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Abstract  18 

Although it is well known that plants emit ultrasound bursts under drought stress, the exact 19 

origin of the acoustic waveform of these pulses has remained elusive. Here we present 20 

evidence for a correlation between the ultrasound spectrum of these pulses and the dimensions 21 

of the plant’s xylem vessels. Using a model that relates the vibrational excitations of the 22 

vessels to their geometric and viscoelastic properties, we develop a methodology to extract 23 

the internal xylem vessel dimensions from recorded ultrasound waveforms. We apply the 24 

method to ultrasound pulses from drying shoots of three vascular dicot plant species, and 25 

validate it by comparison with destructive measurements via microscopy. Our method 26 

demonstrates the potential for continuous monitoring of the vascular anatomy of plants. The 27 

ultrasonic, non-invasive characterization of internal vessel dimensions can lead to 28 

breakthroughs in speed and accuracy in plant phenotyping and disease detection in 29 

agriculture.  30 

Teaser  31 

Bursts of sound produced by plants convey the dimensions and elasticity of their water-32 

carrying vessels. 33 

MAIN TEXT (max. 15,000 words) 34 

Introduction 35 

The generation of sound waves by plants has received considerable attention during the last 36 

decades (1,2). Several studies have investigated the mechanism of sound generation, and 37 
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found that it is strongly related to plant hydraulics, which is linked to the mechanism of water 38 

transport in plants (3). This is vital to our understanding of plant function and stress resilience 39 

(4,5). In vascular plants, the xylem is responsible for water and nutrient transport from the 40 

roots to the leaves (3). Evaporation of water from leaves (transpiration) results in a tensile 41 

force on the water-column, which, combined with the strong cohesion of water molecules, 42 

results in ascent of water from the roots to the leaves (6). During drought or strong 43 

transpiration rate, the tension in the water column can increase rapidly. Beyond a critical 44 

tension, the stress is released by the formation of vapor or gas-bubbles (6-8)  in the xylem. 45 

This bubble formation results in a sudden release of the elastic energy stored in the water 46 

column, a fraction of which is converted to a sound pulse (9). The rate at which such pulses 47 

are emitted has been used as a marker of a plant’s response and vulnerability to drought-stress 48 

(10-13). The time- and frequency-domain features of these ultrasound pulses, measured 49 

directly from plant shoots, were shown in a recent study (14). Yet, the physical origin and 50 

relevance of the observed waveforms in these acoustic pulses (15-19) has remained elusive. 51 

Here, we present evidence that the waveforms are closely linked to the dimensions and 52 

mechanical properties of xylem vessels. 53 

The xylem is a major player in determining a plant’s response to biotic and abiotic stresses, 54 

e.g. availability of water, and pathogen infection. Monitoring xylem vessel traits is, thus 55 

beneficial for plant phenotyping. Current knowledge of the xylem vessel dimensions has 56 

mainly been dependent on microscopy techniques, and is important for the vibrational model 57 

that we will introduce later. Xylem vessels resemble cylindrical tubes with fused ends (5). 58 

These tubes consist of several xylem vessel elements that are separated by perforation plates. 59 

Diameters of these vessels range from ~ 1 μm in small herbs to ~100 μm in woody trees, and 60 

their lengths range from ~100 μm to ~10 cm (20-22), across the plant kingdom. The 61 

viscoelastic walls of xylem cells are composed of an interwoven matrix of cellulose, 62 

hemicellulose, pectin and lignin fibres, which can have a wide range of elastic moduli 63 

depending on their relative composition (23) and the water content (24-26). The elasticity of 64 

macroscopic segments of plant stems can be measured via various mechanical loading 65 

techniques (26, 27), which are invasive. Existing techniques to measure xylem dimensions, 66 

such as paint-injection, X-ray micro-computed tomography (CT), optical microscopy and 67 

scanning electron microscopy (28-31), are also destructive and time-consuming.  68 

Based on this knowledge of xylem vessels, we present a physical model that links their 69 

dimensions and (visco-)elasticity, to measured ultrasound pulses. Using Hydrangea 70 

quercifolia as a test species, we compare information about the radius, length, and 71 

viscoelasticity of xylem vessels obtained by analyzing ultrasound pulses, to that gained by 72 

independent destructive techniques. In addition, we further elucidate the correlation between 73 

viscous damping in the ultrasound pulses and the xylem vessel radius distribution by 74 

experiments on two additional species namely Hydrangea macrophylla, and Solanum 75 

lycopersicum. Lastly, via pulsed ultrasound spectroscopy with an external sound source, we 76 

show that acoustic resonances in the vascular tissue can be artificially excited, the 77 

characteristics of which agree with those excited naturally during drought-stress. As an 78 

analogy, our study suggests that xylem vessels serve as flutes inside a plant to communicate 79 

their physical state via the pitch and duration of their own ‘music’. 80 

 81 
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Results  82 

Our study consists of two parts: (i) recording and analyzing ultrasound pulses from drying 83 

plant shoots, and (ii) validating the analytical results with destructive characterization on stem 84 

segments. The results section is organized as following: firstly, we analyze the time-domain 85 

features of the recorded ultrasound pulses. Secondly, we develop an analytical model to 86 

extract xylem vessel radius from the settling time of these pulses. These are validated by 87 

optical and scanning electron microscopy. Thirdly, we study the resonance frequencies 88 

present in the pulses. By combining this information with an independently measured 89 

Young’s modulus of elasticity of the stem, we extract the length of xylem vessel elements; 90 

these lengths are validated via scanning electron microscopy. Fourthly, we merge our findings 91 

to create a map of acoustic lengths and radii of xylem vessels in a given species and also 92 

predict a theoretical relationship between length and radius in the context of viscous fluid 93 

flow and mechanical strength of cylindrical vessels. Lastly, we support our hypotheses by 94 

comparing the acoustic response of a plant stem under drought-stress to that when excited 95 

artificially with an external sound source. 96 

Recording ultrasound waveforms  97 

We first examine the waveforms of ultrasound pulses emitted by the drying plant shoots. A 98 

total of three specimens, samples A, B, and C, are taken from three H. quercifolia plants (see 99 

Materials and Methods). Ultrasound pulses are recorded with a broadband ultrasound 100 

microphone placed along the axial and radial direction of the stem, as shown in Fig. 1A. 101 

While the axial recording generally helps in detecting louder sound bursts (larger amplitudes), 102 

the radial recording is relevant from the viewpoint of application in non-invasive detection. 103 

