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ABSTRACT:
Seagrasses play an important role in coastal ecosystems and serve as important marine carbon stores. Acoustic

monitoring techniques exploit the sensitivity of underwater sound to bubbles, which are produced as a byproduct of

photosynthesis and present within the seagrass tissue. To make accurate assessments of seagrass biomass and pro-

ductivity, a model is needed to describe acoustic propagation through the seagrass meadow that includes the effects

of gas contained within the seagrass leaves. For this purpose, a new seagrass leaf model is described for Thalassia
testudinum that consists of a comparatively rigid epidermis that composes the outer shell of the leaf and compara-

tively compliant aerenchyma that surrounds the gas channels on the interior of the leaf. With the bulk modulus and

density of the seagrass tissue determined by previous work, this study focused on characterizing the shear moduli of

the epidermis and aerenchyma. These properties were determined through a combination of dynamic mechanical

analysis and acoustic resonator measurements coupled with microscopic imagery and finite element modeling.

The shear moduli varied as a function of length along the leaves with values of 100 and 1.8MPa at the basal end and

900 and 3.7MPa at the apical end for the epidermis and aerenchyma, respectively.
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I. INTRODUCTION

Seagrasses play an important role in coastal ecosystems

through stabilizing the sediment, sequestering carbon,

cycling nutrients, and providing a habitat for marine life.

They also act as ecosystem health indicators in that changes

in seagrass abundance or distribution signify changes in

environmental conditions (Orth et al., 2006). Rapid degrada-
tion of seagrass beds threatens the health of coastal ecosys-

tems worldwide (Waycott et al., 2009). Both natural and

anthropogenic disturbances, which result in the devegetation

of areas within a seagrass meadow, can be found in shallow-

water coastal regions, and accurately quantifying and char-

acterizing the deterioration of these ecosystems is of great

interest. To probe these ecosystems, ecologists have tradi-

tionally relied on satellite imagery and aerial photography to

create maps of the seagrass meadows. However, the efficacy

of these approaches depends on a variety of external factors,

including meteorological conditions and water turbidity. In

particular, these optical methods are subject to light attenua-

tion due to water depth, sediment load, and microalgae in

the water column, as well as wave action due to meteorolog-

ical conditions and wakes from watercraft. These factors

limit the effectiveness of using optical methods to map the

sea floor. As a result, it is often not possible to accurately

quantify the health of seagrass meadows beyond a simple

visual inspection.

Sonar-based techniques have been proposed as an alter-

native to traditional optical methods (Gumusay et al., 2019).
These sonars emit high-frequency acoustic pulses, which are

then reflected back by the seabed and sensed by a receiving

transducer. The images created by the sonar depend on the

intensity and delay of the echoes [see Fig. 1(a)]. Sonar

images have been applied for coastal mapping of submerged

aquatic vegetation using side-scan sonar (Bennett et al.,
2020; Greene et al., 2018; Klemens, 2017; Pasqualini et al.,
1999; Pergent et al., 2017; Stocks et al., 2019; van Rein

et al., 2011) as well as single-beam and multibeam

echosounders (Hamana and Komatsu, 2016; Held and

Schneider von Deimling, 2019; Kruss et al., 2017; van Rein

et al., 2011). The standard approach is to segment the sonar

images into regions of healthy seagrass and disturbed

regions. Analysis of side-scan imagery has traditionally

relied on trained analysts to produce maps of seagrass cover

(Bennett et al., 2020). Automatic classification methods

based on gray-level co-occurrence matrices, filtering, thresh-

olding, statistical clustering, and principle component analy-

sis as well as machine learning techniques, including

support vector machines, random forest, and decision trees,

a)Electronic mail: meganb@arlut.utexas.edu
b)Also at: Applied Research Laboratories, The University of Texas at

Austin, Austin, TX 78713-8029, USA.

678 J. Acoust. Soc. Am. 153 (1), January 2023 VC 2023 Acoustical Society of America0001-4966/2023/153(1)/678/11/$30.00

ARTICLE...................................

 11 D
ecem

ber 2023 18:04:31

https://orcid.org/0000-0002-0315-2427
https://orcid.org/0000-0001-7353-4589
https://orcid.org/0000-0002-4420-7180
https://doi.org/10.1121/10.0017000
mailto:meganb@arlut.utexas.edu
http://crossmark.crossref.org/dialog/?doi=10.1121/10.0017000&domain=pdf&date_stamp=2023-01-27


have been applied to side-scan imagery of seagrass mead-

ows (Gumusay et al., 2019; Rahnemoonfar and Dobbs,

2019).

