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Acoustic data were acquired in October 2011 over a Posidonia oceanicameadow in the Bay of la Revellata, Calvi,
Corsica. The purpose was to develop an acoustic system for monitoring the oxygen (O2) production of an entire
seagrass meadow. In a shallow water area (b38 m), densely covered by P. oceanica, a sound source transmitted
signals in 3 different bands (400–800Hz, 1.5–3.5 kHz and 6.5–8.5 kHz) toward three self-recording hydrophones
at a distance of 100m, over the period of oneweek. The data showa high correlation between the diel cycle of the
acoustic signals' energy received by the hydrophones and the temporal changes in water column O2 concentra-
tion as measured by optodes. The results thus show that a simple acoustic acquisition system can be used to
monitor the O2-based productivity of a seagrass meadow at the ecosystem level with high temporal resolution.
The finding of a significant production of O2 as bubbles in seagrass ecosystems suggests that net primary produc-
tion is underestimated by methods that rely on the mass balance of dissolved O2 measurements.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Long term and continuous measurements of relevant parameters of
ecosystem metabolism in coastal areas with high spatial coverage and
high time resolution are of primary importance for ecosystem health as-
sessment and, in turn, for sustainable management. Seagrass-dominated
ecosystems provide valued ecosystem goods and services (Costanza
et al., 1997), that are among the most productive biomes on earth
(Duarte et al., 2010), and sequester large quantities of carbon (Mcleod
et al., 2011). Seagrasses are, however, declining worldwide, and the
need for integrative management practices is emerging (Waycott et al.,
2009).

Several methods have been used to estimate the amount of oxygen
(O2) produced by a seagrass ecosystem which is an important parame-
ter for assessing its metabolism and productivity (Silva et al., 2009);
(Staehr et al., 2011); (Champenois and Borges, 2012). Whole-
community metabolism based on O2 measurements can be determined
using incubation chambers for individual plant assemblages. Open
water method measurements of diel changes in O2 concentrations, or
351 289888405.
oxygen isotopes (Staehr et al., 2011), are used on the ecosystem level.
Open water methods include O2 input–output mass balance (Gazeau
et al., 2005), diel cycle mass balance, i.e. the Odum (1956) method
(Champenois and Borges, 2012), and eddy covariance (Chipman et al.,
2012). Incubation chambers provide a direct and precise local measure-
ment of O2 exchange between the organisms and the surrounding
water either via electrodes or chemically by Winkler titration, but
they have the caveat of being discrete temporal and spatial measure-
ments (Silva et al., 2009); (Staehr et al., 2011). For suchmeasurements,
O2 optodes provide for optical detection, and aremuchmore stablewith
time than the older Clark-type O2 electrodes (Tengberg et al., 2006). The
input–outputmass balance approach also requires a large number of O2

profiles from ships ormoorings and data onwater transport, while eddy
covariance methods are not at present possible on long deployments
due to limitations of sensors (Chipman et al., 2012).

In general, acoustic signals propagating through seawater are sensi-
tive to seabed proprieties (Medwin and Clay, 1998). The influence of
seagrass beds in the statistical distribution of scattered amplitude of
high frequency signals (N20 kHz) were investigated by Lyons and
Abraham (1999) and McCarthy and Sabol (2000). The usage of high
frequency acoustics for mapping submerged aquatic vegetation, and
seagrasses in particular, was also demonstrated. Echosounders, side-
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scan sonars and acoustic Doppler current profilers have been used to
characterize estuarine bottom habitat type and to estimate plant abun-
dance, biomass and canopy height (Warren and Peterson, 2007).

Seagrass meadows are highly productive ecosystems; thus the
concentration of dissolved O2 and bubbles produced by photosynthesis
changes significantly during the diel cycle. It is well known (Medwin
and Clay, 1998) that the concentration and size of the bubbles affect
sound propagation to a much greater extent than dissolved O2.
Hermand et al. (2000) and Hermand (2004) showed that signatures
in low frequency acoustic signals (b16 kHz) transmitted (horizontally)
through Posidonia oceanica meadows were highly correlated with the
O2 producedby the plants during photosynthesis. During the day (photo-
synthetic activity) the channel impulse responses showed higher attenu-
ation of received echoes than during the night, which corresponded to a
decrease of received energy.Wilson et al. (2012) studied the propagation
of high frequency signals (100 kHz), through stands of the seagrasses
Syringodium filiforme, Halodule wrightii and Thalassia testudinum. It was
a small scale experiment conducted in an outdoormesocosm. The source
receiver range and the water depth was only 0.54 m. It was observed for
all tested species that the energy of the received signal varied about 4 dB
over a 24-h period.While for S. filiforme the attenuation of the signal was
positively correlated with available photosynthetically active radiation
(PAR), for H. wrightii it was negatively correlated, and no correlation
was identified for T. testudinum.

The factors that influence the acoustic response of a seagrass are not
well established, but it is considered that free gas bubbles emanating
from the plants and the pressurization of the aerenchyma by photosyn-
thetic O2 production are the most relevant ones. At frequencies well
below the bubbles resonance frequency, both factors influence the acous-
tic compressibility and, thus, the effective sound speed of the medium
(Hermand et al., 2000); (Wilson and Dunton, 2009); (Wilson et al.,
2010, 2012). Attempts to quantify the effective sound speed of the
seagrass environment through an effective medium model, such as
Wood's equation (Wilson et al., 2010), have been shown to be inade-
quate. Despite these modeling difficulties, the often found positive corre-
lation between photosynthesis and the attenuation of low frequency
signals is ascribed to a low speed sound channel that develops at the
seagrass bed and is modulated by bubble concentration (Hermand et al.,
2000); (Hermand, 2004).

