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Abstract

The broad-band ultrasonic spectroscopy technique allows the determination of changes in the relative water

content (RWC) of leaves with contrasting structural features. Specifically, the standardized frequency associated

with the maximum transmittance (f/fo) is strongly related to the RWC. This relationship is characterized by the

existence of two phases separated by an inflexion point (associated with the turgor loss point). To obtain a better
understanding of the strong relationship found between RWC and f/fo, this work has studied the structural changes

experienced by Quercus muehlenbergii leaves during dehydration in terms of ultrasounds measurements, cell wall

elasticity, leaf thickness, leaf density, and leaf structure. The results suggest that the decrease found in f/fo before

the turgor loss point can be attributed to the occurrence of changes in the estimation of the macroscopic effective

elastic constant of the leaf (c33), mainly associated with changes in the bulk modulus of elasticity of the cell wall (e).
These changes are overriding or compensating for the thickness decreases recorded during this phase. On the other

hand, the high degree of cell shrinkage and stretching found in the mesophyll cells during the second phase seem to

explain the changes in the acoustic properties of the leaf beyond the turgor loss point. The formation of large
intercellular spaces, which increased the irregularity in the acoustic pathway, may explain the increase of the

attenuation coefficient of ultrasounds once the turgor loss point threshold is exceeded. The direct measurement of

c33 from ultrasonic measurements would allow a better knowledge of the overall biomechanical properties of the

leaf further than those derived from the P–V analysis.

Key words: Cell wall elasticity, leaf thickness, relative water content, turgor loss point, ultrasonic spectroscopy, water potential.

Introduction

The broad-band ultrasonic spectroscopy technique has been

proven as a non-destructive, non-invasive, non-contact, and

reproducible method for the dynamic determination of leaf

water status. It is based on the excitation of thickness

resonances on the leaves, specifically, changes in the
standardized frequency (f/fo) at the maximum transmittance

(leaf resonant condition). This parameter has been revealed

as an optimum indicator of the relative water content

(RWC) of leaves with contrasting structural features

(Gómez Álvarez-Arenas et al., 2009a). The relationship

between f/fo and RWC is characterized by the existence of
two phases separated by an inflexion point, which has been

Abbreviations: c33, macroscopic effective elastic constant; e, bulk modulus of elasticity of the cell wall; f/fo, standardized frequency; P–V curves, pressure–volume
curves; RWC, relative water content; W, water potential; TLP, turgor loss point.
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associated with the turgor loss point (Sancho-Knapik et al.,

2010).

The existence of two phases in the physics of leaf

dehydration was firstly reported by Tyree and Hammel

(1972) regarding the analysis of the leaf P–V relationships.

During the first phase, when the leaf is water-saturated

(RWC¼1.00), the protoplast of the cell exerts a positive

pressure over the cell wall, which is maximally distended
(maximum turgor pressure) (Tyree and Jarvis, 1982). Loss

of water during the first phase, which is modulated by the

elasticity of the cell wall, leads to a reduction in the cellular

volume and, as a consequence, to a direct decrease in the

pressure over the cell wall. The cell volume progressively

diminishes until a threshold value, beyond which the

protoplast does not exert pressure over the cell wall

(Larcher, 2003; Pritchard, 2007).
During this first phase, before the turgor loss point,

Sancho-Knapik et al. (2010) reported a decrease in f/fo
when the leaf is dehydrated. According to Temkin (1981),

the resonant frequency of an elastic plate, when wave

dispersion phenomena can be considered negligible, is given

by the following equation:

f ¼ vz=2l ð1Þ

where f is the resonant frequency, vz is the velocity of the

ultrasonic longitudinal wave in the leaf along the direction

normal of the leaf plane (z-axis) and l is the leaf thickness

(Gómez Álvarez-Arenas et al., 2003a). This velocity, which

is dependent on elastic constants of the measured material

(Auld, 1990), is given by:

vz ¼ ðc33=qÞ1=2 ð2Þ

where c33 is the macroscopic effective elastic constant of the

material for compression waves in the z direction and q is

the density (Auld, 1990). c33 determines the bulk macro-
scopic elastic stiffness of the material in the z direction. The

relationship between c33 and the microscopic features of

a material is not straightforward. In composites, for

example, c33 depends on the components, their volumetric

concentration and spatial distribution (Christensen, 2005).

