Computing, Wien, Austria) and a t test (P B 0.05, R

2.13.1). The significance of coefficients of correlation

(r) and determination (r2) at P\ 0.05, 0.01 and 0.001 is

indicated by *, ** and ***, respectively.

Results

The application of a steady pressure using the pressure

probe resulted in a continuous increase in the cumulative

flow along the pedicel. At constant pressure, the cumula-

tive flow as indexed by the movement of the meniscus,

increased linearly with time indicating that the flow rate

was constant (Fig. 1b–d).

In the initial experiments, droplets were observed to

form on the pedicel surface predominantly in the proximal

portion (Fig. 2a, b). The frequency and size of the dro-

plets decreased as the distance from the pressure probe

increased and (presumably) as the xylem hydrostatic

pressure declined towards atmospheric. The droplets

would seem to indicate a radial flow from the xylem to the

pedicel surface that contributes to the inflow measurement

as quantified by the movement of the oil:water meniscus

in the capillary. The radial flow is likely an artefact of the

(positive pressure) experimental method with only the

axial flow component being physiologically meaningful.

The radial flow component was quantified by subtracting

the outflow (measured by weight of Eppendorf tube) from

the inflow (measured by movement of the oil:water

meniscus). The outflow is assumed to measure the axial

flow component.

Time course studies established that the cumulative

axial flow increased linearly with time as did the cumula-

tive total flow and the cumulative radial flow (Fig. 3).

Increasing the pressure increased the total, the axial and

the radial flows linearly (Fig. 4a). There was no difference

between the two measurements of radial flow—, i.e. that

recorded after sealing the pedicel end and that obtained by

subtracting the axial outflow from the total inflow

(Fig. 5a). On average, across all pressures, the radial and

axial paths accounted for 66.1 ± 1.7 and 33.9 ± 1.7 % of

the total flow, respectively. The pedicel conductance cal-

culated for axial flow was constant and independent of the

applied pressure (Fig. 4b).

Sealing the pedicel surface to stop the radial flow

increased the axial conductance to almost the same amount

as the total conductance (Table 1).

Induction of (presumed) air embolisms in the xylem

markedly decreased the pedicel’s axial conductance from

1.3 ± 0.1 9 10-10 m3 MPa-1 s-1 to nearly zero (Table 2).

In the non-embolised controls, there was no detectable

change in conductance when flows were re-measured on

the same pedicels (i.e. after remounting but in the absence

of embolism by air drying).
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Steam girdling had no effect on pedicel axial conduc-

tance (Table 3).

Cross-sections of the proximal region of the pedicels of

mature fruits showed a complete ring of vascular tissue, but

this ring separated towards the distal region to form about 10

distinct vascular bundles (Fig. 2c, d). In contrast, the vessels

of the petioles were arranged in a horseshoe (Fig. 2e). When

operating the pressure probe using 0.1 % aqueous calcofluor

white, the vessels were stained (Fig. 3i–k). In the proximal

region of the pedicel, some staining of sclerenchyma fibres

and of the parenchyma also occurred (Fig. 2f–h). Compared

to petioles, pedicels have fewer and smaller xylem vessels

(Table 4). Consistent with the lower numbers and smaller

diameters of the vessels of pedicels as compared to petioles,

was a 50-fold lower conductance of the pedicels. Interest-

ingly, the conductance calculated from the numbers and

diameters of vessels using Hagen–Poiseuille’s law exceeded

the experimentally determined conductances by about three-

to fourfold for both, pedicels and petioles (Table 4).

The axial flow through the pedicel increased as pedicel

length decreased (Fig. 5a). The conductivity was lowest for

the longer pedicels, but increased as pedicel length

A B

C D E 

F G H 

I J K 

Fig. 2 a Macroscopic view of a pedicel mounted in a plastic (ETFE)

tube, the other end of which was connected to the pressure probe via a

glass capillary. Upon pressurising, dye infiltration occurred and

droplets formed on the pedicel surface indicating a component of

radial flow. b Detailed view of droplets on the pedicel surface. c,
d Cross-sections of distal (c) and proximal (d) ends of a pedicel.