The present study, using a similar approach to that of Hermand et al.
(2000); Hermand (2004) and Wilson et al. (2012), discusses the prob-
lem of selecting a convenient frequency band of the probe signal in
order to attain a higher dependence of the signal on photosynthetic O2

production when compared with other environmental parameters.
The signals in this frequency band will minimize the relative influence
of other environmental parameters that affect sound propagation like
temperature changes and tidal effects, among others, allowing for sim-
pler and more robust acoustic methods to estimate the O2 concentra-
tion. The influence of the frequency band of the probe signal will be
illustrated with the results obtained from signals in three different
bands: 400–800 Hz, 1500–3500 Hz and 6500–8500 Hz. The correlation
between the acoustic data and dissolved O2 measurements from an
array of 3 optodes is also validated, showing the potential usage of
acoustics as a proxy for the dynamics of seagrass O2 metabolism at eco-
system level. In doing so, the presentwork thus focusses on the acoustic
data of an interdisciplinary experiment devoted to the study of seagrass
metabolism with different methods, at different spatial and temporal
scales (Mazzuca et al., 2013).

2. Materials and methods

2.1. The study area

The experiment was conducted from October 10 to 19, 2011, in a
P. oceanica (L.) Delile meadow in front of the Station de Recherches
Sous-marine et Océanographiques (STARESO), Calvi, Corsica. This is an
oligotrophic area classified as a pristine site, where a healthy and
dense P. oceanica meadow extends from approximately 5 m to 38 m
water depth. In the Bay of la Revellata the depth of the mixed layer
varies between25m in summer andmore than 100m inwinter,whereas
the seawater temperature ranges from13 °C in latewinter to 26 °C in late
summer (Bay, 1984). The salinity is virtually constant at 38 ppt (Hecq
et al., 1986). Gobert et al. (2003) characterized the spatial variation of
several biometric parameters of the meadow, showing that the shoot
density decreases linearly with depth (from about 500 shoots m−2 at
5 m to 100 shoots m−2 at 30 m), while the number of leaves per shoot
does not change significantly with depth (about 6 leafs per shoot). In
October 2011, the height of the canopy was 67 ± 15 cm, 59 ± 14 cm
and 79 ± 7 cm at 5, 10 and 20 m depth, respectively (Gobert et al.,
2012). The height of the canopy is the mean of the maximum leaf length
of ten shoots measured in situ with a tape-line.

Champenois and Borges (2012) measured the O2 production in this
meadow during a period of three years, from August 2006 to October
2009, with an array of three optodes installed at a water depth of
10 m. The maximum overall value of 25 g O2 m−2 day−1 was observed
in midsummer, whereas the highest value in February reached
5.4 g O2 m−2 day−1.

2.2. The acoustic experiment setup

The acoustic monitoring system comprised a sound source installed
close to the STARESOpier at awater depth of 8.5m, and 3 self-recording
hydrophones moored at a water depth of 21.5 m. The transmissions
were performed along thebathymetric slope to cover the area of interest
of the interdisciplinary experiment (Mazzuca et al., 2013). Thework-
ing area and the position of the acoustic equipment are shown in
Fig. 1(a) and a schematic of the acoustic experiment setup is shown in
Fig. 1(b).

The source was installed at 2 m from the bottom. The hydrophones
weremoored at 2m, 4m and 8m from the sea bottom. The distance be-
tween the sound source and the mooring of hydrophones was approx-
imately 122 m. The acoustic transect was close to the optode array
installed at a water depth of 10 m (see Section 2.4).

The system used to transmit the probe signals comprised a portable
acoustic source unit system (Saleiro, 2009) acting as a signal generator
and signal amplifier, and the sound source Lubell LL916C underwater
speaker. The sequence of probe signals was composed of a block of 3
groups of 10 chirps, each 3 s long, in three distinct frequency bands:
low (400–800 Hz), medium (1500–3500 Hz) and high (6500–8500 Hz).
The groups were separated by 2 s idle, within a group the chirps were
250 ms apart.

The frequency band (and to a lesser extend the source–receiver
range) was decided taking into account the bands used by Hermand
et al. (2000) and Hermand (2004). In the first reported experiment
two low frequency signals in very close bands were used and no rele-
vant differences between them were found. In the second experiment
a signal with a larger band was used but the procedure to extract the
acoustic variability was more complex and there was no apparent gain
in using such a large band. The signals used in this work use a band sim-
ilar to that used by Hermand (2004) but in three different (sub) bands
to conclude about the signal band best suited to monitor O2 production.

The signals were received at three SR-1 autonomous hydrophones
fromMarSensing (Soares et al., 2011), operating at a sampling frequency
of 50781 Hz.

The acoustic experiment began with an engineering test from
October 11 to October 14 devoted to preliminary data acquisition
to determine the experimental setup, including the equipment and
the transmitted signals (frequency bands, repetition rate, and number
of signals in a block).

The data presented herein was gathered from October 16 to 18,
covering almost two diel cycles. The hydrophones were recovered for
maintenance at the middle of the period. Only one of the hydrophones



Fig. 1. Experimental setup: location of the source, hydrophone and optode moorings in the Bay of la Revellata (a) and schematic of the moorings (b). The values in brackets represent
height from the seafloor.
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has a battery pack sufficient to perform data acquisition repeatedly
every 5 min during a period of 24-h. The data presented here is mainly
from this hydrophone, that was positioned 4 m from the bottom. The
hydrophones positioned at 2 and 4 m from the bottom acquired data
at night to day and day to night transitions respectively. Although limit-
ed, the data from these hydrophones give some insight about the vari-
ability of the acoustic signal along the water column.