Acoustic remote sensing techniques for monitoring sea-

grass meadows were first proposed by Hermand et al.
(1998) and further investigated by Ballard et al. (2020),

Chang et al. (2019), Felisberto et al. (2015), Hermand

(2004), Hermand et al. (2000), Lee et al. (2023), and Lee

et al. (2019). These approaches are based on the propagation

of sound through the seagrass meadow to estimate seagrass

health parameters such as biomass or photosynthetic rates

[see Fig. 1(b)]. These techniques exploit the sensitivity of

underwater sound to bubbles, which are produced as a

byproduct of photosynthesis and are also present within the

seagrass tissue. To make accurate assessments of seagrass

biomass and productivity from acoustic measurements, a

model is needed to describe acoustic propagation through

the seagrass meadow that includes the effects of gas con-

tained within the seagrass leaves. Previous efforts to esti-

mate the volume fraction of gas (Ballard et al., 2020;

Hermand et al., 2000) relied on simplified models for sound

propagation through bubbly liquids (Commander and

Prosperetti, 1989; Mallock, 1910; Wood, 1946). Although

suitable for the initial work, the physical model applied in

these studies was an oversimplification of the actual envi-

ronment; hence, the resulting parameter estimates and

uncertainties may be strongly biased (Ballard et al., 2020).
In parallel with the field work described above, an

understanding of the physical parameters of seagrass leaves

important for characterizing its acoustical effects was built

up through a series of laboratory measurements. Resonator

experiments were carried out to measure the low-frequency

effective sound speed of seagrass in a column of seawater.

These experiments have led to increasingly more complex

models for seagrass leaves to explain the measured acoustic

response. The simplest model assumed the seagrass tissue

had a negligible effect on the acoustic response, and the tis-

sue properties were set as equivalent to the surrounding

seawater (Wilson and Dunton, 2009). The Mallock–Wood

equation (Mallock, 1910; Wood, 1946) was applied to esti-

mate the volume fraction of gas in the resonator. Failure of

this model to accurately estimate the volume of gas assessed

from microscopic images of cross sections of the seagrass

leaves led to the development of a more complex fluid

model, which considered the compressibility of the seagrass

tissue as opposed to solely the gas bodies (Wilson et al.,
2010). Both a three-phase model and nested scheme with

the Mallock–Wood equation were applied in an attempt to

determine the compressibility of the seagrass tissue.

Ultimately, this model yielded only non-physical results,

which led to the conclusion that a fluid effective-medium

model was insufficient; the elastic properties and the physi-

cal structure of seagrass needed to be considered.

The approaches described above neglected the effects

of elastic properties of seagrass tissue as well as the shape of

the aspherical gas bodies constrained within the plant and

also neglected any variability along the length of the leaf.

To rectify this, a finite element method (FEM) model of the

seagrass leaf was developed based on existing resonator

measurements and microscopic imagery of Thalassia testu-
dinum from Wilson and Dunton (2009). The results of this

study inferred a shear modulus for the seagrass tissue that

provided excellent agreement with the measured effective

sound speed (Torres et al., 2020). However, this acoustically
determined shear modulus disagreed with an independent

measurement of the shear modulus determined with a low-

frequency torsional vibration technique (Venegas et al.,
2020). The disparity in the shear moduli estimated from

these techniques motivated the development of a new sea-

grass leaf model that is the focus of the current paper. The

new leaf model was informed by microscopic imagery of

seagrass leaves that shows clear evidence of a stiffer epider-

mis layer that encapsulates a more compliant aerenchyma

that contains the lacunae. To evaluate the new leaf model, a

new set of resonator measurements was collected with sup-

porting microscopic imagery. The images were analyzed

and used with a FEM model to estimate the shear moduli of

the epidermis and aerenchyma of the seagrass leaf.

This study also takes into account variability along the

length of the seagrass leaves. A previous study focused on two

Mediterranean species found that the basal ends of the leaves

were characterized by greater void fractions and channels with

larger cross-sectional areas (Johnson, 2019). Ultrasonic mea-

surements of sound speed and attenuation were also acquired

along the length of the leaves. Posidonia oceanica had

decreased sound speed and increased attenuation near the

basal ends, whereas the acoustic properties of Cymodocea
nodosa were nearly constant along the length of the leaves.

This paper concentrates on Thalassia testudinum, one
of three dominant species of the Tropical Atlantic bioregion

(Short et al., 2007). T. testudinum has been the most perva-

sive species in recent field studies in the Texas coastal areas,

including the Lower Laguna Madre (Ballard et al., 2020;
Lee et al., 2019) and Corpus Christi Bay (Ballard et al.,
2022; Lee et al., 2017). T. testudinum forms meadows in

FIG. 1. (Color online) Schematic diagrams showing (a) acoustic mapping

of a seagrass meadow using a sonar on a moving platform to make a mea-

surement at single point in time and (b) acoustic monitoring using a station-

ary system to make measurements over a period of time from a single point

to space.
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shallow sandy or muddy sediments. It is a perennial grass

growing from a long, jointed rhizome, which is buried in the

substrate 5–10 cm deep. Wide, flat, ribbon-like blades with

rounded tips grow from the rhizomes to lengths of up to

30 cm with widths of 2 cm. Both the above- and below-

ground biomass exhibit seasonal growth patterns correlated

with underwater irradiance, day length, and temperature

(Kaldy and Dunton, 2000; Lee and Dunton, 1996).