The microphone records the time series of the ultrasound emissions starting ~ 5 minutes into 104 

the drying process (see Fig. 1B; Methods), where time t = 0 s corresponds to the start of the 105 

recording. The pulses occur sporadically and with varying amplitudes. We observe that the 106 

time-domain waveforms of these pulses resemble damped oscillations, both when recorded 107 

along the axial and in the radial directions (Figs. 1C and 1D). The pulse amplitude in time-108 

domain decays exponentially with a 1/e time constant τs: the settling time (Methods). For stem 109 

sample A, we obtained τs = 28.8 ± 6.4 μs (mean ± s.d.), for the pulses recorded in the axial 110 

direction. The corresponding value of τs for the radially recorded pulses is 41.7 ± 12.4 μs, 111 

which is statistically similar. The τs for the many individually measured axial and radial sound 112 

pulses of all the three stem samples A, B, and C are shown in Figs. S1 – S3, respectively. The 113 

determined settling times of samples B and C agrees with those of sample A. All pulses die 114 

out within ~ 0.3 ms, in agreement with reported work (9). Based on this observation, we 115 

hypothesize that the damped oscillations are generated by resonant vibrations within the 116 

xylem vessels. In the following paragraphs, we develop a micromechanical model of the 117 

xylem vessel element based on acoustics in a pipe. In order to validate the model, we extract 118 

the settling times and characteristic frequencies of ultrasound pulse waveforms. These are 119 

subsequently interpreted to estimate xylem vessel dimensions and elasticity (see Fig. 1E).  120 

Pulse settling time and Xylem vessel radius  121 

In order to explain the origin of the observed ultrasound waveforms and to use them to extract 122 

information about the plant’s microstructure, we develop a model relating the 123 

micromechanics of the xylem to the waveform of the generated ultrasound. We hypothesize 124 

that the damped oscillations are identical to those of an organ pipe filled with water (32). The 125 
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bubble formation excites axial standing waves in the sap (water), whose resonance 126 

frequencies depend on the longitudinal speed of sound in the pipe veff, and the xylem vessel 127 

element length L (Methods). We model the xylem vessel as a resonant cylindrical pipe 128 

containing a series network of vessel elements of  length L, which are bounded by scalariform 129 

perforation plates (3, 28) (see Fig. 2A). The perforation plates serve as non-ideal (leaky) 130 

reflecting surfaces at the termination of a vessel element for the pressure waves. The sound 131 

waves propagate along the length of the xylem vessel, and are likely to dominate the recorded 132 

ultrasound. These waves undergo damping, primarily due to the dynamic viscosity of sap 133 

(water) ηl in the xylem, which dominates the settling time τs. The resonating element is 134 

described using a linear second order resonator model consisting of lumped acoustic 135 

inductance, capacitance and resistance (Methods). Using this acoustic model, we express the 136 

effective xylem radius in terms of the sap density ρl and measured settling time (see equation 137 

(8) in Materials and Methods). In this model, R is calculated independently of length L, from 138 

the settling time of the measured time-domain waveform.  139 

In order to validate our model, we obtain micrographs of the transverse cross-sections of the 140 

stem samples via optical microscopy (see Fig. 2B) and scanning electron cryo-microscopy 141 

(Fig. 2C). Figures 2B, and S4A-B show the optical micrographs of latex-paint stained stem 142 

samples A, B, and C, respectively. Next, the histograms of xylem radii R are extracted using 143 

the acoustic model from the axially recorded ultrasound pulses, and also from the optical 144 

micrographs. As shown in Fig. 2D, the mean (± s.d.) acoustic R for sample A is found to be 145 

9.93±1.6 μm. The observed vessel radius R via optical microscopy is 11.9 ± 2.6 μm (Fig. 2D 146 

and Table 1). Similar data are obtained for stem samples B and C (Figs. S4C-D). Thus, the 147 

calculated R, using the ultrasound analysis, agrees with that observed by optical and scanning 148 

electron microscopy. 149 

We further validate our method using other plant species, namely H. macrophylla and S. 150 

lycopersicum (Figs. 2E – 2J). The mean τs  for H. Macrophylla and S. lycopersicum are 151 

26.4±7.0 μs and 116±85.0 μs, respectively. Histograms and mean R derived from direct 152 

microscopy (see Figs. 2G, 2H), are in good agreement (see Figs. 2I, 2J). The relatively larger 153 

τs for S. lycopersicum is in agreement with its wider mean vessel radius (20.4±7.1  μm), 154 

compared to that of H. macrophylla (10.9±2.4 μm). The corresponding vessel radii, obtained 155 

with the acoustic model, are 9.6±1.2 μm and 20.5±8.6  μm for the two species, respectively. 156 

The ultrasound methodology is thus validated for multiple plant species, showing the link 157 

between the vessel radii, and the settling time of the ultrasound pulses. 158 

Ultrasound frequencies, Xylem vessel (element) length and Young’s modulus 159 

To estimate the length L of the xylem vessel element, we analyse the frequencies in the 160 

ultrasound pulses. The resonance frequencies fL  are integer multiples of the ratio veff / L (see 161 

Materials and Methods). We observe that the Fourier spectra of representative ultrasound 162 

pulses (recorded axially) exhibit characteristic peak frequencies (Fig. 3A). The peak 163 

frequency with the largest amplitude, fp(axial) for sample A is 34±5 kHz. In addition, peaks 164 

close to integral multiples of fp(axial) are observed (Table S1). Analysis of pulses from samples 165 

B and C shows similar trends (Fig. S5A-B). Similar data are observed in the pulses recorded 166 

in the radial direction of the stem samples (Fig. 3B, Fig. S5B-C,  and Table S2).  167 

The resonance frequency fL is calculated from fp(axial) (see Materials and Methods). Note that 168 

the two values differ due to the high damping (small τs) in the sound pulse. Subsequently, L is 169 
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expressed in terms of fL in line with our acoustic pipe model (see equation (9) in Materials 170 

and Methods). In this model, the resonance frequency additionally depends on the mode order 171 

m, the speed of sound in bulk water vl, the vessel wall thickness h and the Young’s modulus 172 

of elasticity E. The Young’s modulus quantifies the stiffness of a solid against mechanical 173 

stress. It is defined as the amount of stress along a given direction, required to produce unit 174 

relative change in its dimension.  175 

To extract L from the resonance frequencies, we need to obtain h and E (see Materials and 176 

Methods). We observed h to be ~ 1 μm via scanning electron cryo-microscopy (see Fig. 2C).  177 

We determine E of stem segments cut from the same plant, and from shoots similar in age and 178 

size. For this, we measure the stress-strain curves via uniaxial tensile loading (Fig. 3C). The 179 

mean mass density per stem segment is also estimated from the measured weights and 180 

dimensions. The linear slope of the stress-strain curve (Fig. 3C) at small values of strain (≈ 181 