In foams, there are several mechanisms that contribute to

furnish the overall response of c33 (e.g. compression and

bending of the struts) (Gibson and Ashby, 1997). In this
sense, it could be expected that the macroscopic c33 of plant

leaves can be the result of a number of contributions.

Among them, the effect of the tissue stiffness can be

assessed independently by comparing c33 with the bulk

modulus of elasticity (e) calculated from the P–V curves.

Therefore, it is expected that the reduction of e may cause

a variation of c33. This fact will cause a variation in vz
(equation 2) and, as a consequence, the reduction in f,
which will be consistent with the experimental data showed

by Gómez Álvarez-Arenas et al. (2009a).

In addition, the loss of turgor may produce a decrease of

the leaf thickness (Burquez, 1987) and a slight increase in

leaf density (Ogaya and Peñuelas, 2006). These changes in

leaf anatomical properties may have an influence on the

resonant frequency at the higher values, according to

equations 1 and 2. However, the shift of the resonant

frequency towards lower values (Gómez Álvarez-Arenas

et al., 2009a) suggests that the changes in c33 exert a

dominant effect over the changes in the leaf resonant

frequency during this first phase.

Once the turgor loss point is exceeded, a new phase starts

in the leaf dehydration process, which is characterized by
the absence of cell turgor. Thus, it is assumed that cell walls

are not under positive pressure during this phase (Tyree,

1976; Pritchard, 2007). Therefore, changes in pressure can

no longer determine the variation of the acoustic properties

of the leaf observed after the turgor loss point. Subsequent

leaf dehydration increases the concentration of the sap cell,

inducing changes in the osmotic potential and, as a conse-

quence, in the water potential of the whole cell (Mitchell
et al., 2008). These physiological adjustments may induce

morphological changes in the mesophyll cells of the leaf. In

this way, it has been suggested that, at this point, the cell

walls are drawn inward and may shrivel (Larcher, 2003).

These conformational changes may be similar to the elastic

buckling found in cellular solids subjected to a strong

compression (Gibson and Ashby, 1997). It is known that

the elastic buckling causes a decrease in c33, which could
explain the further decrease found in the resonant frequency

beyond the turgor loss point. On the other hand, an

additional effect to these conformational changes is the

formation of gas-filled spaces in the internal tissues, which

could be explained by the lateral shrinkage of mesophyll

cells, as shown by Cryo-SEM observations of dehydrated

leaf tissues (McBurney, 1992). Thus, the strong increase in

the leaf internal heterogeneity during this phase may
underlie the change in the acoustic properties of the leaf,

which are associated with an increase in signal attenuation

(Sancho-Knapik et al., 2010).

Therefore, the main objective of this work is to study in

depth the structural changes experimented by the leaf during

dehydration, in order to obtain a better understanding for

the strong relationship found between RWC and f/fo,

interpreting the ultrasonic measurements in terms of leaf
structure, composition and water status. For this purpose,

the changes occurring during different leaf dehydration

steps were assessed in terms of ultrasounds measurements,

P–V analysis, leaf thickness, and leaf structure.

Materials and methods

Plant material and experimental conditions

Measurements were carried out in ten mature leaves collected from
Quercus muehlenbergii Engelm, the species selected for this study.
In the early morning, branches were collected from the north side
of the trees, placed in plastic bags and carried out to the
laboratory. Once there, leaf petioles were re-cut under water to
avoid embolism and kept immersed (avoiding the wetting of
leaves) for 24 h at 4 �C until full leaf rehydration. It was
considered that over-rehydration did not take place because
changes in leaf optical properties were not observed (i.e. dark
spots or dark areas in the leaf lamina). After 24 h, weight and
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ultrasonic parameters were individually measured per leaf at
constant time intervals following the methodology described in
Gómez Álvarez-Arenas et al. (2009a) and Sancho-Knapik et al.
(2010). Leaves were weighed and measured at different levels of
RWC, starting at full saturation (turgid weight, TW). Leaf dry
weight (DW) was estimated after keeping the plant material in
a stove (24 h, 60 �C). The RWC was then calculated following the
expression: RWC¼(FW–DW)/(TW–DW), FW being the sample
fresh weight at any moment.