This paper has the following organization. Section II

describes the methods, including the acoustic resonator mea-

surements, torsional measurements, analysis of microscopic

imagery, and FEM modeling. The results are presented in

Sec. III, and the discussion is contained in Sec. IV.

Conclusions and future work are presented in Sec. V.

II. METHODS

The seagrass leaves examined in this study were col-

lected in the East Flats area of Corpus Christi Bay near the

Texas Gulf of Mexico coast during the summer season.

Whole plants were collected in 15-cm-diameter cores with

the root system and sediment intact. The cores were trans-

ported to the University of Texas at Austin for laboratory

measurements. The seagrass plants were stored in a saltwa-

ter aquarium and kept alive and healthy with adequate light

and aeration for several weeks. Leaves were removed from

the plants for the experiments and analysis described below.

A. Resonator measurements

As described in the Introduction, acoustic resonators

have been used to measure the frequency-dependent sound

speed of a mixture of seagrass leaves and seawater. This

approach uses observations of the system’s fundamental fre-

quencies to determine the effective sound speed of the mate-

rial within the resonator. For a uniform rigid-walled

waveguide of length h with pressure release end conditions

(Dolder and Wilson, 2017; Lee et al., 2011; Wilson and

Dunton, 2009; Wilson and Roy, 2008), the eigenfunction

WnðzÞ for the nth mode is given by

WnðzÞ ¼ an sin
pz
h

� �
; (1)

where z is the position along the resonator tube. These

modes represent plane waves traveling in the 6z direction

that form standing waves in the resonator tube. The modal

eigenfrequency fn for the nth mode is given by

fn ¼
cnn

2h
; (2)

where cn is the modal phase speed, which represents the

frequency-dependent effective sound speed of the material

inside the resonator. Below the resonance frequency of the

bubbles encapsulated within the seagrass tissue, the sound

speed of the mixture of seagrass leaves and seawater is

lower than that of seawater only. Within this low-frequency

regime, the effective sound speed is nearly constant over

frequency. At resonance, the effective sound speed of the

mixture has a minimum value, and attenuation is at a maxi-

mum (Church, 1995; Commander and Prosperetti, 1989).

In this work, the resonator experiments used a 611-mm-

tall glass cylindrical resonator tube with inner and outer

diameters of 51.5 and 70.0mm, respectively. The bottom

end of the resonator tube was sealed with a thin rubber

membrane and was placed on an 11-cm-thick stack of

Styrofoam blocks to approximate a pressure release bound-

ary condition. The water-filled tube was open on the top to

establish a very nearly pressure release boundary condition

at the air-water interface. A 38-mm-diameter circular piston

was inserted into the top of the resonator tube and driven by

an electromagnetic shaker to excite the acoustic response of

the system. The excitation signal was a linear chirp in the

200Hz to 5 kHz frequency band. A hydrophone was used to

measure the acoustic field inside the tube at a distance of

approximately 40mm from the open end. A laptop computer

coupled with a portable data acquisition system and its asso-

ciated software was used to generate the source signal,

which was directed to a power amplifier and then to the

shaker. The hydrophone signal was conditioned by a pream-

plifier, digitized, and recorded on the laptop. Figure 2 shows

a schematic of the experimental apparatus.

Following Lafleur and Shields (1995), the Del Grosso

(1971) model was used to correct for the elastic waveguide

effects resulting from the glass walls of the resonator tube.

The model was applied to the resonator measurements in

two steps. First, the model was calibrated using a reference

measurement of a seawater-filled tube to determine the elas-

tic modulus of the glass (Torres, 2022; Wilson et al., 2007).
Tabulated values were used for the Poisson’s ratio, Young’s

modulus, and density of glass. Then the calibrated model

FIG. 2. (Color online) Schematic diagram showing the acoustic resonator

and data acquisition instrumentation. The helical orientation of the seagrass

in shown in the resonator tube.
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was applied to determine the effective sound speed when

the seagrass leaves were added to the seawater. This

approach used an iterative process by which the effective

sound speed of the seawater-seagrass mixture was perturbed

until the modal phase speeds predicted by the model were

brought into agreement with the measurements.

A wire cage was used to secure the seagrass leaves in

place during the resonator measurements. The cage was

composed of 22 gauge (0.6426mm diameter) tinned-copper

bus bar wire consisting of four vertical wires, with seven

horizontal circular wires. The intersections of the vertical

and horizontal wires served as attachment points for the sea-

grass leaves. The seagrass leaves were attached to the wire

cage by threading nylon monofilament line through the

leaves and tying them in place to hold them in a specified

orientation. The addition of the wire cage to the resonator

tube caused a minimal shift of the resonance frequencies

(<0.5%), and the effect of the monofilament line was negli-

gible based on the results of preliminary measurements.

Throughout the attachment process, the leaves were periodi-

cally submerged in seawater to keep them from drying out.