10-4) yields the value of E, which is extracted to be 0.2 ± 0.1 GPa for fresh (hydrated) stem 182 

samples (Fig. 3D). For dry stem samples, E > 0.6 GPa are obtained. We observe an overall 183 

decline in E with increasing mass density. This indicates that the water-content dominates the 184 

variations in E. This agrees with an earlier empirical model (24), where the dependence of E 185 

on the relative water content in the xylem is taken into account. 186 

We calculate L using h ≈ 1 μm and E = 0.2±0.1 GPa in equation (9) (see Materials and 187 

Methods). The histogram of L is extracted from the axially recorded ultrasound pulses for 188 

stem samples. For sample A,  L is obtained to be 0.99±0.08 mm under a unimodal Gaussian 189 

fit (see Fig. 3E). Similar values are obtained for samples B and C (Fig. S5E-F). This 190 

highlights the reproducibility of our method and the similarity of the recorded ultrasound 191 

pulses in the axial direction. 192 

Next, we validate the assumption that L represents the actual length of xylem vessel element. 193 

We extract the mean xylem vessel length (a vessel contains several vessel elements) using 194 

latex paint staining (30), by counting the number of stained vessels on transverse cross-195 

sections of the stem (see Materials and Methods). These counts decrease exponentially with 196 

the distance (33) from the lower end of the stem at which the paint was taken up (Fig. S6). 197 

The mean xylem vessel lengths are found to be in the range ~ 12 – 17 mm for the three stem 198 

samples. The xylem vessel length is thus much larger than the L extracted from the ultrasound 199 

pulses (~ 1 mm, Fig. 3E). This is because the Latex paint molecules cannot penetrate the 200 

fused ends, but can pass through the perforation plates between adjacent vessel elements (33). 201 

Therefore, we observe individual vessel elements in longitudinal sections of stem samples 202 

using scanning electron cryo-microscopy (Fig. 3F). The observed length ranges from 0.5 to 203 

0.9 mm for individual xylem vessel elements (Fig. 3G, Table 1). Thus L, as obtained from 204 

our acoustic model, is a good estimate of the length of individual vessel elements.  205 

Relationship between L and R  206 

Our method of analysing ultrasound emissions enables us to generate a set of length versus 207 

radius data for xylem vessel elements within a given stem segment. We observe that in a 208 

single plant (H. quercifolia),  L scales as R0.74 (see Fig. 4). Basic fluid and structural 209 

mechanics helps us in predicting an upper bound on L-R dependency. In plants of height 210 

within ~1 m, transpiration pull is the governing force of ascent of water through xylem 211 

vessels, which creates a gradient in the hydrostatic pressure along the vascular column. With a 212 

constant volume flow rate of water through the series-connected vessel elements (continuity), 213 
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the pressure-drop along a length L can be obtained from the Darcy-Weisbach equation (34) 214 

(see Materials and Methods). Furthermore, a vessel element can withstand a maximum 215 

pressure drop to avoid rupture (35).  This critical pressure is also a function of both L and R 216 

(see Materials and Methods). Combining the two dependencies, we derive that 𝐿crit ∝ 𝑅1.25, 217 

where Young’s modulus and wall thickness are assumed to be constants. This reasoning gives 218 

us an upper-bound on the scaling exponent from a purely mechanical viewpoint.  219 

Ultrasound pulsed transmission spectroscopy of xylem vessels  220 

Finally, we further elucidate the link between acoustic resonances in xylem vessels to the 221 

drought-induced ultrasound pulses. For this, we artificially excite resonances in the vascular 222 

tissue of a stem segment of H. macrophylla. A piezo-transducer is used, which transmits an 223 

acoustic pulse when excited electrically (see Materials and Methods). This enables us to 224 

excite our target at a range of sound frequencies simultaneously. The pulse is applied such 225 

that it propagates through the stem segment along either the axial or the radial direction, as 226 

shown in Fig. 5A. The transmitted sound pulse is subsequently detected by the broad-band 227 

microphone. Figures 5B and 5C show the time-domain and frequency-domain waveform of 228 

the ultrasound pulse detected axially, while Figs. 5D and 5E show the same for the pulse 229 

detected radially. The ultrasound pulse exhibits an envelope settling time of 36.3 μs, which is 230 

in close agreement with that obtained from the drought-induced ultrasound pulses (26.4 ± 7.0 231 

μs).  In both axial and radial directions, characteristic frequencies are observed in the Fourier 232 

spectra, which match those observed in drought-induced pulses. This could enable the use of 233 

acoustic excitation as a technique for non-invasive monitoring of vascular geometry and 234 

moisture-dependent elasticity.  235 

 236 

Discussion  237 

Our results have shown how ultrasound emissions from drought-stressed plant stems can be 238 

used to extract and monitor the geometry and viscoelasticity of xylem vessels. In this section, 239 

we first interpret our results and discuss the applicability of our method to monitor the 240 

vascular physiology of plants. We end the section by commenting on its potential in non-241 

invasive plant health monitoring.  242 

Xylem vessel radius 243 

We have shown that by modelling the xylem vessel as cylindrical acoustic resonator, the 244 

radius R can be extracted from the settling time of the ultrasound pulse, resulting in 245 

comparable values as those obtained from common microscopy techniques. Using Hydrangea 246 

and Solanum as example plant species with relatively narrow and wide vessel radii 247 

respectively, we validate the dependency of τs on R.  Optically determined xylem vessel radii 248 

are slightly bigger (~ 2 μm) than the acoustically determined radii (Figs. 2D, 2I, 2J, Fig. S4). 249 

We attribute this to the assumption of a constant dynamic viscosity of xylem sap ηl.  In 250 

practice, ηl depends on ambient temperature, and concentration of dissolved nutrients (36). 251 

Moreover, water close to the sap-wall interface is held with adhesive forces, and thus has a 252 

slightly higher dynamic viscosity (37). As a corollary to our analysis, if the distribution of R is 253 

known directly from optical microscopy, one can evaluate the effective kinematic viscosity (ηl 254 

/ρl) of the xylem sap. Note that the solid walls of the xylem vessels also possess shear or 255 

extensional viscosity (38). This means that elastic forces arise in them as a response to 256 
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elongation, compression or shear stresses. Shear viscosity is a property of solids to resist a 257 

change in deformation (shear rate). This additional viscosity likely sets an upper bound on τs  258 

and R, beyond which the agreement between optical and acoustic radii likely deteriorates.  259 