P–V analysis

P–V relationships were determined following the free-transpiration
method described in previous studies (Clifford et al., 1998;
Corcuera et al., 2002; Burghardt and Riederer, 2003; Vilagrosa
et al., 2003). The water relations parameters analysed were leaf
water potential at the turgor loss point, WTLP; maximum bulk
modulus of elasticity, emax; maximum turgor, p; and the relative
water content at the turgor loss point, RWCTLP. The symplastic
water loss (RWL, %) was calculated in order to obtain the Höfler
diagram. Moreover, the dynamic changes in the bulk modulus of
elasticity (e) associated to changes in turgor pressure were
analysed.

Leaf thickness and leaf density measurements

Leaf thickness was determined using a digital contact sensor GT-
H10L coupled to an amplifier GT-75AP (GT Series, Keyence
Corporation, Japan). This ultra-low force sensor (having a measur-
ing force of 0.2 N when installed facing up) applies a clamp
pressure of 7 kPa, which is c. ten times lower than the one used by
Zimmermann et al. (2008) for a similar purpose. Thereby, it is
ensured that determinations did not disturb leaf thickness meas-
urements due to an excess of pressure over the leaf. The loss of
thickness per leaf is expressed as the ratio between the thickness
measured for every particular RWC and the thickness determined
at full turgor.
Leaf density (q, kg m�3) was calculated by measuring, in

another set of leaves, the variation in leaf area, thickness, and
weight during the dehydration process. In addition to the other
parameters already mentioned, the area was obtained through the
realization of digital images of the leaves and posterior analysis
using the public domain NIH Image program (developed at the
US National Institutes of Health and available at http://rsb.info.-
nih.gov/nih-image/). The volume of the leaf was calculated as the
product between the leaf thickness and the area. q was then
obtained as the ratio between leaf weight and leaf volume.

Cryo-scanning elecron microscopy (SEM) observations

Quercus muehlenbergii leaves at three different RWC levels (i.e. at
full turgor, around the turgor loss point, and at a RWC of c. 0.72)
were observed with a low temperature scanning electron micro-
scope (LTSEM, DSM 960 Zeiss, Germany, acceleration potential
15 kV, working distance 10 mm and probe current 5–10 nA).
Fresh transverse sections were frozen in liquid N, gold sputtered
and subsequently observed by this microscopic technique. Micro-
graphs were analysed using the public domain NIH Image
program (developed at the US National Institutes of Health and
available at http://rsb.info.nih.gov/nih-image/). The length and
width of the 20 palisade and 20 spongy parenchyma cells were
measured at the three different RWC levels studied.

The broad-band ultrasonic spectroscopy technique: experimental

set-up and parameters measured

The experimental set-up consists of two pairs of specially designed
air-coupled piezoelectric transducers (Fig. 1A); in this case with
a centre frequency of 0.75 MHz, a working frequency range of 0.3–
1.2 MHz, and with a radiating diameter area of 20 mm (Gómez