2.3. Environmental measurements

Acoustic propagation depends on a variety of environmental param-
eters (temperature, salinity, wind speed, wave height, and tide and
source–receiver displacement) besides O2 bubbles concentration. It is
of paramount importance for acoustic signal analysis to acquire and
take into account such data. During the experiment various sets of
environmental data were gathered simultaneously with the acoustic
transmissions.

Temperature and salinity profiles were acquired by a Conductivity,
Temperature, andDepth (CTD) Sea-Bird SBE19, twice a day, at two loca-
tions: close to the receivers and atmiddle range between the source and
the receiver. Sound speed profiles were computed from CTD data using
the empirical approximation by Mackenzie (1981). In addition a tem-
perature–pressure sensor (HOBO U20 Data logger) measuring the
instantaneous temperature and source depth (1 sample/min)was collo-
cated with the acoustic source.

Wind speed and direction were recorded in a meteorological station
installed on the top of a STARESO station building at 11.8 m height at a
distance of about 100 m from the source mooring.

2.4. Irradiance and dissolved O2

Irradiance was measured at the surface and at 3 and 20 m depth.
Oxygen saturation levels were obtained from O2 measurements by
an array of three Aanderaa O2 optodes (3835) moored over the
P. oceanicameadow at a water depth of 10 m, nearby the sound source
(Fig. 1(a)). Oxygen concentrations were computed from O2 saturation
level, seawater temperature, and salinity (Champenois and Borges,
2012). The optodes acquired data hourly at 4.5, 7.0 and 9.5 m depth
above the meadow as part of a permanent mooring installed in August
2006.

3. Acoustic data processing

Physical, chemical and biological processes in the sea give rise to
perturbations of sound propagation. Methods to infer parameters of
oceanic processes from sound waveforms were first proposed in the
context of Ocean Acoustic Tomography by Munk et al. (1995). Next
are summarized methods that were used in the present work to repre-
sent and analyze the acoustic signature (perturbation of the acoustic
signal) due to O2 production by photosynthesis.

3.1. Arrival pattern

In a shallow water environment the waveform received by a hydro-
phone from a faraway source is the sum of the various echoes (signal
replicas) traveling along the various paths. According to this simplified
model, a single echo is characterized by its path, strength (amplitude)
and delay. If s(t) is the emitted signal, then the received waveform
y(t) is given by

y tð Þ ¼
XN
n¼1

ans t−τnð Þ þ n tð Þ ð1Þ

where N is the number of echoes, an and τn are the n-th echo strength
and delay, respectively, and n(t) is an additive random noise, uncorre-
lated with the signal, which encompasses various noise sources such
as ambient and electronic noise. The set of parameters N, an, τn charac-
terizes the propagation environment and may be used as indicators of
environmental variability.

Pulse compression is a widely used procedure in underwater acous-
tics to identify the various echoes on the receivedwaveform y(t) (Munk
et al., 1995). Pulse compression proceeds by cross-correlating the re-
ceived signal y(t) with the emitted signal s(t) which, for random signals
(due to the noise n(t)), is defined as

Rys τð Þ ¼ E
Z

T
y tð Þs t−τð Þdt

� �
; ð2Þ

where E[] denotes mathematical expectation and T is a convenient time
interval for integration. In practice mathematical expectation is re-
placed by averaging over a finite number of time intervals (transmis-
sions). Therefore using Eqs. (1) and (2) an estimate of the cross-
correlation function (pulse compression output) can be written as

R̂ys τð Þ ¼ 1
K

XK
k¼1

Z kT

k−1ð ÞT

XN
n¼1

ans t−τnð Þs t−τð Þ þ n tð Þs t−τð Þdt
" #

¼
XN
n¼1

1
K

XK
k¼1

Z kT

k−1ð ÞT
ans t−τnð Þs t−τð Þ þ n tð Þs t−τð Þdt

" #

¼
XN
n¼1

anR̂ss τ−τnð Þ

ð3Þ
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where K is the number of time intervals, the uncorrelation between sig-
nal and noise was used to eliminate the second term on the right hand

side and R̂ss τð Þ is the estimate of the autocorrelation function of the
emitted signal s(t). Some authors use the term reduced time for delay
variable τ. As per Eq. (3) if Rss is a “peaky function”, the pulse compres-
sion output allows to identify N successive peaks with relative ampli-
tudes an and delayed by τn, which are the variables that characterize
the channel through which the signal s(t) propagated. Here, “peaky
function”means that its time duration is small compared to the shortest
interval between two successive arrivals. Large bandwidth chirp signals,
such as those used in this experiment, have this property. When plot-

ting, the envelope of R̂ys τð Þ known as the arrival pattern is rather used
than the pulse compressed output.

3.2. Frequency response of acoustic channel

Assuming a high signal to noise ratio, the random noise component
of the received waveform can be neglected. Therefore, the frequency
domain counterpart of Eq. (2) is given by

Sys fð Þ ¼jH fð Þj2S fð Þ ð4Þ

where S( f) is the power spectral density of the emitted signal, Sys( f) is
the cross power spectral density of the received and the emitted signal,
and |H( f)|2 is the magnitude squared of the frequency response of the
acoustic channel. It has been established that the variability of the
acoustic channel has an acoustic signature that is frequency dependent
(Medwin and Clay, 1998). Analyzing the channel frequency response
dependence on photosynthetic activity provides a guideline for selec-
tion of the optimal frequency band of the probe signal.