Xylem vessel element length (L) and Young’s modulus (E)  260 

The xylem vessel element length L, extracted from the ultrasound pulses (Fig. 3E) 261 

consistently exceeds the physical length (via SEM; Fig. 3G) by ~ 0.3 mm (~ 30 %). We 262 

attribute this to two factors. Firstly, the perforation plates serve as non-rigid and leaky 263 

boundaries (not accounted for in the model), due to which the standing waves penetrate 264 

beyond the physical length of a single vessel element. Secondly, the uniaxial tensile loading 265 

measurements that we performed (Fig. 3C, 3D) on stems provide an overestimation of the 266 

xylem Young’s modulus. This is due to the presence of stiffer Sclerenchyma and 267 

Collenchyma tissue (39), with Young’s moduli exceeding ~ 1 GPa (40), close to the 268 

circumference of the stem. Hence, as a corollary to our analysis, instead of fixing the Young’s 269 

modulus, one can alternatively fix the xylem vessel element length via microscopy. Xylem 270 

cells differentiate very early during the growth of a plant (41), subsequently growing to their 271 

maximum lengths before maturing (dying) (42) to become hydraulically active vessel 272 

elements. Thus, once the vessel element length is determined via microscopy techniques for a 273 

given plant, the Young’s modulus can then be continuously and non-invasively monitored to 274 

diagnose variations in water-content (43), ageing, or even pathogen-induced occlusions within 275 

the xylem (44,45).  276 

Application to intact plants  277 

Plants vary in their drought-resistance. It may take several days for the water potential in the 278 

leaves to fall below the reported threshold (10) for cavitation based ultrasound emissions of at 279 

least one per minute. Therefore, we detached plant shoots to induce accelerated drought-280 

stress. This enabled us to record a large set of ultrasound pulses in a relatively short time. We 281 

measured similar waveforms in both axial and radial directions of the stem. The latter 282 

direction avoids physical incision of the stem and is, therefore, preferred for non-invasive 283 

measurements on intact plants. Ultrasound does not propagate far and events occurring within 284 

a maximum distance of 20 – 30 mm are likely to be useful (46). This distance depends on the 285 

species, and the level of hydration in the stem, and thus adjusting the proximity of the 286 

microphone to the stem may be necessary during growth or movements of the plant. For large 287 

trees/shrubs, the radius and lengths of the xylem vessels exceed ~100 μm, and ~10 cm. This 288 

would require shifting the sensitive frequency band of the microphone down to the audible 289 

range (100 Hz – 10 kHz).  290 

Impact and scope.  The current state-of-the-art for determining xylem vessel properties is 291 

largely centred on cutting stems and examining them under a microscope, which comes with 292 

obvious drawbacks to speed and scalability. Using methods like latex paint staining and 293 

scanning electron microscopy to monitor xylem vessels is time-consuming, and is of limited 294 

applicability in the field. Recently, X-ray micro-tomography was recommended (47) to 295 

monitor xylem embolisms and hydraulic vulnerability. However, to date, this method is 296 

expensive and not suitable for field applications. Ultrasound monitoring far surpasses these 297 

techniques, and has the potential to monitor xylem vessels non-destructively and continuously 298 

with a relatively inexpensive apparatus. The presented methodology establishes a link 299 

between geometrical and mechanical properties of xylem vessels and the recorded ultrasound 300 
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emissions of plants. In particular, we showed, for the first time, the potential of ultrasound 301 

monitoring in the rapid determination of radius (R) and length (L) of xylem vessel elements in 302 

a single plant (Fig. 4). This opens the route to new studies about any existing physical 303 

relationship between L and R in a single plant. Note that although observed values of L and R 304 

were reported in literature (28,47,48), those were obtained only across different species by 305 

either destructive microscopy or X-ray micro-tomography. 306 

We foresee applications of our method to a multitude of plant species with varying vessel 307 

dimensions and viscoelasticity. This can enable in-vivo studies to mechanical resonances of a 308 

plants’ vascular tissue via external acoustic transducers. In turn, this provides a non-invasive 309 

method for rapid phenotyping. Crops could be selected for breeding based on their xylem 310 

vessels and thus based on their response to drought and/or susceptibility to vascular wilt 311 

pathogens (41,42,49,50). Drought-stress directly impacts the viscoelasticity of the vascular 312 

tissue, which can be monitored with ultrasound. Correlation between vessel radius and 313 

drought-stress have been reported in poplar (51) and apple trees (52). Pathogens within the 314 

xylem vessels have a parasitic effect on the sugar/nutrient concentration in the sap, which can 315 

in turn change the kinematic viscosity of the xylem sap. 316 

Lastly, from the viewpoint of a complete sensor system, the presented methodology only uses 317 

Fourier transforms and envelope detection. These are standard signal processing functions, 318 

which can be implemented in commercial integrated chip technology. This will help with 319 

future development of low-cost  and compact tools for monitoring plant stress. This will in 320 

turn boost climate-smart agriculture, and indoor farming by providing farmers with new tools 321 

for optimal irrigation strategies and early disease-detection. The presented methodology 322 

provides a new outlook on plants “talking” during drought-stress, and presents ultrasound 323 

sensing as an inexpensive technique for rapid, non-invasive and in-vivo characterization of 324 

plant vasculature. 325 

  326 

Materials and Methods 327 

Plant material  328 

Three potted plants of Hydrangea quercifolia  were obtained from a commercial garden 329 

centre and moved to the laboratory within 1 hour. One shoot sample per plant was cut, 330 

keeping the leaves intact, and immediately placed in tap water (Fig. S7) to prevent embolism 331 

in the xylem vessels at the cut-end. From each shoot sample, a 60-70 mm long and trimmed 332 

(i.e., without leaves and petioles) stem segment was cut under water to prevent air entry and 333 

blockage. The segments were roughly cylindrical, with a cross-section diameter of ~ 5-6 mm, 334 

and were used for vessel staining and optical microscopy. The rest of the sample was left 335 

intact to measure ultrasound emissions. Additionally, one plant each of Hydrangea 336 

macrophylla and Solanum lycopersicum, was also obtained for optical microscopy and 337 

ultrasound recording. 338 

Recording ultrasound pulses and signal processing  339 

The shoot samples were taken out of water, dried using tissue paper, and left on the bench for 340 

air-drying, resulting in accelerated drought stress. A M500-USB ultrasound microphone, with 341 

a reliable detection window between 10 kHz and 150 kHz, from Pettersson Elektronik AB 342 
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(Uppsala, Sweden) was placed first in the axial (~2 mm from the cut-face of stem normal to 343 

the cross-section) and then in the radial (on the cylindrical surface of the stem) directions 344 