Bars 1 mm. e Cross-section of a leaf petiole. Bars 1 mm. f–h Cross-

section of a fruit pedicel in distal (f) and proximal regions (g) and
cross-section of leaf petiole in the centre region (h). Bar 0.2 mm. i–
k Cross-section (i, j) and longitudinal section (k) through a vessels

under incident (i, k) and fluorescent lighting (j). Bars 0.2 mm. The

blue fluorescence indicates staining of cell walls by the dye calcofluor

white
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decreased (Fig. 5). Conductivity also remained constant

with time.

There was little difference in pedicel conductance

between different cultivars (Table 5). The only exception

was ‘Staccato’, which had a significantly higher conduc-

tance than ‘Flamengo Srim’ (Table 5).

Fruit mass increased with time sigmoidally representing

stages II and III of development. Conductance of pedicels

during stage II decreased slightly but it remained fairly

constant through stage III (Fig. 6).

There was no significant effect of temperature on ped-

icel conductance (Fig. 7).

Discussion

Our results demonstrate: (1) that apoplastic (xylem) sap

flow and conductance in the pedicel of sweet cherry

fruit can be determined reproducibly using a pressure

probe in conjunction with the test protocol described

herein; (2) that conductance of the fruit pedicel is much

lower than that of the leaf petiole—the conductance

value is also significantly lower than that predicted

based on the numbers and diameters of the xylem

vessel elements using Hagen Poiseuille’s law, and (3)

that conductance depends to some extent on pedicel

length and the stage of development, but not on

temperature.

Fig. 3 Time course of cumulative water volume injected into the

pedicel, the cumulative volume collected from the distal end of the

pedicel (‘axial’) and that appearing on the pedicel surface (‘radial’).

The radial flow to the surface was calculated by subtracting the axial

outflow from the total inflow. Total flow was quantified by recording

movement of the oil:water meniscus in the capillary, and thus the

water flow entering the proximal end of the pedicel. Axial flow was

quantified gravimetrically by recording the water exiting the distal

end of the pedicel using a pre-weighed Eppendorf tube (n = 10)

Fig. 4 a Relationship between pressure and flow rates along the

different pathways in a sweet cherry fruit pedicel. The total flow

refers to the sum of the axial flow plus the radial flow through to the

pedicel surface. Total flow was determined from the movement of the

oil:water meniscus in the capillary, the axial flow as the amount of

water collecting at the distal end in a pre-weighed Eppendorf tube.

Radial flows were calculated by subtracting the axial flow from the

total flow (‘radial calculated’) or measured as the total flow through a

pedicel whose distal end had been sealed (‘radial measured’).

b Relationship between axial conductance (kh) and pressure (n = 10)

Fig. 5 Relationship between flow rate and length (a) and conductiv-

ity (Kh) and length (b) of ‘Regina’ pedicels (n = 10)
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Quantifying pedicel conductance using a pressure

probe

Unlike the rachis of grape (Tyerman et al. 2004) exposing

pedicels of sweet cherry to pressurised water at one end

resulted in both axial and radial flows. The latter appeared

as droplets on the pedicel surface with minimum time delay

following the application of pressure. Because of the radial

flow component, a meaningful measurement of axial flow

in the cherry pedicel could be obtained only by measuring

the water outflow rate from the distal end of the pedicel

(not by measuring the water inflow rate at the proximal

end). The axial flow probably occurred predominantly in

the xylem. First, because (putative) air embolism of the

xylem substantially stopped all flow (Table 2). Second,

steam girdling (which kills the sieve tubes) had no signif-

icant effect on the flow rates measured (Table 3). Third,

staining appeared almost exclusively in the xylem vessels

when pedicels were pressure infiltrated with a calcofluor

white dye solution (Fig. 2).

The radial flows occurred through the intercellular

spaces in the parenchyma of the pedicels (Fig. 2d, g).