Taking into account Eq. (4), one can estimate the squaredmagnitude
of the frequency response of the acoustic channel, Ĥ( f), by

jĤ fð Þj2 ¼
Ŝys fð Þ
��� ���
Ŝ fð Þ
��� ��� ð5Þ

where Ŝys( f) and Ŝ( f) are the estimates of Sys( f) and S( f), respectively. In
practice,whena reference hydrophone is not available (like in thepresent
work) the power spectral density of emitted signal becomes equal to the
sound source frequency response (as given by technical specifications),
up to a constant factor.

3.2.1. Received energy
It was shown (Hermandet al., 2000) that the acoustic signal is highly

attenuated during the active period of photosynthesis with the pertur-
bation of the received energy acting as a proxy for O2 production.
Since we are interested in the variation of the received energy rather
than in its absolute value, the energy of the pulse compressed signal

Ê ¼
Z

jR̂ys τð Þj2dτ ð6Þ

can be used. It is assumed that the energy of the transmitted signal is
kept constant with time. The period of integration is bounded by the
arrival time of earlier and later echoes.

3.3. Acoustic-O2 mapping

In order to use acoustic based methods as a tool for estimating the
seagrass O2 production at the ecosystem level, it is necessary to map
the acoustic measurements into meaningful ecosystem parameters
like net ecosystem production, which can be derived from O2 measure-
ments (Champenois and Borges, 2012). Roberts and Caperon (1986)
and Roberts andMoriarty (1987) showed a linear relationship between
dissolved O2 and bubbles released into the water column by seagrasses.
Therefore, in this work we applied a linear regression model at the 5%
significance level between the variability of the energy of the received
acoustic signal and the variability of the dissolved O2 measured at the
array of the 3 optodes. The linear regression model was applied to indi-
vidual optode measurements and to water column (10 m) average
value. The average O2 concentration was obtained considering 5 layers
(Champenois and Borges, 2012): (1) 10.0 to 9.0 m; (2) 9.0 to 7.5 m;
(3) 7.5 to 6.5 m; (4) 6.5 m to 5.0 m; and (5) 5.0 m to surface. The O2

concentrations in layers 1, 3 and 5 are given by the actual O2 optode
measurements. The concentration considered in layers 2 and 4 are
obtained by the average of the two nearest optode measurements. The
whole water column average concentration Qavg is then given as

Qavg ¼ 6:75Q4:5m þ 2:5Q7m þ 1:75Q9:5mð Þ=10; ð7Þ

where Q4.5m, Q7m and Q9.5m represent the O2 optode measurements at
4.5 m, 7 m and 9.5 m depth, respectively.

4. Results

4.1. Environmental measurements

Fig. 2 presents a summary of the environmental data set gathered
from October 16 to October 18. The temperature and salinity profiles
(Fig. 2(a) and (b)) acquired by a CTD, twice a day, along the transect
were constant with depth, giving rise to slightly upward refracting
sound speed profiles (Fig. 2(c)). The presented profiles show no signif-
icant spatial variation along the source–receiver transect. The sound
speed estimated fromCTD data, increased about 5m/s during the period,
because of a quasi-monotonic increase of temperature as seen in the
temperature sensor installed at the source (Fig. 2(d)).

Fig. 2(e) shows the instantaneous measurements of the source
depth. It is clear from the figure that the source depth is modulated by
the surface tide and surface agitation, with an amplitude below 0.5 m.
The dispersion of the instantaneous source depth values decreased
with time because of the sea becoming calmer.

The wind speed presented in Fig. 2(f) decreased significantly after
noon of May 16 from 7 m/s to 1 m/s in less than 6 h. During the next
24-hour period, the wind speed was lower than 4 m/s. The following
night the wind increased, reaching 9 m/s at noon of October 18.

4.2. Irradiance and dissolved O2

Fig. 3 shows the variation with time obtained at various depths of
irradiance (a), dissolved O2 concentration (b) and O2 saturation level
(c). The trend of peaks and troughs are related to the diel photosynthetic
cycle. The higher values of dissolved O2 were observed at 9.5 m, i.e., just
above the canopy. One can remark that the highest peaks of dissolved O2

on October 18, particularly at the deepest and shallowest sensors, are in
line with the highest irradiance levels, most visible at 3 m depth. O2

super-saturation (relative to atmospheric equilibrium) were observed
during the whole period, which is the normal situation from spring to
fall at this site (Champenois and Borges, 2012), and has also been
noted in other studies (Wilson et al., 2012). When super-saturation
occurs, free gas bubbles affect sound propagation (Medwin and Clay,
1998).

Therefore, a high correlation between the variability of the dissolved
O2 and the variability of the acoustic signal is expected. This will be
discussed later.