Álvarez-Arenas, 2003a, 2004). These transducers are positioned
facing each other at a distance of 2 cm. A high voltage (100–400 V)
square semicycle (duration of 0.67 ls) is applied with a Panametrics
5077 pulser-receiver (Olympus, USA) to the transmitter transducer
which converts this electrical signal into an ultrasonic pulse and
launches it into the air. The receiver transducer collects this signal
and converts it into an electrical one, then it is amplified (up to 59
dB) and filtered (low-pass filter at 10 MHz). Eventually, an
oscilloscope (Tektronix 5052 TDS, Tektronix Inc., USA) digitize
it, average a number of waveforms to reduce the high frequency
noise (typically up to 100 waveforms), perform the Fast Fourier
Transform (FFT) and transfer the data to a computer for storage.
The sample rate of the oscilloscope was set to 25 Ms s�1 with
a total length of 5000 points. The experimental procedure of the
ultrasonic technique is as follows. First, transmission from a trans-
mitter is directly measured into the receiver, providing a calibration
of the system. Then a leaf is held for a few seconds between the
transducers at normal incidence. When the ultrasounds impact
normally on the leaf surface, part of the energy is transmitted
through the leaf, and reaches the back surface. Then part of the
energy is transmitted through the interface (air) and received at the
receiver transducer.
The ultrasonic parameter directly measured was the transmitted

pulse in the time domain. The Fourier transformation enabled
obtaining a transmittance (T) versus frequency curve for each
output. The value of the frequency associated with the maximum T
at the peak curve was compared to the relative water content
(RWC). The frequency values were standardized (f/fo) by means of

Fig. 1. Experimental set-up (A) and reference frame for the

assessment of the measurements of the leaf rigidity (B).
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dividing each single value (f) by the maximum value obtained at
RWC¼1.00 (fo) for each leaf studied (Sancho-Knapik et al., 2010).
Moreover, to estimate the attenuation of sound in the samples,
the inverse of the quality factor (Q) was employed, since 1/Q is
directly proportional to it. An increase in 1/Q reflects an increase
in the irregularity in the acoustic pathway. The Q factor is defined
as the ratio between the resonance frequency and the width of the
resonance peak measured at 3 dB below the maximum value
(Gómez Álvarez-Arenas, 2003b).

The ultrasonic mechanical model

For normal incidence of plane waves on a homogeneous plate, the
transmission is made up by the transmitted signal plus the
contribution of all the reverberations inside the plate that are,
eventually, transmitted to the air at the rear face of the plate.
When all these reverberations arrive to the rear face of the plate in
phase between them and with the through transmitted signal,
a constructive interference is established: the transmitted energy is
maximal. This is called a thickness resonance (Gómez Álvarez-
Arenas, 2003a, 2009a). When attenuation in the plate can be
considered negligible, then the resonance condition is obtained by:

f ¼ mðvz=2lÞ ð3Þ

where f is the resonant frequency, m is the order of the resonance,
and v is the velocity of the ultrasonic longitudinal wave in the plate
along the direction normal to the plate (z-axis). For non-normal
incidence it is necessary to consider the presence of shear stresses
and shear waves in the solid plate.
Spectra of the transmission coefficient of ultrasonic pulses

through plant leaves revealed the presence of resonances. Gómez
Álvarez-Arenas et al. (2009a) demonstrated that these resonances
are thickness resonances and that there is no evidence of the
appearance of shear waves in plant leaves, even when working at
non normal incidence. Gómez Álvarez-Arenas et al. (2009b)
shows, for the study of these resonances on leaves, a comparison
between a one-layered model and a more detailed model based on
a four-layered model (upper epidermis, palisade parenchyma,
spongy mesophyll, and lower epidermis). The work demonstrates
that, apart from the greater ease in obtaining the data in the one-
layered model, the deviation of the one-layer model with respect to
the four-layered model for the first thickness resonance (m¼1) is
very small. Therefore, the one-layer model is a reasonable,
accurate, and practical model that has been used in this study as
in previous works (Sancho-Knapik et al., 2010).

The macroscopic effective elastic constant (c33)

The linearized relationship between the stress (r) and the strain (c)
produced in an object is given in terms of elastic constants (c)
(Auld, 1990):

ri ¼ cijcj

In this way, c33 relates the compressional deformation in the 3
direction with the stress applied in the same direction, an
ultrasonic beam in this case (Fig. 1B). c33, named as the
macroscopic effective elastic constant of the leaf, represents the
elasticity of the whole leaf and it is given in MPa. c33 was
estimated using equations 1 and 2 and the absolute values of leaf
frequency, thickness, and leaf density.