These spaces became hydraulically connected to the pres-

sure probe when mounting the cut end of the pedicel in the

ETFE tube. Because the pedicel surface is stomatous

(Athoo et al. 2015), water exited the pedicel probably

through open stomata. The radial flow obeyed Darcy’s law,

which describes a linear relationship between the flow rate

through a porous matrix and the pressure gradient over a

given length. First, cumulative flow was a linear function

of time and of applied pressure (Figs. 3a, 4a). Second,

radial flow decreased along the pedicel as indexed by a

decrease in the size of the droplets forming on the pedicel

surface (Fig. 2a). Over the pressure range investigated,

there was essentially no detectable radial flow beyond

about 10 mm of the proximal pedicel end.

Comparing conductances of fruit pedicel, leaf

petiole and published data for other crops

The 50-fold smaller conductance of fruit pedicels com-

pared to the leaf petioles was due to the relatively smaller

size and smaller number of xylem vessels in pedicels

compared to petioles (Table 1). This difference is not

surprising considering the much larger amounts of water

transpired by leaves compared with fruits (Clearwater et al.

2012). Fruits typically have a much lower volume to sur-

face area ratio and the fruit skin usually has a much lower

density of stomata (Knoche et al. 2000; Knoche et al.

2001). Most often fruit stomata are non-functional and

become lenticellular (Peschel et al. 2003).

Table 1 The effect on the

conductance of ‘Regina’ sweet

cherry pedicels of sealing the

pedicel surface with silicone

rubber

Treatment Conductance (910-10 m3 MPa-1 s-1)

Axial Total

Before After Ratio Before After Ratio

Control 1.5 ± 0.0a 1.4 ± 0.0b 1.2 ± 0.4b 6.6 ± 0.1a 6.7 ± 0.1a 1.0 ± 0.1a

Sealed 1.4 ± 0.0a 5.3 ± 0.1a 0.3 ± 0.1a 6.5 ± 0.1a 6.3 ± 0.1a 1.0 ± 0.1a

Axial conductance was calculated from gravimetric measurements of the water outflow from the distal cut

surface of the pedicel, while total conductance (the axial plus the radial components) was calculated from

potometric measurements of the water inflow to the proximal cut surface of the pedicel

Data are mean ± SE (n = 10). Mean separation within columns by Tukey’s Studentised range test

(P\ 0.05)

Table 2 Effect of putative air embolism on pedicel conductance of

‘Oktavia’ sweet cherries

Treatment Conductance

(910-10 m3 MPa-1 s-1)

Before After Ratio

Control 1.3 ± 0.0a 1.3 ± 0.0a 1.0 ± 0.1a

Cavitated 1.3 ± 0.1a 0.1 ± 0.0b 20.1 ± 6.9b

Air embolism was induced by allowing pedicels to transpire for

10 min under ambient laboratory conditions in the absence of a water

supply

Data are mean ± SE (n = 10). Mean separation within columns by

Tukey’s Studentised range test (P\ 0.05)

Table 3 Effect of steam girdling on pedicel conductance of ‘Brooks’

sweet cherries

Treatment Conductance

(910-10 m3 MPa-1 s-1)

Before After Ratio

Control 1.0 ± 0.1a 1.0 ± 0.1a 1.0 ± 0.1a

Girdling 0.9 ± 0.1a 1.0 ± 0.1a 0.9 ± 0.1a

A fine jet of steam was directed onto a 5-mm portion of the pedicel

for 20 s

Data are mean ± SE (n = 10). Mean separation within columns by

Tukey’s Studentised range test (P\ 0.05)
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Interestingly, estimated conductance values based on the