4.3. Arrival patterns

Fig. 4 shows the arrival patterns from October 16, 16:00 to October
18, 15:00 acquired at the hydrophone 4 m above the bottom. The gap
in the data occurred during hydrophone maintenance. The arrival pat-
terns revealed a clear difference between the strength of the echoes
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Fig. 2. Environmental data measured in the Bay of la Revellata from October 16, 00:00 (GMT) to October 18, 2011, 12:00 (GMT): CTD temperature (a) salinity (b) and sound speed
(c) profiles at the hydrophone mooring (dash-dotted line) and at a middle location in the transect (solid line), temperature at the source depth (d), source depth (e) and wind speed
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during the day (lower amplitudes) and night period (higher ampli-
tudes) for low 400–800 Hz and medium 1500–3500 Hz frequency
signals, respectively Fig. 4(a) and Fig. 4(b). For high frequency signals
this pattern was not evident, Fig. 4(c). At sunrise (5:00 (GMT)), there
is an abrupt change (decay of echo strength) in the arrival patterns
that can be ascribed to the onset of the photosynthesis. Also, the arrival
patterns show a higher variability during the day period than during the
night due to variability in O2 production during the day.
The biological scattering due to fish schools and other organisms
present in the seagrass meadow can also significantly contribute to the
variability of the acoustic signal. During the experiment various fish
schools were observed in the area by SCUBA divers. The planktivorous
damselfish Chromis chromis and Sarpa salpa a macro-grazer of seagrass
represent the most abundant fish schools within P. oceanica meadows.
Previous studies conducted in the STARESO meadow did not suggest a
visible correlation between the diel behaviors of C. chromis (Pinnegar
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Fig. 3. Irradiance (a), dissolvedO2 concentration (b), and saturation level (c) at various depths over the P. oceanicameadow in theBay of la Revellata fromOctober 16, 2011, 00:00 (GMT) to
October 18, 2011, 24:00 (GMT).
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et al., 2007) and S. salpa (Jadot et al., 2006) schools and the variability of
the acoustic signal observed in the present work. Nevertheless, this issue
deserves attention in forthcoming experiments.

The average arrival patterns computed from transmissions be-
tween October 17, 16:00 and October 18, 15:00 are shown in Fig. 5,
where the blue curve was computed from whole day transmissions,
the red curve from the day period (after from 5:00 to 15:00) and
the black curve from the night period (from 19:00 to 5:00). The log-
arithmic dB-scale used in the plots balances the amplitudes between
the first (strong) arrivals and the latter (weak) arrivals. Due to a
narrower effective bandwidth of low frequency signals their arrival
patterns have lower resolution and several echoes are grouped in a
single lobe (Fig. 5(a)).

In low frequency arrival patterns during the day period the attenua-
tion is already visible in the first peak, but in medium frequency arrival
patterns are particularly notable in latter ones (Fig. 5(b)). A similar
pattern was observed in previous days.

In general, these results corroborate early findings by Hermand
et al. (2000) and Hermand (2004), and suggest that arrival patterns
from low and medium frequency signals can be used both as a
proxy for photosynthesis and a basis for estimating oxygen produc-
tion. On the other hand the results show that the high frequency
signals are not suitable as a proxy for photosynthesis. Hereafter, the
results and the discussion are focussed on low and medium frequency
signals.
4.4. Channel frequency response

Fig. 6 shows the estimated frequency response of the acoustic channel
in the low frequency andmedium frequency bands for the period consid-
ered in Fig. 5.

The frequency response of the Lubell LL916C source varies consider-
ably in the low frequency band, increasing almost linearly about 20 dB
from 400 Hz to 800 Hz, therefore the procedure described in Section 3.2
was applied. In the medium frequency band the response of the source
is nearly flat (the variation is less than 3 dB), therefore it was considered
that the power density spectrum of the emitted signal is constant be-
tween 1500 and 3500 Hz.

In both signal bands, one can notice a remarkable difference between
the frequency response of the channel during the day and night periods.
Similarly with arrival patterns, there was an abrupt change in the fre-
quency response at sunrise (5:00 (GMT)), and variability in the frequency
response is higher during the day period than during the night.

These changes in the frequency response suggest a complexmodal in-
terference pattern due to a possible formation of a low sound speed chan-
nel close to the bottom during photosynthetic activity (Hermand et al.,
2000). A similar pattern is observed in both frequency bands, where the
dominant frequencies suffer a shift during the day. As expected, this
shift is smaller for low frequency signals than medium frequency signals.
In low frequency signals during day, one can notice a steeper decrease of
energy.



Fig. 4. Arrival patterns estimated using Eq. (3) from October 16, 16:00 (GMT) to October 18, 2011, 15:00 (GMT) for low frequency signals (400–800 Hz) (a), medium frequency signals
(1500–3500 Hz) (b) and high frequency signals (6500–8500 Hz) (c), at hydrophone located 4 m above the bottom. Color represents the relative echoes strength.
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4.5. Received energy

Fig. 7 presents the variation of the average of the received energy
using Eq. (6), for the three frequency bands. The dots represent a single
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Fig. 6. Estimated frequency response of the acoustic channel using Eq. (4) from October 17,2011, 16:00 (GMT) to October 18, 2011, 15:00 (GMT) at hydrophone located 4 m above the
bottom: low frequency band (400–800 Hz) (a), and medium frequency band (1500–3500 Hz) (b).
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data downloading and battery replacement. Due to this recovery and
redeployment, the conditions of the experiment have most likely
changed slightly, because it was not guaranteed that the hydrophone
was redeployed exactly at the previous position. An average change of
3 dB was found for the low frequency signals, while the change for
medium frequency signals was 1.5 dB.

The energy of the received signal along time is a simple method to
quantify the time variability of the acoustic signal. As for the arrival pat-
terns and frequency response of the acoustic channel it is assumed that
the source strength does not vary along time. This was achieved by
keeping the gain of the source system constant during transmissions.
However, when the hydrophones were recovered, the source was
switched off, and we could not be certain that the gain of the source
system did not change slightly when it was turned on again.

Despite these technical issues one can remark that the patterns of
the curves for low and medium frequency signals are similar in both
diel periods and suggest that the received energy is highly correlated
with photosynthetic activity.