For the experiments presented in this paper, the resona-

tor tube was filled with seawater. Degassed seawater was

used to fill the bottom portion of the resonator tube to mini-

mize the effect of bubbles that could be trapped between the

thin rubber bottom and the glass tube. The rest of the tube

was then filled with non-degassed seawater using tubing as a

siphon to minimize the introduction of bubbles to the sys-

tem. This differs from other resonator measurements that

typically use degassed water (Dolder and Wilson, 2017) so

that any bubbles introduced into the resonator can be

absorbed into the under-saturated water. However, when

seagrass was placed in degassed water, the gas from the

lacunae diffused through the seagrass tissue into the sur-

rounding seawater (see the Appendix). Instead, after attach-

ing the seagrass leaves to the cage, the assembly was

submerged in degassed water before placement in the reso-

nator tube. The coating of degassed water was a preventive

measure against bubble formation. The resonator experi-

ments were performed in low-light conditions to prevent the

seagrass leaves from photosynthesizing and producing bub-

bles in the surrounding seawater. Hence, the change in the

effective sound speed in the resonator measurements was

attributed to the presence of the seagrass and the gas con-

tained within the aerenchyma.

B. Microscopic imagery

Microscopic imagery of the seagrass leaves was

obtained to provide a measurement of the seagrass leaves’

characteristics, including the void fraction of gas present in

the leaves, the quantity and thickness of the two types of

seagrass tissue (epidermis and aerenchyma), and the size

and shape of the gas channels and their variation along the

length of the leaf.

The microscopic imagery of the seagrass was obtained

by cutting a thin slice from a seagrass leaf perpendicular to

the length direction. The slice was placed on a microscope

slide with seawater and a coverslip to keep it from drying

out and to hold its orientation flat. The slide was placed on

the optical microscope, and imagery was collected. Images

of cross-sections were used from different locations along

the length of each leaf to characterize the variation of the

internal structure between the basal and apical ends. The

total volume of gas present in the seagrass leaves was deter-

mined by multiplying the area of the channels by the length

of the associated leaf section. The total volume of each leaf

was determined in a similar manner using the total cross

section area. Finally, the void fraction was calculated as the

volume ratio of gas to total leaf volume.

C. Torsional measurements

The shear modulus of seagrass leaf sections was charac-

terized using a dynamic mechanical analyzer (DMA). The

DMA was configured to apply a sinusoidal torsional force

and measure the strain in the leaf under ambient temperature

and pressure in the laboratory. Measurements were acquired

over a frequency range 0.1–20Hz and under a tension of

0.1N. The DMA software used the outer dimensions of the

specimen to compute the shear modulus of the material

under the assumption its properties are homogeneous.

Hence, the shear modulus of the seagrass leaf reported by

the DMA measurements is an effective shear modulus and

represents that of the composite leaf structure inclusive of

both the epidermis and aerenchyma.

D. FEM model

This work uses FEM simulations in COMSOL to model

the resonator experiment described above. Previous work

determined that three-dimensional (3D), two-dimensional

(2D) axisymmetric, and 2D rectangular geometries yielded

similar results. Each domain produced an effective sound

speed within 1% of the other domains when they were sup-

plied with identical void fractions (Torres et al., 2020).

Based on these results, this work uses a 2D rectangular

domain as it is the most computationally efficient. In this

domain, the cylindrical resonator is modeled as a 2D rectan-

gle with rigid boundaries on the long sides (analogous to the

diameter of the resonator) and pressure release boundaries

on the short sides (analogous to the top and bottom of the

resonator). The seagrass leaves are represented as leaf cross

sections that include the epidermis, aerenchyma, and lacu-

nae. Variability along the length of the seagrass leaf is

accounted for by including leaf cross sections from different

parts of the leaf.

The system response was calculated for a monopole

source using a frequency sweep over the same range of fre-

quencies as the measured data. As with the measurements,

the resonance frequencies were estimated from the system

response. Because the simulations used idealized boundary

conditions, the effective sound speed was determined

directly from Eq. (2), without the need for the Del Grosso

(1971) model.
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In the simulations, the height of the resonator tube was

set to match that of the measurements, and the width of the

2D domain was adjusted so that the gas volume fraction in the

FEM model matched that of the resonator experiments. The

seagrass leaves were generated from the microscopic imagery,

such that each cross-sectional image represents a 2D leaf.

Unless otherwise noted, each experiment used cross sections

from the basal, middle, and apical leaf sections to account for

variability along the leaf. The leaves were constructed in the

FEM simulations to consist of three components, each having

uniform properties: epidermis, aerenchyma, and gas channels.

The simulations were designed to match the volume fraction

of seagrass tissue and volume fraction of gas from the mea-

surements with equivalent area fractions in the model.