(Fig. 1A) to record the ultrasound bursts at a sampling rate of 500 kHz in continuous time 345 

windows of 120 seconds. The sensor consists of a piezoelectric material which produces an 346 

electrical voltage proportional to the pressure of the incident sound wave. From the time-347 

domain waveforms, the pulse envelope was obtained with the built-in “envelope ()” function 348 

in MATLAB, which returns the upper and lower envelopes of the input sequence, as the 349 

magnitude of its analytic signal. The analytic signal of the input sequence was found using the 350 

Hilbert transform. The peak of the envelope curve was determined and the decreasing part of 351 

the envelope curve was stored, which was subsequently fitted with the exponential function 352 

exp (-t/τs) using the Least-Squares method. This yielded the settling time τs. The frequency 353 

spectra of the measured signals were obtained via a 250-point Discrete Fourier Transform, 354 

spanning a time frame of 1.5 ms. Due to the low intensity of the emitted sound,  the spectra 355 

are shown until 150 kHz beyond which the signal merges with the noise floor of the sensor (- 356 

80 dB). The raw data was then post-processed and analysed in MATLAB R2018b 357 

(MathWorks, Massachusetts, USA).  358 

Analytical model for longitudinal vibrations  359 

We modelled the xylem vessel as a cylindrical pipe of radius R, and effective length L 360 

sustaining longitudinal standing waves (53,54) in the water of density ρl whose resonance 361 

frequencies depend on the mode order m, and the longitudinal speed of sound in the pipe veff. 362 

The resonant frequency of the mth order (m = 1,2,…) is given by 363 

 364 𝑓m = (m2 ) 𝑣l𝐿               (1) 365 

 366 

where vl is the speed of sound in the liquid (~1482 m/s in bulk water at 20 oC). We denote the 367 

fundamental resonance frequency (m = 1) as fL in the rest of this section. In practice, equation 368 

(1) cannot be applied directly because in a real pipe with an elastic wall, sound propagates at a 369 

slower speed than that in the bulk liquid. If the walls of the pipe have a non-zero acoustic 370 

thickness h and finite Young’s modulus E, then the effective speed of sound is given by 371 

(55,56): 372 

 373 ( 1𝑣eff2 ) = ( 1𝑣l2) + 𝜌l𝛽xylem,   where 𝛽xylem = (2𝑅ℎ𝐸)        (2) 374 

 375 

where βxylem is known as the cross-sectional compressibility, and ρl = 996 kg.m-3 is the mass 376 

density of water. Thus, vl is replaced by veff in equation (1). 377 

These sound waves (expected to be dominant in the axially recorded ultrasound) undergo 378 

damping primarily due to the dynamic viscosity of water (57) ηl in the xylem. The resulting 379 

time-domain response of the resonating pipe can be described using a lumped circuit model 380 

consisting of acoustic inductance (La), capacitance (Ca) and resistance (Ra), analogous to an 381 
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electrical L-C-R circuit, where voltage and current are replaced by pressure and flow rate 382 

respectively. La is a consequence of the kinetic energy in the water, while Ca arises due to the 383 

compressibility of water. Ra leads to energy dissipation and can be obtained from Poiseuille’s 384 

law for capillary flow (38,53). The three lumped parameters can be expressed as:  385 

 386 𝐿a = 𝐿 . 𝜌l𝜋. 𝑅2  , 𝐶a = 𝐿 . 𝜋.  𝑅2𝜌l. 𝑣l2  , 𝑅a = 8. 𝜂l. 𝐿𝜋. 𝑅4           (3) 387 

 388 

where ηl = 8.9 x 10-4 Pa.s is the dynamic viscosity of water. By describing the circuit as a 389 

linear 2nd order differential equation, we obtained the damping ratio ζ, envelope settling time 390 

τs (the time needed for the amplitude to decrease by a factor of ‘e’),  and the driving frequency 391 

fd as : 392 

 393 

𝜁 = 𝑅a2 √𝐶a𝐿a = 4. 𝜂l. 𝐿𝜌l. 𝑣l. 𝑅𝟐                     (4) 394 

𝜏s = 1𝜁. 𝑓L = ( 𝜌l4𝜂l) . 𝑅𝟐                 (5) 395 

𝑓d = 𝑓L√1 − 𝜁2                      (6) 396 

 397 

The lumped model is valid as long as the dimensions L and R are smaller than the acoustic 398 

wavelength (~ 1-10 cm in water). 399 

Noting that fd is the same as the observed fp(axial) in the ultrasound pulses, ζ  is obtained by 400 

combining equations (5) and (6) as : 401 

 402 𝜁 = 1√1 + (𝑓p(axial). 𝜏s)2                    (7) 403 

 404 

And the acoustic xylem radius was obtained by rearranging equation (5): 405 

 406 

𝑅 = √4. 𝜂l. 𝜏s𝜌l                         (8) 407 

 408 

Combining equations (1) and (2), the effective xylem length L was obtained as: 409 
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 410 1𝐿2 = 4𝑓L2m2𝑣eff2 = 4𝑓L2m2 [ 1𝑣l2 + 2𝜌l𝑅ℎ . (1𝐸)]              (9) 411 

 412 

Scanning electron (cryo-) microscopy  413 

Transverse sections from hydrangea stems were made using a razorblade. The cross-section 414 

was left on filter paper for 1-2 minutes to remove most of the adhering water. Thereafter, the 415 

section was fixed to a sample holder using Tissue-Tek. The sample was frozen by plunging 416 

the sample holder into liquid nitrogen. Subsequently the sample was transferred to a cryo-417 

preparation chamber (Leica Microsystems, Wetzlar, Germany) under vacuum where it was 418 

kept at -90°C for 3 minutes to remove ice from the surface (freeze etching to remove water 419 

vapor contamination). While still under vacuum the sample was coated with 12 nm of 420 

tungsten and transferred using a VCT100 shuttle (Leica) to a field emission scanning electron 421 

microscope (Magellan 400 from FEI, Oregon, USA). The samples were analysed at 2 kV, 13 422 

pA at -120°C. 423 

Longitudinal sections were made by carefully cutting through the region that contains the 424 

xylem vessels. The rest of the sample preparation was identical. 425 

Uniaxial tensile loading for Young’s modulus determination  426 

Multiple stem segments of lengths in the range of 4-7 cm were cut and mounted vertically 427 

between two clamps of a tensile testing machine (Z005; Zwick/Roell, Ulm, Germany; inset of 428 