For the high frequency signals (Fig. 7(c)) the pattern in the first diel
period is in-line with the patterns of the low and medium frequency
signals showing a correlation between the received energy and the
photosynthetic activity, but in the second diel period, the energy of
the received signal unexpectedly increased during the day period.

The hydrophones at depths 2 and 8 m above the bottom acquired
data only during the night to day and day to night transition periods, re-
spectively. During these periods one can notice the similarity between
the curves at the different depths for low andmedium frequency signals
as shown in Fig. 8. These findings indict that the depth of the hydro-
phone is not a stringent constraint of the acoustic system setup.
4.6. Acoustic energy — dissolved O2 correlation

The results presented so far suggest a correlation between the diel
perturbation of the acoustic signal transmitted through the P. oceanica
meadow and photosynthetic O2 production. Very often, the primary
production of a meadow is assessed using dissolved O2 measured by
methods such as Winkler titrations, Clark-type electrodes or optodes,
which are not capable of quantifying the gas bubbles, leading to an
underestimation of system primary production. The acoustic signature
is driven by bubbling and the gas in aerenchyma, therefore combining
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acoustic and chemical techniques might allow the development of a
more robust and accurate methodology for estimating in-situ produc-
tivity of seagrass meadows (Wilson et al., 2012).

Roberts and Caperon (1986) and Roberts and Moriarty (1987)
showed a linear relationship between gases discharged from the
lacunae and oxygen released into the water column. How can we best
compare the perturbation measured in the acoustic signal with the dis-
solved O2 measurements? In this work we pair the perturbations of the
acoustic energy with the perturbations of the dissolved O2measured by
the array of 3 optodes. Fig. 9 shows the half-hour moving average of
the acoustic energy (in dB) measured by the hydrophone 4 m from
the bottom represented by the solid curve, superimposed in curves
representing the perturbations of the O2 concentrations calculated
from data presented in Fig. 3(b), where the dotted line corresponds to
the optode at 4.5 m, the dashed line to the optode at 7.0 m and the
dash-dotted line to the optode at 9.5 m. These data are related to the
second acquisition period in Fig. 7. There is a negative correlation be-
tween the perturbation of the acoustic energy and the perturbation of
the O2 concentration (reversed y axis on the right hand side of Fig. 9).
At sunrise, the change in acoustic signal occurred faster than the change
in O2 concentration, in particular for the low frequency signal. Similar
pattern was described by Wilson et al. (2012). During the day period
the peak (minimum) of acoustic energy perturbation in both signal
bands is observed at the peak (maximum) of the O2 perturbation at
9.5 m optode. On the other hand, the O2 perturbation along the day
period is smooth, but the perturbation of the acoustic energy both for
low and medium frequency signals shows several oscillations.

In order to evaluate the map between the perturbation in O2, δO2, at
the various optodes and the perturbation in the acoustic energy ΔE as a
linear model

δO2 ¼ mΔE þ b; ð8Þ

a least squares regression at 5% confidence level was applied. The sam-
pling rate of the acoustic data is 12 samples/h whereas the sampling
rate of the optode data is 1 sample/h, thus the value considered for
energy perturbationwas obtained by linear interpolation of the samples
before and after the optode sample. Since the perturbation in the acous-
tic signal integrates contributions from the whole water column, we
also estimated the parameters of fitting a linear model between the
acoustic perturbation and the water column average O2 concentration.
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It is important to stress the different nature of the measurements:
whereas dissolved O2 are point measurements, and the acoustic mea-
surements represent integral measurements.

The estimated model parameters and statistics are presented in
Table 1, whereas Fig. 10 shows the scatter plot and the regression lines.

The statistical values (P b 0.001) suggest that the linearmodel can be
accepted. Coefficients of determination (correlation — R2) greater than
0.6were found at optode depth 7.0m for both signal bands correspond-
ing to the lowest error variance. Conversely, the larger error variance
and the lowest coefficient of determination were found for the optode
at 9.5 m. It is clear that themost reliable correlation is between the per-
turbation of acoustic energy and the perturbation of the O2 concentra-
tion at 7.0 m depth. As expected the linear model parameters found
for the average concentration reflect the weight of the different optodes
used in the computation of the average value.

5. Discussion

This work builds on previous efforts by Hermand et al. (2000) and
Hermand (2004) using acoustic signals to derive O2 dynamics and eco-
system metabolism in seagrass meadows. Our results corroborate the
general pattern of the P. oceanica photosynthetic activity signature in
the acoustic signal reported in previous studies, but we also show that
the photosynthetic signature at sunrise appears earlier in the acoustic
signal than in O2 measurements by optodes (Fig. 9). This behavior
could be related to the pressurization of the aerenchyma at sunrise
(Borum et al., 2006), and it might suggest that photosynthetic activity
affects the acoustic signal even in the absence of conditions that allow
Table 1
Statistical comparison of linear regression coefficients (m-slope, b-intersect) estimated
from acoustic energy perturbation onto O2 perturbation at various depths and water
column average value (avg val) given by Eq. (7).

m b R2 F-value p-Value Error variance

Low frequency
Opt. 4.5 m −7.9 0.0 0.73 51.0 b0.0001 47.9
Opt. 7.0 m −3.4 0.0 0.70 44.7 b0.0001 10.1
Opt. 9.5 m −9.0 0.0 0.41 13.0 0.002 243.9
Avg val −7.8 0.0 0.66 36.3 b0.0001 62.6