III. RESULTS

A. Resonator measurements

1. Leaf orientation

A set of resonator measurements was collected to inves-

tigate the dependence of the low-frequency response of sea-

grass leaves on the orientation of the leaves inside the

resonator. Previous work, which considered a single set of

resonator measurements of the Mediterranean species C.
nodosa, suggested that leaf orientation may be important

(Johnson, 2019). However, this result is not consistent with

FEM simulations of T. testudinum, which showed no dis-

cernible change in acoustic response for 3D vertically orien-

tated simulations compared to 2D axisymmetric and 2D

rectangular simulations (Torres et al., 2020).
This experiment used the same set of ten seagrass

leaves attached to the bus bar wire frame in four different

orientations. The volume fraction of seagrass in the resona-

tor was 5:37� 10�3 (includes gas), and the volume fraction

of gas (contained within the aerenchyma) in the resonator

was 7:16� 10�4. The four orientations were (1) vertical

with the basal end at the bottom of the resonator, (2) vertical

with the apical end at the bottom of the resonator, (3) verti-

cal with half the leaves having the basal end at the bottom

and half with the apical end at the bottom, and (4) approxi-

mately horizontal with the leaves curved around the wire

frame. A fifth set of measurements was collected with the

leaves in the original orientation (basal end at the bottom) to

assess measurement drift over time due to gas diffusion and/

or damage to the leaves from repeated connections to the

wire frame. Five replicate data collections were performed

for each orientation, where the placement of the leaves was

adjusted by rotating the cage. The mean effective sound

speed and its standard deviation were calculated for each of

the resonance peaks. The results are plotted as the ratio of

effective sound speed to seawater sound speed in Fig. 3. In

the figure, the effective sound speed determined from the

first resonance was omitted because it was biased by a struc-

tural mode of the glass resonator tube. Following other reso-

nator studies (Lenhart et al., 2016), the structural mode was

identified using a laser Doppler vibrometer (LDV) to

measure vibrations in the glass tube that could indicate

interference with the acoustic measurements (Torres, 2022).

The sound speed ratio for all five sets of measurements

across the entire frequency band is bounded between

approximately 0.74 and 0.76. The intra-measurement vari-

ability is greater than the difference between the measure-

ments from the various leaf orientations. These results

suggest that the low-frequency response of T. testudinum
does not depend on seagrass leaf orientation.

2. Variability along leaf length

Variability of the effective sound speed along the length

of seagrass leaves was quantified by a set of resonator mea-

surements that considered the leaf sections: basal, middle,

and apical. The sections were created by cutting each sea-

grass leaf into three equally long sections. To collect the

measurements, the leaves from each section were attached

to the wire cage, and five replicate measurements were

acquired with rotations of the cage. The experiment was

repeated for leaves from the basal section, middle section,

and apical section. The volume fractions of seagrass leaves

and gas within the resonator are summarized in Table I. The

effective sound speeds calculated from the resonator mea-

surements are shown in Fig. 4. As before, the first mode is

omitted due to interference with a structural mode of the

FIG. 3. (Color online) Sound speed ratios calculated from resonator experi-

ments using different leaf orientations. Error bars represent the standard

deviation of five sets of replicate measurements.

TABLE I. The volume fraction of seagrass leaves in the resonator and the

volume fraction of gas (contained within the aerenchyma) in the resonator.

Section Leaves Gas

Apical 1:35� 103 1:17� 104

Middle 1:16� 103 1:62� 104

Basal 2:43� 103 4:36� 104
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resonator. The fourth mode from the apical measurements

was affected by the resonance of the piston and was also

omitted from the figure. The separation in the effective

sound speed measurements between the basal, middle, and

apical sections is evidence that the acoustic response varies

as a function of position along the length of the leaf.

B. Microscopic imagery

Examples of microscopic imagery of the seagrass leaf

cross sections are shown in Fig. 5 for samples taken from

the basal, middle, and apical sections of a seagrass leaf.

While the width of the leaf remains approximately constant

along its length, the basal end is 40% thicker than the mid-

dle and apical sections. Additionally, differences in the inte-

rior structure can also be observed, with significantly larger

lacunae present in the basal cross section. Furthermore,

the shape of the lacunae appears more circular in the middle

and apical cross sections.

Summary statistics for the basal, middle, and apical sec-

tions from ten seagrass leaves are shown in Fig. 6. The size

of the lacunae is reported as the equivalent radius for a circle

with the same area as the lacunae observed in the images.

The basal section included the widest range of sizes and the

largest lacunae, consistent with the imagery shown in Fig. 5.

The distributions of lacuna sizes for the middle and apical

sections were similar, but the middle section includes sizes

with equivalent radii greater than 0.09mm not observed in

the apical section.

The void fraction, calculated as the area of leaf cross

section occupied by lacunae relative to the total area, is

shown in Fig. 6(b). Again, the basal section is the outlier,

with a void fraction more than 50% greater than the middle

and apical sections. The middle section has a slightly higher

void fraction than the apical section, but the differences in

the mean values do not exceed the variation between the

sections as represented by the error bars. The greater void

fraction observed in the basal section is consistent with the

imagery shown in Fig. 5.

C. Torsional measurements

The shear modulus along the length of a seagrass leaf

was determined by independently examining short sections

of the leaf in the DMA. Each of the sections was cut to 3 cm

in length and inserted into the DMA. Care was taken to keep

the leaf moist, as leaves were noted to become more brittle

FIG. 4. Sound speed ratios calculated from resonator experiments on the

basal, middle, and apical leaf sections. Error bars represent the standard

deviation of five sets of replicate measurements.