Statistical analysis

The relationship between RWC and f/fo was adjusted to a four
parameter logistic curve

�
f ¼ aþðb�aÞ=

�
1þðRWC=cÞd

��

for each leaf studied. Although the relationship between RWC and
f/fo for Q. muehlenbergii leaves could also be adjusted to a cubic

function (<B>¼0.99, P <0.0001), the use of the sigmoid function
was preferred because the inflexion point is directly inferred from
the equation. This function was selected because it describes the
evolution between two ‘equilibrium states’, before and after the
turgor loss point.
The relationships RWC versus PLT and RWC versus 1/Q were

adjusted to a linear segmented model (Schabenberger and Pierce,
2002) for each leaf studied. This is a non-linear model that fit
a curve compound of two lineal models with slopes different to
zero. The point at which the switch between the two functions
occurs is generally called a joint-point, which can easily be
associated with a change in the trend of the studied variable
during the dehydration process. On the other hand, the relation-
ship between RWC and q was adjusted to a square function
(f¼a+bx+cx2) for each leaf studied.
The turgor loss point was calculated as the inflexion point

(coefficient c) of the regression equation for the relationship
between RWC and f/fo. On the other hand, the turgor loss point
was associated with the joint-point of the relationships RWC
versus PLT and RWC versus 1/Q. Finally, the turgor loss point
was also calculated as the maximum value of the square function
for the relationship between RWC and q. A Student’s t test was
used to compare the RWCTLP values obtained from P–V analysis
and those recorded from ultrasonic measurements and leaf
thickness and density. On the other hand, one-way ANOVAs were
performed to compare the evolution of the width and length of the
palisade and spongy parenchyma cells as RWC decreased.
Multiple comparisons were carried out among the exposition times
for the physiological variables using the post-hoc Tukey’s Honestly
Significant Difference test. All statistical analyses were performed
with the program SAS version 8.0 (SAS, Cary, NC, USA).

Results

The parameters derived from the pressure–volume curves
for Q. muehlenbergii are shown in Table 1 and Figs 2 and 3.

According to the Höfler diagram (Fig. 2), the symplastic

water loss (RWL, %) at the turgor loss point corresponded

to 26.6%. Figure 3 shows the strong decrease in the bulk

modulus of elasticity (e, MPa), when turgor pressure (MPa)

decreases due to leaf dehydration.

The relationship between the RWC and the percentage of

loss of thickness (PLT) was adjusted to a linear segmented
model (Fig. 4; <B>¼0.93, P <0.0001; all coefficients were

statistically significant, P <0.0001). It can be observed that

thickness strongly decreases until a certain RWC threshold

(0.7960.03), which is associated with the turgor loss point

Table 1. Parameters derived from the pressure–volume curves for

Quercus muehlenbergii: water potential at the turgor loss point

(WTLP, –MPa), relative water content at the turgor loss point

(RWCTLP), maximum bulk modulus of elasticity (emax, –MPa), and

maximum turgor (p, –MPa)

Data are mean 6SE.

Quercus muehlenbergii

WTLP (–MPa) 2.8060.05

RWCTLP 0.8360.01

emax (–MPa) 17.0960.58

p0 (–MPa) 2.1560.07
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and close to that derived from P–V curves (Table 1). Once

this RWC point is reached, the loss of thickness remains

fairly constant. However, leaf density, which was adjusted

to a square function (Fig. 5; R2
adj¼0.88, P¼0.002), shows

a slight increase (c. 9%) until RWC¼0.8260.01, followed by

a slight decrease once this point is exceeded. The loss of leaf

thickness is caused by the sharp reduction in the width and

length of both spongy and palisade meshophyll cells (Table
2). This process can be observed in the Cryo-SEM micro-

graphs of leaf tissue at full turgor (Fig. 6A, C) and at

RWC¼0.72 (Fig. 6B, D). Moreover, Fig. 6D shows the

buckling experienced by the mesophyll cells when the turgor

loss point is exceeded (Fig. 6D).