Fig. 3C). The initial pre-strained length (l0) is equal to the vertical separation between the 429 

clamps and was kept as 20 mm. The uniaxial stress was calculated as the tensile force applied 430 

by the equipment divided by the average cross-section area of the stem segment. The 431 

longitudinal strain was calculated as the change in stem length per unit initial length (Δl / l0). 432 

The Young’s modulus E was then extracted as the slope of the linear part of the stress-strain 433 

curve (Fig. 3c) at small values of strain (≈ 10-4). The average mass density of each sample was 434 

also calculated from measured weight and volume just before tensile loading. The weights 435 

were measured with a Scaltec SBC 33 precision balance (Scaltec Instruments GmbH, 436 

Göttingen, Germany), while the dimensions were measured with a standard Vernier Calliper 437 

with a resolution of 0.1 mm. Note that the measurement error for elastic moduli and mass 438 

density (~ 20 %) is predominantly due to error propagation from length and diameter 439 

measurements.  440 

Vessel staining and optical microscopy  441 

An aqueous solution 1 % (v/v) suspension of red latex paint was left standing for at least 24 442 

hours to allow large particles to settle at the bottom. The supernatant was subsequently 443 

transferred to a glass container and degassed. The stem segments were mounted vertically 444 

over the glass container, with one end immersed in the paint and the other end tightly inserted 445 

into a plastic tube connected to a suction pump (Fig. S7) which applied a pressure difference 446 

of 400 mbar. The stem-tube junction was taped and smeared with Vaseline to prevent air 447 

leakage. As the solution was sucked through the stem for 12 hours, the paint remained 448 

confined in one xylem vessel (macromolecules in the paint cannot move through the 449 
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bordering pits of xylem vessels) while the clear water was conducted through the entire stem. 450 

Subsequently, the stem samples were sliced with a blade at intervals of 5 mm. The number of 451 

painted vessels was then counted on each face of the cut slices from images (magnification of 452 

200X) captured by a VHX digital microscope from Keyence.  453 

An exponential relationship was observed (58) for the number of continuous xylem vessels at 454 

varying lengths of a stem segment. Typically, it is observed that longer vessels are also wider 455 

(59). The complex relationship between xylem radius and length in a plant is largely affected 456 

by a trade-off between hydraulic conductance (increases with increasing R and decreasing L), 457 

and vulnerability to cavitation (60) (increases with increasing R and L). The xylem vessel 458 

length has the following probability distribution function (58,60): 459 

 460 𝑃(𝑥) = 𝑥. 𝜆xylem2 exp(−𝜆𝑥𝑦𝑙𝑒𝑚𝑥)                (10) 461 

 462 

where the most probable vessel length is given by λ-1
xylem, while the mean and standard 463 

deviation are respectively given by 2 λ-1
xylem , and 1.414 λ-1

xylem. Equation (10) is based on the 464 

assumption that xylem vessels have, for every additional unit length, a similar chance to 465 

terminate (58). Thus, we describe the length distribution of a vessel population. Starting from 466 

a chosen reference position x = 0, the number of vessels N with length L ≥ x is given by 467 

 468 𝑁 = 𝑁0 exp(−𝜆𝑥𝑦𝑙𝑒𝑚𝑥)                    (11) 469 

 470 

Ultrasound pulsed transmission spectroscopy  471 

A stem segment 43 mm in length and 5 mm in diameter was obtained from a H. macrophylla 472 

plant. For detecting axially transmitted ultrasound pulse through the stem, a piezo-transducer 473 

(MA40S4S; Murata Manufacturing Co., Ltd., Kyoto, Japan) with a resonant frequency of 40 474 

kHz was excited with a voltage step of 10 V (zero offset), and an on-time of 500 ms. The 475 

transducer was placed perpendicular to one end of the stem segment. The M500-USB 476 

microphone was placed perpendicular to the other end of the stem segment. The frequency 477 

spectra of the measured signals were obtained via a 250-point Discrete Fourier Transform, 478 

spanning a time frame of 1.5 ms. The raw data was then post-processed and analysed in 479 

MATLAB R2018b (MathWorks, Massachusetts, USA). For radial transmission, the same 480 

stem segment was mounted between the transducer and the microphone such that the 481 

longitudinal axis of the stem was perpendicular to the line of flight of the sound pulse (Fig. 482 

4A). The transducer was excited with a voltage step of 5 V and an on-time of 500 ms. The 483 

Fourier transform of the detected ultrasound pulse was performed over a time span of the first 484 

100 μs (Fig. 4D), to observe the frequency components present in the pulse that propagated 485 

only through the stem.   486 

Darcy-Weisbach equation and critical pressure in xylem vessel  487 

The Darcy-Weisbach equation is an empirical relation that relates the pressure drop p along a 488 

given length L of a viscous and incompressible fluid flowing through a conduit of radius R as: 489 
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𝑝 =  8𝜂𝑙 𝑄 𝐿𝜋𝑅4                                  (12) 490 

 491 

where Q is the volumetric flow rate and ηl is the dynamic viscosity of the fluid (water).  492 

From the viewpoint of mechanical rupture/failure, a biomechanical model was reported (35) 493 

where a vessel element is treated as a cylindrical shell under hydrostatic pressure of length L, 494 

radius R, uniform wall thickness t, and isotropic homogeneous Young’s modulus E. For 495 

cylinders with L/(R.t)0.5 > 4 (applicable for xylem vessel elements), the critical hydrostatic 496 

pressure pcrit can be found from Batdorf’s approximate formula (35, 62) as: 497 

 498 𝑝𝑐𝑟𝑖𝑡 =  0.92  𝑡5/2 𝐸𝐿. 𝑅3/2                          (13) 499 

 500 

So, to prevent mechanical failure, p < pcrit. Substituting the above expressions and re-501 

arranging the terms, we obtain: 502 

𝐿 < (√0.92 𝜋 𝑡5/2𝐸8 𝜂𝑙𝑄 ) . 𝑅5/4              (14) 503 

  504 

Supplementary Materials 505 

Supplementary material for this article is available. 506 
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Figures and Tables 700 

 701 

Fig. 1. Ultrasound measurement set-up and time-domain signal. (A) Schematic set-up for 702 

recording of ultrasound pulses from shoots of Hydrangea quercifolia along axial and radial 703 

directions. The zoom-in represents a schematic of the vascular bundle of the stem, showing 704 

the peripheral arrangement of tubular xylem vessels around the pith in the core. Bubbles 705 

seeded in the vessels trigger the emission of ultrasound pulses. Each xylem vessel is 706 

composed of a network of several vessel elements interconnected via perforation plates as 707 

illustrated in the box. (B) Example raw time-domain data for ultrasound recorded along the 708 

axial direction of a stem. Time t = 0 represents the start of the recording, which occurs after ~ 709 