Medium frequency
Opt. 4.5 m −26.3 0.0 0.55 22.8 0.0001 80.2
Opt 7.0 m −12.1 0.0 0.60 28.5 b0.0001 13.5
Opt 9.5 m −38.1 0.0 0.49 18.4 0.0004 208.24
Avg val −27.4 0.0 0.56 24.5 b0.0001 81.7
the release of free bubbles. The validation of such a hypothesiswould re-
quire a further experiment to be conducted in lower productivity condi-
tions. The present work also investigated the influence of the frequency
band of the probe signal on the acoustic signature, showing that the
slope of the change of the acoustic signal is related to the frequency
band and that at the highest signal frequency band considered the
simple proposed method failed (see a possible explanation below).
The frequency band is a key point for the implementation of a simple
and robust monitoring system. The procedure used by Hermand
(2004) to extract the acoustic signature from the band 0.2 kHz–
16 kHz, which required the identification and extraction of a group of
arrivals from the arrival pattern, is more complex and sensitive to the
geometry of the experiment (water depth, source–receiver range and
depth) than the procedures used in the present work and in Hermand
et al. (2000), where lower frequencies (b3.5 kHz) and shorter bands
were used. On the other hand, the autonomy and the size of the acoustic
system are directly related to the frequencies used. An acoustic moni-
toring system designed to operate at frequencies (1.5 kHz–3.5 kHz)
such as that used in this study has certain advantages. It could be smaller
and have a larger autonomy than systems operating at lower frequen-
cies, yet allowing a simple procedure to track the O2 variability.

The factors that influence the acoustic response of a seagrass are not
well established, but it is considered that free gas bubbles emanating
from the plants and the pressurization of the aerenchyma by non-
dissolved gas produced during photosynthesis are the most relevant.
Both factors influence the compressibility thus the effective sound
speed of the medium. The compressibility κ is related to sound speed
c by

c ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1= κρð Þ

p
; ð9Þ

where ρ is the density. The free gas bubbles increase the acoustic com-
pressibility of the seawater (Hermand, 2004), whereas an increase of
internal pressurization should give rise to a decrease of acoustic com-
pressibility. However, leaf morphology and the total biomass also influ-
ence acoustic compressibility of the seagrass and various patterns were
observed among seagrasses (Wilson and Dunton, 2009); (Wilson et al.,
2010, 2012). Until now, it was not possible to find amodel that allows to
quantitatively describe the acoustic response of seagrasses. However,
the particular behavior of a certain seagrass species could be related
to the dominant effect for that species. In the case of P. oceanica the
major driving factor should be the free gas bubbles emanating from
the plants, which increases the compressibility of the seawater, there-
fore a decrease of the effective sound speed.
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Fig. 10. Linear regression between acoustic energy (low frequency band— upper subplots, medium frequency band— lower subplots) and dissolved O2 perturbationsmeasured by optode
at 4.5 m (a), 7 m (b), 9.5 m (c) depth and water column average value given by Eq. (7) (d). The legend represents the R2 statistic, the p value and the F statistic for the linear model.
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For high frequency signals close to the resonance frequencies of the
bubbles, high attenuation and dispersion of sound are expected. The
resonance frequency of the bubbles depends mainly on the bubble
radius. To the best of our knowledge the bubble radius of P. oceanica is
not available in the literature, but Wilson et al. (2012) have found a
mean radius around 0.5 mm of bubbles released by S. filiforme and
H. wrightii. Using the simplified expression for the resonance frequency
fr of a spherical air bubble of radius a at depth z (Medwin and Clay,
1998)

f r ¼
3:25

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 0:1z

p

a
ð10Þ

weobtain a resonance frequency around10 kHz (z=10m). In case that
the radius of the bubbles released by the P. oceanica in the present
experiment was similar, one might expect a significant attenuation of
the high frequency signals used. However the results presented in
Fig. 7(c), where the received energy increased during photosynthetic
activity of the plants suggests that the resonance frequency is not
close to 10 kHz, the bubble radius is presumably smaller, and the reso-
nance frequency is higher.

For low frequency signals, well below the resonance frequency,
sound propagation is mainly affected by the decrease of effective sound
speed, which is proportional to bubble concentration. Under significant
bubble concentration the sound speed value obtained from CTD
measurements based in temperature, salinity and depth alone (like in
Fig. 2(c)) is overestimated (Medwin and Clay, 1998). An increase of
free bubbles in the seagrass layer gives rise to a low sound speed channel
close to the bottom that induces refraction of the sound and a number of
bottom interactions. In long range propagation, the seagrass layer in-
creases the attenuation of the transmitted signal that is proportional to
the bubble concentration. An increase in attenuationproduces a decrease
in energy of the received signal, thus the variability of the energy of the
received signal is highly correlatedwith the bubbles produced by photo-
synthesis. This pattern was clearly verified for the energy received from
low frequency and medium frequency signals (Fig. 7) and is highly
correlated with the measurements of dissolved O2 (Fig. 9).

The contribution of dissolved O2 for the propagation of sound is in-
appreciable when compared with the contribution of gas bubbles, but
it is supposed to be positively correlated with gas bubbles (Wilson
et al., 2012). Therefore, the changes in the acoustic signal can potentially
be used as a proxy of meadow production for P. oceanica and other
seagrasses with similar acoustic response. Despite the high correlation
of circadian changes of the acoustic signal with other photosynthesis
proxies like dissolved oxygen or PAR, there are particular issues that
should be considered. At sunrise, with the onset of photosynthesis, the
change of the acoustic signal occurs faster than the change of the dis-
solved O2 measured at the various depths (Fig. 9). Such behavior was
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also reported in previousworks and suggests a rapid build-up of oxygen
at sunrise (Hermand, 2004).