numbers and diameters of xylem vessels using Hagen–

Poiseuille’s law consistently exceeded the measured values

by about three- to fourfold (Table 1). Several factors may

be involved. First, cross-sectional areas per pedicel were

measured in only one position. Any terminal narrowing of

vessels would contribute to low hydraulic conductance

(bottleneck), but may pass undetected in a cross-section

inspected by microscopy (Drazeta et al. 2004). Second,

perforation plates separating adjacent vessels reduce the

hydraulically relevant vessel diameter, and are also not

necessarily detected in microscopic inspections of cross-

sections (Sperry et al. 2005). In the sweet cherry fruit

pedicel, element lengths average *0.52 ± 0.03 mm

(Brüggenwirth unpublished data), so the likelihood of

viewing any constrictions due to the presence of perfora-

tion plates in an approximately 50-lm-thick cross-section

is low. Third, not all vessels present necessarily contribute

to flow. Some early formed vessels (protoxylem) in pedi-

cels and petioles may become dysfunctional through

excessive stretching during growth and thereby reduce the

cross-sectional area for water movement, but again may

pass undetected in microscopy. Also blockage of the

Table 4 Numbers and

diameters of xylem vessels, and

calculated and measured

conductance of ‘Regina’ fruit

pedicels and leaf petioles

Organ Xylem Conductance

Elements Diameter Calculated Measured

(no.) (lm) (9 10-10 m3 MPa-1 s-1) (x 10-10 m3 MPa-1 s-1)

Pedicel 230.3 ± 5.2a 6.9 ± 0.1a 4.8 ± 0.2a 1.3 ± 0.1a

Petiole 306.3 ± 21.9b 16.5 ± 0.6b 244.6 ± 20.5b 53.8 ± 7.7b

Conductance was calculated from mean vessel diameter using the Hagen–Poiseuille law and compared to

the conductance measured using the pressure probe

Data are mean ± SE (n = 10). Mean separation within columns by Tukey’s Studentised range test

(P\ 0.05)

Table 5 Conductances of pedicels of different cultivars of sweet

cherry at maturity

Cultivar Conductance

(9 10-10 m3 MPa-1 s-1)

Dönissens Gelbe Knorpelkirsche 1.5 ± 0.1ab

Flamengo Srim 1.3 ± 0.1b

Gill Peck 1.5 ± 0.2ab

Hedelfinger 1.6 ± 0.2ab

Kordia 1.6 ± 0.2ab

Regina 1.5 ± 0.1ab

Sam 1.7 ± 0.1ab

Schneiders Späte Knorpel 1.7 ± 0.1ab

Staccato 2.0 ± 0.2a

Sweetheart 1.6 ± 0.1ab

Grand mean 1.6 ± 0.1ab

Pedicel length was standardised to 35 mm by cutting off the surplus

distal portion of the pedicel

Data are mean ± SE (n = 10). Mean separation by Tukey’s Stu-

dentised range test (P\ 0.05)

Fig. 6 Developmental time course of conductance (kh) from pedicels

of ‘Regina’ sweet cherries. Inset mass of fruit as a function of time

(n = 10)

Fig. 7 Conductance (kh) of ‘Regina’ sweet cherry pedicels as a

function of temperature (n = 10)
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vessels due to embolism prior detachment from the tree

could be possible (Sperry et al. 1988).

Comparing our estimates of the hydraulic conductance

of sweet cherry to published data is somewhat limited.

Information on driving forces and/or geometry of the

pedicel/rachis is frequently not available (Hovland and

Sekse 2004a; Measham et al. 2010). This would be

required to express measured flow rates as conductances

and conductivities. Nevertheless, the following compar-

isons may be made. In our system, flow rates among sev-

eral cultivars averaged 5.5 ± 0.5 ll h-1 for a standard

35 mm length of pedicel with a 10-kPa pressure difference

across its ends (Table 5). This rate is similar to those

(5.1 ll h-1) determined using a potometer and a 20 mm

length of pedicel attached to a non-transpiring fruit (Hov-

land and Sekse 2004a). Unfortunately, the driving force in

the latter study is unknown. Non-transpiring fruits attached

to a pressure probe develop a negative pressure of

-30.3 ± 2.0 kPa (Knoche et al. 2015). Assuming that the

driving force in the study by Hovland and Sekse (2004a)

was similar to that reported by Knoche et al. (2015), ped-

icel conductances must have been of the same order of

magnitude as those observed in our study.