In Fig. 7 the mean values of f/fo obtained from ultrasonic

measurements are represented against different levels of

RWC. The relationship between RWC and f/fo was adjusted
to a four parameter logistic curve (R2

adj¼0.99, P <0.0001; all

coefficients were statistically significant, P <0.0001), which

is characterized by the existence of an inflexion point,

corresponding to the turgor loss point (Sancho-Knapik

et al., 2010). The turgor loss point for Q. muehlenbergii

leaves estimated by the standardized frequency corre-

sponded to a RWC of 0.8460.01. Figure 8 represents the

RWC versus the inverse of the quality factor of the leaf first

thickness resonance (1/Q), which was adjusted to a linear
segmented model (R2

adj¼0.97, P <0.0001; all coefficients

were statistically significant, P <0.0001). The RWCTLP

derived from 1/Q values was 0.8260.01. It can be observed

Fig. 3. Relationship between the turgor pressure (MPa) and the

bulk modulus of elasticity (e, MPa) for Quercus muehlenbergii.

Data are expressed as mean 6SE.

Fig. 4. Relationship between the percentage of loss of thickness

(PLT) and the relative water content (RWC) for Quercus muehlen-

bergii. Data are expressed as mean 6SE of ten leaves. Solid line

and dashed lines indicates, respectively, the estimated relative

water content at the turgor loss point (RWCTLP) and the standard

error of this estimation.

Fig. 5. Relationship between the leaf density (q, kg m�3) and the

relative water content (RWC) for Quercus muehlenbergii. Data are

expressed as mean 6SE of ten leaves. Solid line and dashed lines

indicates, respectively, the estimated relative water content at the

turgor loss point (RWCTLP) and the standard error of this

estimation.

Fig. 2. Höfler diagrams relating symplastic water loss (RWL, %) to

turgor pressure (Pt), osmotic potential (p0), and leaf water potential

(W) in Quercus muehlenbergii.
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that at high RWC values, up to the turgor loss point, 1/Q

remains nearly constant (c. 0.3), while it dramatically

increases once this point is exceeded. The results indicate

that there is an increase of the attenuation coefficient of

ultrasounds, once the leaf is below the RWC threshold

determined by the turgor loss point.

The RWCTLP values derived from P–V curves and those

estimated from PLT, q, and ultrasonic measurements (f/fo
and 1/Q) were not statistically different at all levels of

significance of P <0.05 (Table 3). It should be noted that

ultrasonic measurements showed correlation coefficients

higher than leaf thickness and density (Table 3).

Figure 9 compares the changes in the bulk modulus of

elasticity (e, MPa) and the estimated macroscopic effective

elastic constant (c33) associated with changes in turgor

pressure (MPa). Both parameters decreased in a similar

way, from full turgor to turgor loss point. However, when

turgor is lost, e was c. 0 MPa whereas c33 did not reach this
value.

Figure 10 shows the influence of the macroscopic effective

elastic constant (c33), leaf thickness, and leaf density on the

standardized frequency (f/fo) for Quercus muehlenbergii

leaves. It can be observed that c33 is the main factor

affecting the changes in f/fo. On the other hand, f/fo was

slightly affected by changes in leaf thickness at high f/fo
values (i.e. at high RWC values, before the turgor loss
point), whereas leaf density always had a negligible in-

fluence on f/fo values.

Discussion

In this investigation, the changes occurring during different

dehydration steps were assessed in terms of ultrasounds

measurements, P–V analysis, leaf thickness, leaf density,

Table 2. Width (x, lm) and length (y, lm) of the palisade and

spongy parenchyma cells of Quercus muehlenbergii leaves at

three different RWC levels

Data are mean 6SE. Different letters within columns indicate
significant differences at P <0.05 among the three RWC levels.