FIG. 5. (Color online) Microscopic imagery of cross sections taken from

the apical, middle, and basal sections of a T. testudinum leaf.

FIG. 6. (Color online) (a) Equivalent radii calculated for circular cross sec-

tion with the same area as the lacunae from microscopic imagery of cross

sections taken from the apical, middle, and basal sections of T. testudinum
leaves. The orange line indicates the mean equivalent radii for each section.

(b) Void fraction calculated as the volume ratio of lacunae to total leaf vol-

ume from microscopic imagery from the apical, middle, and basal sections

of T. testudinum leaves. The error bars represent the standard deviation of

measurements from different leaves.
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as they dry out. Figure 7 displays the low-frequency shear

modulus averaged over the 0.3–1Hz band. This band was

chosen to omit some noisy data below 0.3Hz and to avoid a

slight increase in shear modulus at higher frequencies that

may be associated with the leaf drying over the course of the

measurement. The results show a trend of increasing shear

modulus along the length of the leaf, with the measurements

from the apical end having substantially greater values.

D. FEM model

1. Parameter sensitivity

A sensitivity study was performed to quantify the

effects of model parameters on the effective sound speed of

seagrass leaves in the resonator. The 2D simulations used

leaf cross sections composed of an epidermis, aerenchyma,

and lacunae. Leaf cross sections were created based on the

microscopic imagery, although some simplifications were

made for the FEM modeling. Lacunae with cross-sectional

areas smaller than 2� 10�4 mm2 were eliminated, and the

epidermis was set to a constant thickness. An example of a

simplified leaf cross section used in the finite element

modeling is shown in Fig. 8.

A set of default parameters was chosen based on previ-

ous measurements and modeling efforts. Then each parame-

ter was perturbed, and the effective sound speed was

calculated for the perturbed model and compared to that of

the default model. The rest of this section describes the

parameters, the choice of default value, and the effects of

perturbing its value on the effective sound speed. The results

are summarized in Table II. For all experiments, the volume

fraction of gas and seagrass leaves within the resonator was

fixed to values of 7:2� 10�4 and 5:83� 10�3 (gas also

included), respectively.

The default value for epidermis thickness was estimated

from the microscope image data. Analysis of these images

revealed that thickness could vary between 0.02 and

0.07mm with the average thickness being 0.035mm. In cre-

ating the leaf model used in the FEM modeling, the thick-

ness of the epidermis was set to a constant value. The

default value was set to 0.03mm, and perturbed thicknesses

were approximately 30% larger and smaller. The simulation

with the decreased/increased epidermis thickness resulted in

an effective sound speed that was lower/higher than that of

the default case, indicating the model was responsive to

lower/higher resistance provided by the thinner/thicker epi-

dermis. However, for both cases, the effective sound speed

changed by less than 1%.

The default value of the leaf bulk modulus was deter-

mined in previous work. Enenstein et al. (2013) used a food

blender to create a “seagrass soup” of finely divided T. testu-
dinum leaf tissue suspended in seawater. Resonator mea-

surements were performed on the mixture to determine an

effective sound speed and calculate the bulk modulus. Since

the mixture contained both tissue components, this value

was applied to both the epidermis and aerenchyma in the

FEM leaf model. The perturbations consider decreasing/

increasing the default value by a factor of 2. Responsiveness

of the simulation was shown by a decrease/increase in the

effective sound speed for decrease/increase in the bulk mod-

ulus. However, for both cases, the effective sound speed

changed by less than 1%.

The epidermis shear modulus was determined from the

measurements presented in Sec. III C. The default value of

FIG. 7. (Color online) Shear modulus of a T. testudinum leaf measured by

the DMA as a function of length along the leaf.

FIG. 8. One of the leaf cross sections used in the FEM modeling

simulations.

TABLE II. The change in the effective sound speed for perturbations to

model parameters. The effective sound speed calculated using the default

parameter values was 1174m/s.

Default

parameter

value

Perturbed

parameter

values

Effective

sound

speed (m/s)

Percent

change (%)

Epidermis thickness (mm) 0.03 0.02 1167 0.6

0.04 1183 0.8

Bulk modulus (MPa) 1.11 0.555 1168 0.5

2.22 1178 0.3

Epidermis shear

modulus (MPa)

400 200 1167 0.6

800 1179 0.4

Aerenchyma shear

modulus (MPa)

3.4 1.7 1013 13.7

6.8 1306 11.2

Gas sound speed (m/s) 343 293 1169 0.4

393 1178 0.3

Channel representation Actual Actual 1174 —

Idealized 1162 1.0
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400MPa was chosen based on the results described in Sec.

III C. The perturbations consider decreasing/increasing the

default value by a factor of 2. Again, these simulations show

the expected change in the effective sound speed, which is

decreased/increased for smaller/larger values of the epider-

mis shear modulus. Nevertheless, the change to the effective

sound speed is less than 1%.

The default value of 3.4MPa for the aerenchyma shear

modulus was chosen based on results from FEM modeling.