5 minutes of drying. (C), (D) Zoomed-in time-domain example ultrasound pulses recorded 710 

axially and radially, respectively. Black curves represent the amplitude envelope that decays 711 

exponentially (damping), and blue curves represent the exponential fit of the envelope decay. 712 

(E) Schematic flow-chart illustrating the steps in our analysis. The settling time and peak 713 

frequencies are obtained from the time-domain and frequency-domain waveforms (Figs. 2E, 714 

2F, 3A, and 3B). The resonant frequency is obtained from peak frequency and settling time 715 

(see Materials and Methods). Using these, xylem radius and xylem vessel element length are 716 

extracted (Table 1). Parameters of sap viscosity, vessel wall-thickness and young’s modulus 717 

are taken as input. 718 

 719 

 720 

 721 

 722 

 723 

 724 
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Fig. 2. Xylem vessel radius extraction from damping in axial sound waves. (A) Schematic 725 

of water-conducting xylem vessels in vascular plants. Vessels are the dominant and more 726 

efficient cells to transport water in H. quercifolia. They consist of a series network of vessel 727 

members/elements, which are interconnected via perforation plates. Also shown is the 728 

simplified cylindrical acoustic-resonator model for a vessel element sustaining damped 729 

longitudinal standing waves in its sap, the damping factor being a function of sap viscosity 730 

and the radius of the vessel. (B) Optical micrograph of the transverse section of stem sample 731 

A, showing the xylem vessels filled with latex paint. (C) Cryo-SEM image of the transverse 732 

section of a stem sample showing the diameter (2R) and the wall thickness (h) of a xylem 733 

vessel. (D) Histogram showing the model-extracted xylem radii (in blue), and that of the 734 

observed xylem radii (in yellow) obtained via latex-staining and optical microscopy for stem 735 

sample A of H. quercifolia. The red curve represents a unimodal Gaussian fit. (E),(F),(G) 736 

Time-domain ultrasound waveform, cross-section optical micrograph (300X) of stem, and 737 

histograms of observed (in yellow) and acoustic (in blue) xylem vessel radii, respectively, in 738 

H. macrophylla stem sample recorded along the axial direction. (H), (I), (J) Time-domain 739 

ultrasound waveform, cross-section optical micrograph (200X) of stem, and histograms of 740 

observed (in yellow) and acoustic (in blue) xylem vessel radii, respectively, in Solanum 741 

lycopersicum stem sample recorded along the axial direction. 742 
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Fig. 3. Ultrasound frequency spectra, Young’s moduli of stem, and extraction of xylem 743 

vessel element lengths. (A), (B) Observed characteristic peak-frequencies in the example 744 

Fourier transform of the ultrasound pulses recorded axially and radially, respectively, in 745 

sample A of H. quercifolia. The black curve represents the spectrum of a representative pulse 746 

with the indicated timestamp of the recording. Grey shaded regions indicate the variation in 747 

the peak frequencies among the individual pulses (mean± standard deviation). (C) Measured 748 

stress-strain curve for freshly cut stem segments of H. quercifolia with mass densities 749 

indicated in the legend. The blue line represents the linear fit of a stress-strain curve at low 750 

strain, the slope of which, yields the Young’s modulus in accordance with Hooke’s Law. The 751 

inset shows the photograph of the set-up for uniaxial tensile loading of the stem. (D) 752 

Extracted Young’s modulus versus mass density for freshly cut and dried stem segments, 753 

extracted from stress-strain measurements (solid circles) with indicated error bars (± 0.1 754 

GPa). The red curve represents a fit based on the empirical model (24) of Young’s moduli as 755 

a function of relative water-content in stems. (E) Histogram showing the extracted xylem 756 

vessel element lengths in stem sample A, extracted via the acoustic model. The black curve 757 

represents a unimodal Gaussian fit. (F) Example cryo-SEM image of the longitudinal section 758 

of a stem segment (H. quercifolia), showing the structure of individual vessel elements 759 

terminated by scalariform perforation plates (marked by red arrows). Observed length of each 760 

element is in the range 600 μm – 900 μm. (G) Scatter plot showing the observed length of 761 

xylem vessel elements via cryo-SEM technique. The grey bars indicate the upper and lower 762 

bounds due to the slant length of the perforation plates along the longitudinal axis (~ 100 μm). 763 
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 764 

Fig. 4. Acoustic xylem vessel element length versus vessel radius. Black circles: scatter 765 

plot of model-extracted (acoustic) xylem vessel element length (L) and radius (R) 766 

corresponding to each analysed ultrasound pulse. Data from all three stem samples of H. 767 

quercifolia are merged here. The radii were obtained from the settling time of the ultrasound 768 

pulses, while the lengths were obtained from the resonance frequency of the sound pulses and 769 

by measuring the Young’s modulus (Fig. 1E). The data points are classified into bins of L 770 

with intervals of 0.5 mm. In each bin, the median L and R are calculated (pink squares), and 771 

fitted with a power law function (blue line). The green dashed line indicates the predicted L-R 772 

dependency in accordance with Darcy-Weisbach equation for fluid flow, combined with 773 

mechanical failure of the xylem vessel (see Materials and Methods). Red circles: observed 774 

vessel element lengths and radius in H. quercifolia via cryo-SEM technique.  775 
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Table 1. Measured versus extracted parameters for H. quercifolia. Summary of extracted 788 

parameters via the ultrasound analysis, and those obtained by destructive and direct 789 

characterization methods, for the three stem samples of H. quercifolia. 790 

 791 

 792 

 793 

Fig. 5. Ultrasound pulsed transmission spectroscopy of vascular tissue. (A) Schematic 794 

measurement set-up showing an external piezo-ultrasound transducer (resonant frequency of 795 

40 kHz) and the broad-band microphone placed along the axial and radial direction to a H. 796 

macrophylla stem with the indicated dimensions. The piezo-transducer is excited with a 797 

voltage step in order to emit a broad-band acoustic pulse. (B) Time-domain waveform (in 798 

Parameter Ultrasound 

method 

Destructive measurement 

Xylem radii [μm] 9.89 ± 1.6 12.4 ± 2.6 Optical microscopy, 
Scanning electron 
microscopy 

Mean Xylem vessel 
length [mm] 

--- 16.9 (sample A), 
12.8 (sample B), 
14.4 (sample C). 