Flow rates reported by Measham et al. (2010) averaged

0.2 ll h-1 and were very much lower than those quantified

by Hovland and Sekse (2004a). This is somewhat surpris-

ing at first sight since the heat pulse technique quantifies a

net flow that represents the sum of the phloem plus the

xylem flows. However, it is important to note that the

driving forces are unknown and depending on the water

potential in the tree (and thus the time of day or night),

significant back flow from a fruit into the tree or vine may

occur (Tyerman et al. 2004).

Tyerman et al. (2004) and Choat et al. (2009) focused on

localising and quantifying internal resistances in the grape

berry and its rachis. Grape has a branched rachis with short

pedicels supplying individual berries as compared to the

sweet cherry.When down scaling our conductance estimates

from the standard pedicel length of 35 mm to a hypothetical

length of 15 mm and then taking the inverse (for converting

into a resistance), resistance estimates somewhat lower than

those published for ripe ‘Chardonnay’ grapes (approx.

20 9 109 s MPam-3; Tyerman et al. 2004; approx. 5 9 109

s MPa m-3; Choat et al. 2009) were obtained (2.5 9 109

s MPa m-3; Brüggenwirth, unpublished data).

Longitudinal and temporal variation of conductivity

and the effect of temperature

The conductivity of the distal end of the pedicel (torus) was

lower than of the rest of the pedicel (Fig. 5). Two expla-

nations may be offered. First, the vascular vessels may

narrow in the distal part of the pedicel causing a lower

conductivity and hence, a bottleneck in the torus (Drazeta

et al. 2004). Second, the distal pedicel end merges into the

receptacle where the abscission zones of sepals, petals and

stamina are present. Those xylem vessels, that branch in

the torus region (Brüggenwirth unpublished microscopic

observations) and supply the flower organs during anthesis,

may become non-functional post-anthesis. Thus, only the

vascular vessels feeding the fruit remain functional,

whereas closer to the proximal end of the pedicel, more of

the vessels (i.e. those serving the fruit plus the flower

remnants) are functional, leading to a higher conductivity.

Conductance decreases slightly during development

indicating that some xylem vessels may have impaired

functionality (Fig. 6). The reason for this partial or com-

plete loss of functionality is unknown. The resulting

decrease in flow (for a particular driving force) is consis-

tent with the literature data reporting decreased xylem

flows as fruits mature (for apple Lang 1990; Lang and

Ryan 1994, for grape Tyerman et al. 2004; Choat et al.

2009; for kiwifruit Morandi et al. 2010; Mazzeo et al.

2013).

The lack of an effect of temperature on flow rate and

pedicel conductance was unexpected and somewhat sur-

prising. Because the viscosity of water decreases as tem-

perature increases (Nobel 1999), we would expect the

conductance to nearly double with a rise of temperature

from 10 to 35 �C. The reason for this apparent discrepancy

is not understood.

Conclusions

Using a pressure probe and the protocol described herein, it

is possible to measure the axial conductance of the xylem

in a sweet cherry fruit pedicel in a satisfactorily repro-

ducible manner. The axial flow recorded essentially fol-

lows the Hagen–Poiseuille law, though the experimentally

determined conductances and flows are consistently lower

than the predicted values. This is likely accounted for by an

overestimation of functional cross-sectional areas of the

xylem vessels based on microscopical inspections of cross-

sections. The only observation we cannot account for is the

apparent lack of an effect of temperature.

Conductance estimates are useful for predicting xylem

flow rates provided that the driving pressure gradient is

known (pedicel length and pressure difference). Using the

procedure described herein, future investigations can now

focus on resistances in the further portion of the xylem

within the flesh of the fruit itself. Such information com-

bined with data on the hydraulic architecture of the tree

(Peschiutta et al. 2013) would be useful to fully understand

sweet cherry fruit water relations and to clarify the mech-

anistic basis of fruit cracking.
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