The perturbations consider decreasing/increasing the default

value by a factor of 2. These simulations show the resulting

change in the effective sound speed, which is decreased/

increased for smaller/larger values of the aerenchyma shear

modulus. The change in the aerenchyma shear modulus had

a significantly larger impact of the effective sound speed,

shown by an effective sound speed change of over 10%.

In a previous study, Torres et al. (2020) determined that

the accuracy of the FEM modeling simulations could be

improved by accounting for the thermal properties of gas

bubbles using an effective polytropic exponent to adjust the

sound speed of the gas (Commander and Prosperetti, 1989;

Miller, 1979). The chemical composition of the gas can also

affect its sound speed. Analysis of gas ebullition in seagrass

meadows suggests the oxygen content of the bubbles pro-

duced by photosynthesis is up to 20% greater than that of

atmospheric air Long et al. (2020). To quantify the thermal

effect as well as the chemical composition of the gas in the

seagrass leaf channels on FEM simulations studied in this

work, the gas sound speed was included as a parameter in

the sensitivity study. The default value used the sound speed

for air at ambient conditions 343m/s, and the perturbed val-

ues were 3436 50m/s. The simulations showed that overall,

the effect of gas sound speed was small, with the change to

the effective sound speed being less than 1%.

Two representations of the gas channels were consid-

ered: actual shapes based on the microscope imagery and

idealized circular gas channels of equivalent area. The ideal-

ized shapes were considered because they were more com-

putationally efficient to model and because the adjustment

for the thermal effect was based on the assumption of cylin-

drical gas cavities. The use of idealized circular cross sec-

tions changed the effective sound speed by 1.0%. Since this

value is more than 2 times greater than the perturbation to

sound speed to account for thermal effects, it was deemed

more important to accurately represent the lacuna shape

than to account for the thermal gas properties.

2. Inference for aerenchyma shear modulus

As demonstrated by the parameter study, the shear mod-

ulus of the aerenchyma has the greatest effect on the effec-

tive sound speed of seagrass leaves and seawater in the

acoustic resonator. The change in the effective sound speed

caused by perturbing the aerenchyma shear modulus was

more than an order of magnitude greater than the change

caused by any other parameter. Furthermore, all other prop-

erties of the seagrass leaf model had been previously

characterized by independent measurements. Therefore,

using the measured effective sound speed from Sec. III A, a

value for the aerenchyma shear modulus was inferred by fix-

ing all other properties to the default values in Table II.

In the simulations, the volume fractions of gas and sea-

grass tissue were set to match that of the experiment as cal-

culated from the microscopic imagery. To match the

effective sound speed estimated from full-leaf measure-

ments from Sec. III A 1, the FEM simulations used cross

sections from along the length of the leaf. For comparison

with the resonator measurements on leaf sections in Sec.

III A 2, the simulations used leaf cross sections from the cor-

responding basal, middle, or apical section.

The results of the simulations are shown in Fig. 9. For

each experiment, the simulations were performed for values

of the aerenchyma shear modulus between 0.2 and 5MPa,

and a logarithmic fit to the calculated effective sound speed

was calculated. The inferred shear modulus was taken as the

point where the measured effective sound speed intersects

the logarithmic fit. For this comparison, the measured effec-

tive sound speed was taken as the frequency average of the

measurements shown in Figs. 3 and 4. The inferred values

for the aerenchyma shear modulus are listed on Fig. 9. The

fits have similar slopes, which is related to the shear modu-

lus of the aerenchyma, and slight differences result from the

various leaf geometries. The vertical shift in the fits is

related to void fraction of gas present in the simulations.

The lower/higher effective sound speed for the basal/apical

sections was demonstrated in Sec. III A 2; the lower effec-

tive sound speed from the whole-leaf measurements results

from the leaf volume fraction increased by including all of

the sections.

FIG. 9. Effective sound speed calculated by the FEM model and plotted as a

function of aerenchyma shear modulus (gray symbols), logarithm fits to the

simulation results (gray lines), and intersection of the fit with the measured

effective sound speed (black crosses). The value of aerenchyma shear modu-

lus that best fits the measured effective sound speed is listed on the plot.
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IV. DISCUSSION

A. Aerenchyma shear modulus and comparison
to previous measurements

Previous work determined that the elastic properties

and the physical structure of seagrass leaves needed to be

considered (Wilson et al., 2010; Wilson and Dunton, 2009).

This work established that the shear modulus of the aeren-

chyma was the most important parameter controlling the

low-frequency effective-medium sound speed of seagrass

leaves for a given void fraction. The addition of the epider-

mis is important for providing structure for the seagrass

leaves, but it has a small effect on the effective sound speed

as demonstrated by the results shown in Table II.