Since the acoustic signal samples the seagrass directly, this transient
can be seen instantaneously by acoustics, but only after oxygen diffusion
to the seawater by the optodes, therefore with some delay. However,
one can see that the slope of the change varies also with the frequency
band of the acoustic signal appearing earlier (faster) in the low frequen-
cy signal (Fig. 9(a)) than in themedium frequency signal (Fig. 9(b)). The
day–night variability in medium frequency signals is more visible in
latter echoes (Fig. 5(b)), therefore it is related to higher order modes,
which have a low group velocity. But in the low frequency signals the
major day–night variability occurs in the first echoes (Fig. 5(a)), there-
fore it is related to lower order modes, which have high group velocity.
Moreover, the frequency cut-off effect of the waveguide can be seen at
low frequencies, where frequencies below 600 Hz are highly attenuated
and a drop off of energy is clearly seen at various occasions during day-
time. This can be attributed to (lower) modes cut-off conditions
appearing during photosynthesis. The combination of these factors
leads to a non-linear jump in low-frequency, where a small increase in
O2 concentration gives rise to a large drop in the energy, but a further in-
crease of the oxygen concentration has a smaller effect on the additional
energy decrease. In both frequency bands the instantaneous variability
of the acoustic signal is higher during the day than during the night
with several “peaks and valleys” (Figs. 7 and 9). This suggests the occur-
rence of transient flows in the lacunar system of the seagrasses. These
instantaneous perturbations affect the acoustic signal which traverse
the seagrasses, but due to the indirect nature of measurement and the
filtering effect of seawater cannot be detected by optodes, which show
a smooth variation of the dissolved oxygen with the photosynthesis.

Despite the different nature and time scale of sampling performed
by the acoustic signal and the optodes the mapping between measure-
ments is well fitted by a linearmodel (Table 1 and Fig. 10). The compar-
ison of the regression curves for low frequency and medium frequency
bands in Fig. 10 shows that the curves related to the optode at 4.5m and
7.0 m depth have the same slope if a normalized energy perturbation is
considered (that is the energy perturbation is expressed relative to the
minimum and maximum values for the given signal band). A question
arises: does the slope of the linear regression remain constant over
several days? In the present experiment, the hydrophones were recov-
ered daily by changing their position, therefore this question cannot be
definitely answered.

In this paper the metric used to quantify the perturbation of the
acoustic channel due to photosynthesis was the energy perturbation.
This very simple method gave meaningful results in low and medium
frequency bands. The arrival patterns showed that echoesmost affected
by photosynthesis varied depending on the frequency band considered.
Therefore methods that select portions of the arrival patterns according
to the band of the signal are likely to be more robust and would effec-
tively filter out perturbations that are linked to non-photosynthetic
processes. Similarly, the perturbation of the acoustic signal can be esti-
mated from the modal interference patterns present in the spectro-
gram. These methods were proven to be efficient in estimating the sea
bottom parameters (number of bottom layers and their sound speed,
density and attenuation) using a single hydrophone (Bonnel et al.,
2013).

6. Conclusions

This work shows that photosynthesis significantly affects acoustic
propagation below 10 kHz through a P. oceanica meadow. Signals in
three different frequency bands were analyzed. For the lower band
considered (400–800 Hz), which includes the cutoff frequency for the
waveguide, the attenuation is remarkable for the earlier echoes arriving
at the receiver or conversely for the part of the signal related to low
order modes. The decrease of the energy (increase of attenuation) of
the low frequency signal occurs rapidly at sunrise. For the medium
frequency signals (1500–3500 Hz), the attenuation is most visible in
latter arrivals, thus associated with higher order modes. In this case
the decrease of energy at sunrise is slower than for low frequency sig-
nals, but is faster than changes in dissolved O2 concentration measured
by optodes. The variability of the acoustic signal during daytime is high
and several peaks and valleys are observed in this period, which sug-
gests the ability of acoustics to detect transient free gas flow occurring
during photosynthesis. The signals in the highest band considered in
this experiment (6500–8500Hz) showed a perturbation pattern similar
to medium frequency signals in one day, but a different perturbation
pattern the next day. Signals in this higher frequency bandmay be sen-
sitive to other factors that superimpose on water column O2 effects as
for example the sea surface agitation due to wind, as seen during this
second day. This issue deserves further investigation. Although the as-
sessment of seagrass primary production by dissolved oxygen mea-
sured by optodes and by the changes of acoustic signals are different
in nature, a linear relation was apparent between them. However, in
this experiment it was not possible to verify the relation during several
days, because the geometry of the experiment changed from day to day
due to daily recovery and redeployment of hydrophones for mainte-
nance. Nevertheless, hydrophones at various depths (below the middle
of the water column) showed similar trends, suggesting that acoustic
signature of photosynthesis is independent of the position of the receiver
in thewater column. The rapid response of acoustic signal that is delayed
in the dissolved O2 measurement by the optodes suggests that O2

production, and gross primary production by seagrasses might be
underestimated by methods that rely on dissolved O2 changes (input–
output mass balance, diel cycle mass balance or eddy covariance). In
summary, it was shown that a system based on acoustic methods has
the potential to assess the oxygen production of a P. oceanica seagrass
meadow at the ecosystem level with high temporal resolution. As appli-
cability of themethod tomeadows of other seagrass species depends on
their acoustic behavior, but in principle the method can be adapted for
various species.
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