Latex-paint staining and 
vessel counting 

Xylem vessel element 
length [mm] 

0.98 ± 0.14 0.63 ± 0.14  Scanning electron 
microscopy 

Young’s modulus of 
elasticity [GPa] 

--- 0.2 ± 0.1 Uniaxial tensile loading 
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blue) with the fitted envelope, and (C) Fourier spectra of the axially transmitted sound pulse 799 

(in blue). The spectrum of the sound pulse emitted by the transducer (source) with 800 

transmission through air is shown in grey as a reference. (D) Time-domain waveform and (E) 801 

Fourier spectra of the radially transmitted sound pulse. 802 

 803 



Figures

Figure 1

Ultrasound measurement set-up and time-domain signal. (A) Schematic set-up for recording of
ultrasound pulses from shoots of Hydrangea quercifolia along axial and radial directions. The zoom-in
represents a schematic of the vascular bundle of the stem, showing the peripheral arrangement of tubular
xylem vessels around the pith in the core. Bubbles seeded in the vessels trigger the emission of
ultrasound pulses. Each xylem vessel is composed of a network of several vessel elements
interconnected via perforation plates as illustrated in the box. (B) Example raw time-domain data for
ultrasound recorded along the axial direction of a stem. Time t = 0 represents the start of the recording,
which occurs after ~ 5 minutes of drying. (C), (D) Zoomed-in time-domain example ultrasound pulses
recorded axially and radially, respectively. Black curves represent the amplitude envelope that decays
exponentially (damping), and blue curves represent the exponential �t of the envelope decay. (E)
Schematic �ow-chart illustrating the steps in our analysis. The settling time and peak frequencies are
obtained from the time-domain and frequency-domain waveforms (Figs. 2E, 2F, 3A, and 3B). The
resonant frequency is obtained from peak frequency and settling time (see Materials and Methods).
Using these, xylem radius and xylem vessel element length are extracted (Table 1). Parameters of sap
viscosity, vessel wall-thickness and young’s modulus are taken as input.



Figure 2

Xylem vessel radius extraction from damping in axial sound waves. (A) Schematic of water-conducting
xylem vessels in vascular plants. Vessels are the dominant and more e�cient cells to transport water in
H. quercifolia. They consist of a series network of vessel members/elements, which are interconnected
via perforation plates. Also shown is the simpli�ed cylindrical acoustic-resonator model for a vessel
element sustaining damped longitudinal standing waves in its sap, the damping factor being a function
of sap viscosity and the radius of the vessel. (B) Optical micrograph of the transverse section of stem
sample A, showing the xylem vessels �lled with latex paint. (C) Cryo-SEM image of the transverse section
of a stem sample showing the diameter (2R) and the wall thickness (h) of a xylem vessel. (D) Histogram
showing the model-extracted xylem radii (in blue), and that of the observed xylem radii (in yellow)
obtained via latex-staining and optical microscopy for stem sample A of H. quercifolia. The red curve
represents a unimodal Gaussian �t. (E),(F),(G) Time-domain ultrasound waveform, cross-section optical
micrograph (300X) of stem, and histograms of observed (in yellow) and acoustic (in blue) xylem vessel
radii, respectively, in H. macrophylla stem sample recorded along the axial direction. (H), (I), (J) Time-



domain ultrasound waveform, cross-section optical micrograph (200X) of stem, and histograms of
observed (in yellow) and acoustic (in blue) xylem vessel radii, respectively, in Solanum lycopersicum stem
sample recorded along the axial direction.

Figure 3

Ultrasound frequency spectra, Young’s moduli of stem, and extraction of xylem vessel element lengths.
(A), (B) Observed characteristic peak-frequencies in the example Fourier transform of the ultrasound
pulses recorded axially and radially, respectively, in sample A of H. quercifolia. The black curve represents
the spectrum of a representative pulse with the indicated timestamp of the recording. Grey shaded
regions indicate the variation in the peak frequencies among the individual pulses (mean± standard
deviation). (C) Measured stress-strain curve for freshly cut stem segments of H. quercifolia with mass
densities indicated in the legend. The blue line represents the linear �t of a stress-strain curve at low
strain, the slope of which, yields the Young’s modulus in accordance with Hooke’s Law. The inset shows
the photograph of the set-up for uniaxial tensile loading of the stem. (D) Extracted Young’s modulus
versus mass density for freshly cut and dried stem segments, extracted from stress-strain measurements
(solid circles) with indicated error bars (± 0.1 GPa). The red curve represents a �t based on the empirical
model (24) of Young’s moduli as a function of relative water-content in stems. (E) Histogram showing the
extracted xylem vessel element lengths in stem sample A, extracted via the acoustic model. The black



curve represents a unimodal Gaussian �t. (F) Example cryo-SEM image of the longitudinal section of a
stem segment (H. quercifolia), showing the structure of individual vessel elements terminated by
scalariform perforation plates (marked by red arrows). Observed length of each element is in the range
600 μm – 900 μm. (G) Scatter plot showing the observed length of xylem vessel elements via cryo-SEM
technique. The grey bars indicate the upper and lower bounds due to the slant length of the perforation
plates along the longitudinal axis (~ 100 μm).

Figure 4

Acoustic xylem vessel element length versus vessel radius. Black circles: scatter plot of model-extracted
(acoustic) xylem vessel element length (L) and radius (R) corresponding to each analysed ultrasound
pulse. Data from all three stem samples of H. quercifolia are merged here. The radii were obtained from
the settling time of the ultrasound pulses, while the lengths were obtained from the resonance frequency



of the sound pulses and by measuring the Young’s modulus (Fig. 1E). The data points are classi�ed into
bins of L with intervals of 0.5 mm. In each bin, the median L and R are calculated (pink squares), and
�tted with a power law function (blue line). The green dashed line indicates the predicted L-R dependency
in accordance with Darcy-Weisbach equation for �uid �ow, combined with mechanical failure of the
xylem vessel (see Materials and Methods). Red circles: observed vessel element lengths and radius in H.
quercifolia via cryo-SEM technique.

Figure 5

Ultrasound pulsed transmission spectroscopy of vascular tissue. (A) Schematic measurement set-up
showing an external piezo-ultrasound transducer (resonant frequency of 40 kHz) and the broad-band
microphone placed along the axial and radial direction to a H. macrophylla stem with the indicated
dimensions. The piezo-transducer is excited with a voltage step in order to emit a broad-band acoustic
pulse. (B) Time-domain waveform (in blue) with the �tted envelope, and (C) Fourier spectra of the axially
transmitted sound pulse (in blue). The spectrum of the sound pulse emitted by the transducer (source)
with transmission through air is shown in grey as a reference. (D) Time-domain waveform and (E) Fourier
spectra of the radially transmitted sound pulse.
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