In comparing the results presented in Fig. 9 to prelimi-

nary results reported in Torres et al. (2020), the shear modu-

lus inferred from the whole-leaf measurements was 40%

higher. Although there were several differences in the FEM

simulations, including the idealized lacuna shapes and lack

of epidermis, the main difference in the inferred aerenchyma

shear modulus is attributable to an inaccurate estimate of the

void fraction of gas in the data presented in Wilson and

Dunton (2009), which used one representative leaf cross

section based on Phillips and Me~nez (1988) that did not

account for variability along the length of the leaf or leaf-to-

leaf variability. The current paper uses high fidelity imagery

of the leaves in the FEM model of the resonator. The accu-

racy of the aerenchyma shear modulus from the current

work is supported by consistency between the leaf-section

and whole-leaf measurements shown in Fig. 9 such that the

aerenchyma shear modulus inferred from the whole-leaf

measurements is approximately the mean of that of the leaf-

section measurements.

B. Variability of properties along leaf length

The measurements presented in Sec. III revealed several

characteristics of the variation in properties along the length

of T. testudinum leaves. First, resonator measurements

showed an approximately linear decrease in the effective

sound speed of seagrass leaves moving from the apical sec-

tion to the middle section to basal section. Next, an exami-

nation of the microscopic imagery of the seagrass showed

the basal sections were characterized by significantly higher

void fractions as well as larger lacunae. The observation of

comparatively lower effective sound speed in the basal sec-

tion is supported by the trend of higher void fraction of gas

in this section. However, the difference in the effective

sound speed between the middle and apical sections is not

easily explained by the same argument as these sections dis-

play similar void fractions and lacuna sizes.

The DMA measurements shown in Fig. 7 highlighted a

difference in the shear modulus of the apical section, which

was significantly greater than that of the middle and basal

sections. These data show the shear modulus of the leaf is

approximately 3 times greater near the apical end of the

leaf, which provides an explanation for the increased effec-

tive sound speed for this leaf section. The stiffer material at

this end of the leaf restricts the acoustic response of the

lacunae, and therefore there is a smaller effect on the effec-

tive sound speed.

The inferences from the FEM simulations are consistent

with the DMA measurement as the results indicate a higher

shear modulus in the aerenchyma in the apical section. As

shown in Fig. 9, the shear modulus of the apical section is

nearly twice that of the basal and middle sections. In making

comparisons between Figs. 7 and 9, recall that the DMA

measurements represent the shear modulus of the composite

leaf section consisting of both the aerenchyma and the epi-

dermis. However, the DMA measurements are most sensi-

tive to the stiffer epidermis both because of its greater

rigidity and its position on the outside of the leaf, which

increases its polar moment of inertia. On the other hand, the

FEM simulations were used to infer the shear modulus of

the aerenchyma while holding a fixed value for the epider-

mis. This is because the acoustic response is most sensitive

to the properties of the aerenchyma, which encapsulates the

lacunae. Nevertheless, both the DMA measurements and the

FEM simulations indicated the apical leaf section consists of

more rigid tissue than the basal or middle section.

V. CONCLUSION

A new seagrass leaf model was developed for T. testudi-
num that consists of a stiffer epidermis and more compliant

aerenchyma. The geometry of the leaf model was based on

microscopic imagery taken from cross sections acquired

from along the length of seagrass leaves. With the bulk

modulus and density of the seagrass tissue determined by

previous work, this study focused on characterizing the

shear moduli of the epidermis and aerenchyma. Since the

shear modulus of the aerenchyma was 2 orders of magnitude

smaller than that of the epidermis, it did not significantly

influence the torsional stress applied to the leaf. This differ-

ence in the rigidity of the two leaf components made it pos-

sible to independently characterize the shear modulus of the

epidermis using torsional pendulum measurements and with

the DMA. On the other hand, the lacunae were only in con-

tact with the aerenchyma, and its shear modulus was estab-

lished from low-frequency resonator measurements.

The complexity of the variability in properties along the

length of the seagrass leaf was observed in the resonator

measurements, DMA measurements, and microscopic imag-

ery. These data indicated the basal ends of the T. testudinum
leaves are more compliant, have larger lacunae, and have

greater void fractions. On the other hand, apical ends are

more rigid, with smaller lacunae and lower void fractions.

Interestingly, these properties did not appear to have a linear

gradient along the length of the leaf, with middle sections

having similar lacunae and void fractions to the apical sec-

tions but having shear moduli more similar to the basal

sections.

The new seagrass leaf model developed in this study,

particularly seagrass tissue properties and their relative

influence on acoustic propagation, will be used to inform
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new mathematical models that account for the encapsulation

of gas channels by the seagrass tissue as well as the shapes

of lacunae. Such a model is needed to accurately predict

acoustic propagation through seagrass to ultimately inform

an inference for seagrass metabolic values, such as gross pri-

mary productivity and respiration (Ballard et al., 2020).
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APPENDIX

When seagrass was placed in degassed water, the gas

from the lacunae diffused through the seagrass tissue into

the surrounding seawater. This effect was observed experi-

mentally as the effective sound speed calculated from sea-

grass leaves in the resonator increased over time. An

example of this effect is displayed in Fig. 10, which shows

the mean sound speed ratio changed by 0.07 over a time

period of 3 h and 40min.
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