RWC Palisade parenchyma
cells

Spongy parenchyma
cells

x (mm) y (mm) x (mm) y (mm)

1.00 1761 a 14261 a 2061 a 5163 a

0.83 760 b 6361 b 860 b 2462 b

0.72 660 b 5361 c 860 b 1661 c

Fig. 6. Cryo-SEM micrographs of leaves of Quercus muehlenbergii at full turgor (A, C) and at RWC¼0.72 (B, D). White arrow indicates

the cell buckling phenomenon.
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and leaf structure. Although all the studied parameters were

sensitive to changes in plant water status and allowed the

estimation of the turgor loss point for Q. muehlenbergii

leaves (Table 3), most of them showed some drawbacks.

Leaf thickness requires contact with the leaf so it is more

invasive than the broad-band ultrasonic spectroscopy.

Moreover, the absence of changes in leaf thickness after the

turgor loss point prevents its use for the estimation of leaf
water status beyond this point (Fig. 4). In this way, the

variation of leaf density was almost negligible during the

Fig. 8. Relationship between the relative water content (RWC) and

the inverse of Q-factor (1/Q) for Quercus muehlenbergii. Data are

expressed as mean 6SE of ten leaves. Solid line and dashed lines

indicates, respectively, the estimated relative water content at the

turgor loss point (RWCTLP) and the standard error of this

estimation.

Fig. 7. Relationship between the relative water content (RWC) and

the standardized frequency (f/fo) for Quercus muehlenbergii. Data

are expressed as mean 6SE of ten leaves. Solid line and dashed

lines indicates, respectively, the estimated relative water content at

the turgor loss point (RWCTLP) and the standard error of this

estimation.

Table 3. Relative water content at the turgor loss point (RWCTLP)

estimated from the relationships between RWC and (i) percentage

of loss of thickness (PLT), (ii) density (q), (iii) standardized frequency

(f/fo), and (iv) the inverse of Q-factor (1/Q) for Quercus muehlen-

bergii leaves

The adjusted correlation coefficient (R2
adj) and the P-value are shown

for each studied relationship. All estimated RWCTLP values were not
statistically different from RWCTLP derived from P–V curves.

RWCTLP R2
adj P

RWC versus PLT 0.7960.03 0.93 <0.0001

RWC versus. q 0.8260.01 0.88 0.002

RWC versus f/fo 0.8460.01 0.99 <0.0001

RWC versus 1/Q 0.8260.01 0.97 <0.0001

Fig. 10. Variation of the macroscopic effective elastic constant

(c33), leaf thickness and leaf density on the standardized frequency

(f/fo) for Quercus muehlenbergii. All the variables have been

standardized by dividing each value by its value at RWC¼1.00.

Fig. 9. Relationships turgor pressure (MPa) versus the bulk

modulus of elasticity (e, MPa) (solid line) and turgor pressure (MPa)

versus the estimated macroscopic effective elastic constant (c33)

(dashed line) for Quercus muehlenbergii. Grey solid lines and grey

dashed lines represent, respectively, the standard errors of e and c33.
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dehydration process (Fig. 5) due to the existence of

compensation between the loss of weight induced by water

loss and the reduction in leaf thickness. On the other hand,

regarding ultrasonic parameters, the use of the frequency is

more suitable than 1/Q to estimate plant water status

because (i) the frequency is a parameter directly measured

while 1/Q is a calculated parameter over a certain frequency

range, which can be affected by any distortion of the leaf
resonance present in the measurement, and (ii) the turgor

loss point calculated from frequency data is the inflexion

point of a full process of changes (Fig. 7), which is more

accurate than the estimation of a point at the beginning of

a change process (Fig. 8). For these reasons, it is considered

that the frequency is an optimum parameter for the

estimation of plant water status. Sancho-Knapik et al.

(2010) showed that the turgor loss point can be accurately
determined by the measurement of the frequency associated

with the maximum transmittance. It should be noted that

the turgor loss point has been considered a threshold for

many physiological processes (Brodribb and Holbrook,

2003; Thomas et al., 2006; Mitchell et al., 2008). Again, no

significant differences were found between the RWCTLP

derived from analysis of P–V isotherms and those obtained

by ultrasounds. The turgor loss point established the
separation in two differential phases of the performance of

f/fo as a function of RWC variations.

The first phase, corresponding to high RWC, is charac-

terized by a progressive loss of turgor pressure (Fig. 2),

a reduction in the bulk modulus of elasticity of the leaf (e)
(Fig. 3) and a loss of thickness (Fig. 4). The decrease found

in e showed a similar trend to that found for the

macroscopic effective elastic constant (c33) of the leaf (Fig.
9). This fact indicates that changes in e could be associated

with changes in c33. It should be noted that e has been

mainly recognized as an indicator of the elastic properties of

the cell walls (Tyree and Jarvis, 1982; Saito et al., 2006),

whereas c33 can be associated with the elasticity of the

whole leaf. Thus, there are other factors that could

contribute to c33, which may explain the differences found

between the values of e and c33 (Fig. 9). This is a matter
that deserves further investigations. The decrease in c33
(Fig. 9) and the slight increase in q (Fig. 5) during the first

phase are directly traduced in a reduction of the ultrasound

velocity (equation 2) and hence a displacement of the

resonance of the leaf towards lower frequencies (equation.

1). This fact could explain the sharp decline found in f/fo
during this first phase (Fig. 7). On the other hand, it can be

argued that the f/fo variations determined could be associ-
ated with leaf thickness reductions during leaf dehydration

(Fig. 4). However, due to the inverse relationship between

thickness and frequencies, higher f/fo values could theoret-

ically be expected during dehydration (equation 1), while,

by contrast, lower f/fo values were recorded. Therefore, it

can be concluded that the changes in c33 (that can be

attributed to changes in e) are the main causal factor for the

changes found in f/fo during this first phase, exceeding the
effect caused by the loss of thickness during leaf dehydra-

tion or density variations (Fig. 10).

The second phase, once the turgor loss point is exceeded,

is characterized by the existence of an additional decrease in

f/fo as the leaf dehydration process goes on (Fig. 7), which

cannot be caused by changes in the turgor pressure as

assumed so far. The further observed reduction of f/fo
beyond the turgor loss point must be justified in terms of

a reduction in c33, but now, this c33 reduction cannot be

produced by the loss of turgor. At the early stages of this
procedure, the most likely mechanism is the occurrence of

partial elastic buckling of the solid structure (Gibson and

Ashby, 1997). This leads to a reduction of c33 and hence

a reduction of the velocity and a shift of the resonant

frequency towards lower frequencies. Therefore, this could

explain the further decrease found in the resonant frequency

beyond the turgor loss point (Fig. 7). As a first approach to

verify this hypothesis, Cryo-SEM micrographs of tissue
subjected to differential dehydration stages were obtained

and it was indeed observed that water loss induced the

occurrence of a high degree of cell shrinkage and stretching

(Fig. 6). Around the turgor loss point, both spongy and

palisade mesophyll cells experienced a reduction in length

and width of c. 54% and 59%, respectively. This reduction

was more dramatic at 0.72 RWC, where maximum reduc-

tions were observed regarding cell length (from 62% to 68%)
in contrast to cell width (c. 63%). Therefore, it can be

concluded that the changes found in f/fo during this second

phase (Fig. 7) are mainly due to the conformational changes

of mesophyll cells. Furthermore, these changes caused the

formation of large intercellular spaces, which increased the

irregularity in the acoustic pathway. This fact may explain

the increase of the attenuation coefficient of ultrasounds

due to the ultrasound scattering produced by these irregu-
larities and hence the increase of the damping of the leaf

thickness (Fig. 8), once the turgor loss point threshold is

passed.

Conclusions

In this work c33 has been estimated through independent

measurements of frequency, thickness, and density. The

decrease in c33 is the main factor explaining the decrease

found in f/fo before the turgor loss point. The physical

changes found in the mesophyll may explain the variations

in the ultrasonic properties of the leaf during the second
phase. Finally, the knowledge derived from this study can

serve for the development of tools for the continuous

monitoring of plant water status, in order to maximize

water use efficiency in crop plants.
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